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Co-adaptation of Streptococcus
mutans to simulated microgravity
and silver nitrate

Mizpha C. Fernander, Kelyah Spurgeon, Jada Graves,
Wynter Guess, Jordan Miller, Chanell Mangum,
Joseph L. Graves Jr. and Misty D. Thomas*

Department of Biology North Carolina Agricultural and Technical State University, Greensboro, NC,
United States

To sustain life on extended space missions, it is essential to maintain clean
potable water. NASA currently uses iodine as the primary biocide in the
potable water dispenser on the International Space Station and has recently
proposed a potential switch to silver-based antimicrobials. Streptococcus
mutans is the primary etiological agent of dental caries, part of the normal
oral flora, and would endure direct exposure to water from the potable water
dispenser. In our previous work, we examined the 100-day adaptive response
of Streptococcus mutans to simulated microgravity (sMG). Here, we examined
the evolutionary co-adaptation of S. mutans under sMG and silver nitrate
(AgNO3) to evaluate the consequences of using silver as a primary biocide in
space and the impact on the evolution of microbes from the oral microbiome.
To do this, we adapted four populations of S. mutans under sMG and co-
adapted four populations in simulated microgravity and silver nitrate using high-
aspect ratio vessels for 100 days. Genomic analysis at multiple time points
showed that S. mutans in sMG evolved variants consistent with our previous
findings (SMU_1307c and SMU_399) while also acquiring novel mutations in
the glutathione reductase gorA. The co-adapted populations showed mutations
specific for the environment in ciaH/R, PBP1a, trkA, and trkB. We also assessed
virulence phenotypes, and while simulated microgravity increased antibiotic
susceptibility, sucrose-dependent adhesion, and, in some populations, acid
tolerance, co-adaptation to silver nitrate reversed these effects. Overall, these
data show that the use of silver as a biocide in simulated microgravity can evolve
strains with novel genotypic and phenotypic traits that could alter virulence.

KEYWORDS

adaptation, simulated microgravity, Streptococcus mutans, experimental evolution,
silver nitrate (AgNO3)

Introduction

On the International Space Station, there are several precautions put in place to reduce
microbial contamination and growth (Pierson, 2001; Mermel, 2013). One such example
is the water recovery system (WRS) which recovers potable water from urine distillate,
cabin air humidity condensate, and other hygiene wastewater (Carter, Tobias, & Orozco,
2013). Iodine (up to 3 mg/L) has primarily been used in the WRS to inhibit
bacterial growth, but more recent reports have suggested a switch to using ionic silver
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(0.5 ppm or 0.5 mg/L) for future long-term missions (Slote, 2016;
Li, 2018; Ley et al, 2021). Iodine has proven to be an effective
antimicrobial agent on the International Space Station (ISS),
although long-term exposure has been shown to have a negative
effect on the thyroid gland (Slote, 2016). Therefore, iodine requires
removal prior to consumption through additional hardware. This
increases the complexity and required maintenance of the system
(Packham et al, 1999; Li, 2018).

Silver has always been used as the primary biocide by the
Russian Space Agency (RSA) as it has very few side effects
on humans at bactericidal concentrations and, therefore, does
not require removal prior to consumption (Mosher, 2008;
Ley et al, 2021). The mechanism of antimicrobial action of
silver is still not well understood. In vitro, its mechanism is
multiform, and it has been shown to interact with and damage
the bacteria cell wall and permeate membranes. It also binds to
thiol groups in respiratory enzymes and other proteins causing
inactivation and disruption of metabolism, cell signaling, DNA
replication, transcription, translation, and cell division (Liau,
1997; Rai, M., Yadav, & Gade, 2009; Flores-López, Espinoza-
Gómez, & Somanathan, 2019; Park et al, 2009). Despite silver
having a high level of toxicity, there has been clear evidence
that microbes can evolve resistance to silver-based antimicrobial
agents and resistance to metals can be pleiotropic, often leading to
antibiotic resistance through overlapping resistance mechanisms
(Graves et al, 2015; Tajkarimi et al, 2017; Thomas et al, 2021;
Engin, Engin, & Engin, 2023).

In 2018, Li et al (Li, 2018) performed a comprehensive review
of the potential consequences of using silver as a biocide on
the ISS. Their main conclusions were as follows: 1) silver is a
powerful biocide that is relatively safe for humans, 2) we do not
have a complete understanding of its biocidal activity, 3) usage
should not exceed 0.400 ppm for 1000-day class missions, and 4)
silver resistance is a concern, especially for long-term application.
As a result, they suggested the use of complementary biocides
and periodic elimination of the entire bacterial population with a
secondary biocide.Theuse of silver-based compoundswill eliminate
microbes present in the PWD, but not the microbes that inhabit the
astronauts themselves.

The human mouth is a very complex community made up of
over 1000 different species and can reach cell densities as high as
1011 CFU/mL (Evaldson, Heimdahl, Kager, & Nord, 1982) despite
having to endure a constant change in environmental pressures
(Kolenbrander et al, 2006; Palmer Jr, Diaz, & Kolenbrander,
2006; Kreth, Zhang, & Herzberg, 2008). The oral microbiome
plays a role in not only maintaining oral health but also in
maintaining systemic health (Shroff, Meslin, & Cebra, 1995;
Hooper, Littman, & Macpherson, 2012). Despite this, dental
decay remains one of the highest prevailing diseases in humans
(Takahashi & Nyvad, 2011). Of the oral residents, S. mutans has
been actively studied for its cariogenic properties as this organism
not only facilitates dental decay but also resides as a member of
normal human plaque (Gross et al, 2010). As dental decay is one of
the highest prevailing diseases in humans, NASA’s Space Medicine
Exploration Medical Condition List lists dental health conditions
as a major concern for occurrence during space flight missions
(i.e., temporary fillings, crown replacements, abscesses, tooth loss,
or toothaches) (Watkins, 2011). Several studies have evaluated

the effects of both microgravity and simulated microgravity on
astronauts’ oral health (Lloro et al, 2020) and have shown that on
long-term missions (30–220 days), humans showed an increase in
both IgAs and anaerobic bacteria, specifically Streptococcus mutans
in both saliva and dental plaque (Brown et al, 1974; Lloro et al,
2020). Currently, it is poorly understood how these microbes, and
generally microbes of the microbiome, evolve as a result of the
selective pressures encountered during space missions.

Silver also has a long history of use in dentistry, and in the oral
cavity specifically, silver has been shown to inhibit demineralization
and exhibit effective antimicrobial properties against a wide range
of bothGram-negative andGram-positive bacteria (Fernandez et al,
2021). As the oral cavity will continuously encounter water
from the PWD and, therefore, silver, if unfiltered, we explored
the evolutionary consequences of silver nitrate exposure on the
evolution of the oral human resident and pathogen S. mutans
in simulated microgravity (sMG) as it may also alter treatment
strategies.This is a follow-up study to our initial work evaluating the
adaptive response of S.mutans to sMGalone (Fernander et al, 2022).
Here, our objective is to better understand the consequences of using
silver nitrate or silver-based compounds as the main antimicrobial
mitigation strategy on future long-term space missions and provide
data to support informed decisions regarding potential water
treatment options and/or mitigation strategies.

Methods

Culture strains

Streptococcus mutans Clarke strain NCTC 10449 was purchased
from ATCC (25175) and deemed our ancestral strain. All standard
growth experiments were conducted using brain heart infusion
(BHI) broth and incubated at 37 °C with 5% CO2 unless otherwise
noted.

Experimental evolution to co-adapt S.
mutants to sMG and AgNO3

We first performed a range-finding study to determine the
sublethal concentration of AgNO3 to use for the selection
experiment. To do this, an overnight culture of the ancestral strain
was grown, diluted to an O.D.600 of 0.05 and used to inoculate a 96-
well platewith an increasing concentration ofAgNO3 (0–50 μg/mL).
After 24 h, the O.D.600 showed that 16 μg/mL AgNO3 was the
highest concentration of silver nitrate that supported growth of S.
mutans. Once grown in our system, we then had to reduce the
concentration to 10 μg/mL to allow survival and, therefore, selection
during the EE study.

High-aspect rotating vessels (HARVs) were purchased from
Synthecon Inc. (Houston, TX) and used to culture S. mutans under
sMG (Herranz, R. et al, 2013). Prior to inoculation, theHARVswere
cleaned as described previously (Fernander et al, 2022). Using the S.
mutans ancestral stock, 100 μL of an overnight culture was used to
inoculate 100 mL of fresh BHI broth. This was then split into 2 ×
50 mL cultures, and 10 μg/mL silver nitrate was added to one 50 mL
sample. The sub-culture in BHI alone was loaded into four HARVs
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and deemed sMG5–8 (to distinguish these four populations from
our previous study that generated sMG1–4 (Fernander et al, 2022)).
The BHI supplemented with AgNO3 was split into four additional
HARVs and deemed sMGAg1–4. All eight HARVs were incubated
on the vertical axis to simulate microgravity and incubated at 37
°C overnight with 5% CO2 at 25 rpm. After 24 h of growth, the
HARVswere then sub-cultured by adding 10 mLof freshBHI orBHI
supplemented with 10 μg/mL AgNO3, and this was repeated every
24 h for 51 days. At day 52, we increased the concentration ofAgNO3
to 11 μg/mL and sub-cultured again every 24 h until 100 days. Twice
a week, we performed serial dilutions and plated the cultures onto
both BHI agar and mitis salivarius bacitracin agar to validate the
integrity of the populations, and if deemed pure, glycerol stocks were
made and stored at −80 °C. At everymilestone time point (21, 42, 63,
and 100 days), the remainder of the cultures were pelleted and stored
at −80°C for DNA extraction and whole-genome sequencing.

Disc diffusion assays

The ancestral, all eight 100-day populations (sMG5–8 and
sMGAg1–4) along with the normal gravity (NG) populations from
our original study (Fernander et al, 2022) (NG1–4) were grown
overnight in the HARVs and diluted to 0.5 based on the McFarland
standard and used to swab 150 mm BHI agar plates. Disks of
ampicillin, bacitracin, chloramphenicol, erythromycin, penicillin
(G+), streptomycin, tetracycline, and trimethoprim (BD BBL™
Sensi-Disc™ Antimicrobial) were then added to plates. After disc
placement, the plates were inverted and placed at 37 °Cwith 5%CO2
overnight. The following day, zones of inhibition were measured (in
mm), and based on the company’s standards for each antibiotic, we
evaluated changes in susceptibility. All populations were assessed in
triplicate.

Acid tolerance assays

Acid tolerance assays were performed as described in our
previous study (Fernander et al, 2022). In short, after removal of
the cultures from the HARVs, a sample of each population was
diluted to an O.D.600 of 0.3 using fresh BHI. These 1 mL diluted
cultures were then centrifuged to pellet the cells and then washed
using 0.2 M glycine pH 6.8–7.0. Samples were again pelleted and
exposed to 0.2 M glycine pH 2.8–3.0 for 0, 20, 30, and 45 min. At
the end of the incubation time, the samples were pelleted and re-
suspended in fresh BHI twice for serial dilutions. Serial dilutions
of each time point were then plated on BHI agar and CFUs were
counted after 48 h incubation and compared to CFU counts of the
ancestral population. Each assay was performed in triplicate.

Adhesion assays

All eight 100-day populations from this study were assessed
for changes in their adhesion abilities as previously described
(Fernander et al, 2022). Populations from the HARVs were diluted
to an O.D.600 of 0.05 and 10 mL were used to inoculate 190 mL
of fresh BHI broth supplemented with 0.1% sucrose to measure

sucrose-dependent adhesion (SDA) or 0.1% glucose to measure
sucrose-independent adhesion (SIA) in a 96-well plate. Both SDA
and SIA were also measured with the addition of 11 μg/mL AgNO3.
All populations were assessed in triplicate. The plates were then
incubated without shaking at 37 °C with 5% CO2 for 24 and 48 h.
After 24 and 48 h, the media were removed and the plates were
washed with distilled water two times. Also, 125 mL of 1% crystal
violet solution was then added to the washed plate and left to
incubate for 15 min at room temperature. The plates were then
washed with distilled water four times and left to dry overnight
upside down. The following day, 125 mL of 30% acetic acid was
used to re-suspend any adhered cells and then the plate was read
at 595 nm.

Genome sequencing

Chromosomal DNA was extracted from the pellets originating
from the 21-, 42-, 63-, and 100-day populations using the E. Z.N.A.
bacterial DNA extraction kit from Omega Biotek R© as per the
manufacturers’ protocol. Eluted DNA was then quantified using
the QuantiFluor R© dsDNA system (Promega) and shipped to the
Microbial SequencingCenter at theUniversity of Pittsburgh. Sample
libraries were prepared using the Illumina DNA Prep kit and IDT
10 bp UDI indices and sequenced on an Illumina NextSeq 2000,
producing 2 × 151 bp reads. Demultiplexing, quality control, and
adapter trimming were performed with BCL-convert (v 3.9.3)
(Illumina, 2021). Sequence alignment and variant calling from
the samples were achieved by using the breseq 0.33.2 pipeline
(Deatherage & Barrick, 2014).

Statistics

All phenotypic data were plotted in GraphPad Prism R©
Version 9.2.0. Statistics for pairwise comparisons between ancestral
populations and each of the individual treatment populations were
calculated using an ordinary one-way ANOVA. Significance is
defined by the two-tailed p-value using an *. * <0.05, ** <0.001, ***
<0.0001, and **** <0.0001.

Results

Experimental evolution

After 24 h, the O.D.600 showed that 16 μg/mL AgNO3 was the
highest concentration of silver nitrate that supported growth of S.
mutans. After two attempts at carrying out an EE study (in the
following section) at this concentration, populations continuously
went extinct; therefore, we reduced the silver concentration to
10 μg/mL to allow survival and, therefore, selection during the EE
study.

DNA resequencing of adapted populations

After the 100-day EE study, we assessed the genetic changes that
resulted from both adaptation to sMG and co-adaptation of sMG
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and AgNO3 (sMGAg). To do this, we performed whole-genome
DNA resequencing atmultiple time points (21, 42, 63, and 100 days).
The S. mutans NTCC 10449 genome was used as the alignment
sequence in this study (S.mutans_NCTC10449. gbk), and variant
calling was conducted using breseq 33.2 (Deatherage & Barrick,
2014). The ancestral population was sequenced in our previous
work (Fernander et al, 2022) and used to negate variation from
the sequence database. Coverage distribution plots of mapped
reads output from breseq showed a depth of coverage for unique
positions ranging from ∼150 x to over 200 x with most showing
∼200 x coverage. All sequencing data with frequencies of mutation
( f ) above 0.1 are summarized in Supplementary Table S1 and
compared to the data generated in our initial study. f represents the
fraction of the total population that carries the indicated mutation.
The datasets generated in this study can be found via the NCBI
Bioproject database under Bioproject number PRJNA923356.

Adaptation of Streptococcus mutans to
sMG

Four new independent populations of S. mutans were adapted
to sMG in this study and deemed sMG5–8. We, therefore, began by
comparing the mutations obtained in this study with those obtained
in our previous work to further validate the importance of these
mutations during adaptation to sMG (Supplementary Table S2).

Our initial study (Fernander et al, 2022) showed that sMG1–4
treatments displayed unique variants in three genes: SMU_1307c,
which encodes for a DUF1003 domain containing protein (MG1, 3,
and 4), pknB, a serine/threonine kinase (MG1 and 4), and SMU_399,
the C3-glycoprotein degrading protease (C3-GDP) (sMG1, 2 and 4).
We also detected mutations in three genes earlier than when they
were detected in our normal gravity (NG) NG1–4 populations, in
SMU_399, ptsH, and rex. The sMG5–8 population did not acquire
any mutations in pknB, ptsH, or rex. They did, however, acquire
mutations in the SMU_399, albeit not until 42 days (sMG5 and
6) and all at low frequencies ( f > 0.01). Although, by 100 days,
sMG5–8 all show mutations in SMU_399, sMG5 and 6 to fixation ( f
= 1.000), and sMG7 and 8withmultiple variants at high frequency. A
single non-synonymous mutation in SMU_1307c was also detected
in sMG5 and 6 both reaching fixation ( f = 1.00) by day 100, again
reiterating the importance of both SMU_1307c and SMU_399 in the
adaptation of S. mutans to sMG.

In addition to the examples of parallel evolution mentioned
above, we also detected novel variants in our new sMG5–8
populations (Supplementary Table S3). This includes variants in
gorA, the glutathione-disulfide reductase which acquired mutations
at day 63, and by day 100, sMG5, 7, and 8 all held gorA mutations
all with at least one variant with f > 0.2. In our initial study, sMG2
also held a gorA mutation (E251*) at 100 day with f of 0.114, and as
it was the only mutation to be acquired across the four populations
at all time points, we did not originally note this gene important for
sMG1–4 adaptation.

Finally, as with the initial study, each of the four new sMG5–8
populations has a variety of mutations that are unique to the
individual population (Supplementary Table S3), reiterating again
the uniqueness in each of the evolutionary trajectories for each
biological replicate due to the selective nature of sMG.

Co-adaptation to sMG and silver nitrate

There is also significant evidence of parallel evolution
between the populations that were co-adapted to sMG and silver
nitrate (sMGAg1–4) with those adapted in sMG alone (1–8)
(Supplementary Table S1). This includes variants in SMU_399
in two populations and variants in SMU_1307c, which, at 100 day,
showed strong evidence of positive selection in all four sMGAg
populations.

The sMGAg populations also acquired a variety of
novel mutations indicative of selection specific for sMGAg
(Supplementary Table S4). First, at 100 days, each population
has a unique set of mutations to fixation. sMGAg1 carries an
intergenic mutation between ahpC ←/← DQM59_RS06790 and an
intergenic mutation between DQM59_RS03470 →/→ lacA. sMGAg2
carries an A327Smutation inDQM59_RS04610, a phosphopyruvate
hydratase, and an E18* inDQM59_RS06795 a U32 family peptidase.
sMGAg3 does not carry any unique mutations to fixation but
does have three high-frequency mutations in DQM59_RS01815,
a LacI family transcriptional regulator (S15I, f = 0.839), in
DQM59_RS10135, a hypothetical protein (P117S, f = 0.833), and
in DQM59_RS10150, an NAD-dependent succinate-semi-aldehyde
dehydrogenase (Q261*, f = 0.888). Finally, sMGAg4 carries three
high-frequency variants in DQM59_RS04410, a TVP38/TMEM64
family protein (+T, f = 0.943; +G, f = 1.00 and Y34F, f = 0.943), and
a +T to fixation in DQM59_RS10040, an APC family permease.

We also observed parallel evolution across the sMGAg
populations themselves. At 21 days, sMGAg1 acquired an S67I
( f = 0.170) and a G351V ( f = 0.257) in the PBP1A family
penicillin-binding protein and by day 42, all four populations carried
high-frequency mutations in this gene. By day 63, sMGAg2–4
all lost their mutations, and by day 100, we were no longer able
to detect any variants in these populations for this gene. At day
21, all four populations selected the same L253F mutation in the
DQM59_RS04495 gene which encodes the regulatory subunit of an
ATP phosphoribosyl transferase ( f = 0.356, 0.261, 0.158, and 0.310,
respectively). These mutations all increase in frequency by day 42,
and by day 100, all lost this variant.

At day 21, sMGAg2 and 3 acquired mutations ( f = 0.060 and
0.713, respectively) in DQM59_RS05155, the histidine kinase CiaH.
By day 42, sMGAg4 acquired a mutation in DQM59_RS05155,
which encodes for the response regulator CiaR, part of a two-
component response system with CiaH. At 100 days, all three
mutations went to fixation supporting positive selection on this gene
under these experimental conditions. Finally, at day 100, three of our
four populations (sMGAg1–3) each acquired four to five different
variants in both trkA and trkB. All have at least one variant with
an f > 0.2, but the number of total variants across each population
indicates that selection is still taking place on these two genes.

Sucrose-dependent adhesion was restored
to ancestral levels when co-adapted in
sMGAg

As SDA is important for establishment of S. mutans within the
oral biofilm (Signoretto, C., et al, 2009), we measured this trait for
all eight populations and compared to the ancestral in a pairwise
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fashion. As with sMG2–4, sMG5–8 showed a 1.3-fold decrease
in O.D.595 values from 3.25 in the ancestral to an average of 2.5
across sMG populations (p ˂ 0.0001) at 24 h (Figure 1A). Again, as
with sMG1–4, this decrease was restored to ancestral levels when
analyzed after 48 h (Figure 1B). On the contrary, the co-adapted
populations (sMGAg1–4) showed no significant changes from the
ancestral population at 24 or 48 h (Figures 1A, B). Interestingly,
when the BHI media were supplemented with 11 μg/mL AgNO3,
adherence of the sMG populations at 24 h was restored to ancestral
levels and the sMGAg populations again showed no change from the
ancestral (Figures 1C, D). Therefore, adaptation in sMG appears to
decrease SDA in S. mutans, albeit both the short-term presence of
silver nitrate in the environment (Figures 1C, D) and adaptation to
silver nitrate can reverse this effect (Figure 1B).

Sucrose-independent adhesion shows
population specificity

SIA allows S. mutans to achieve early colonization on the surface
of the tooth enamel (Signoretto, C., et al, 2009). In our original
study, all populations showed a significant reduction in SIA when
compared to the ancestral population except for NG4 and sMG3.
In this study, after 24 h and 48 h (Figure 2) sMG6 showed a five-
fold (p ˂ 0.0001) and a three-fold (p < 0.05) increase compared
to the ancestral, while the remainder, including the co-adapted
populations, showed no change, respectively. The results with the
addition of 11 μg/mL AgNO3 were very similar with sMG6 having a
six-fold increase (p < 0.0001) over the ancestral at 24 h, and at 48 h,
sMG8 also showed a four-fold increase (p < 0.05) at 24 h and 48 h (p
< 0.05) over the ancestral.

Acid tolerance increases in adaptive
populations

In our initial study (sMG1–4), we detected significant variance
in acid tolerance between biological replicates at 100 days with
most changes indicating that the populations became less tolerant
(Fernander et al, 2022). In this study, we found slightly different
results (Figure 3). After 20 min of exposure to low pH, all
populations showed a decrease (1.6–3.8-fold) in acid tolerance as
compared to the ancestral except for sMG6 and sMGAg2 which
showed no change. By 30 min, all populations except sMG7 and
sMGAg2 showed an increase in acid tolerance as compared to
the ancestral. The sMG population showed an average of a 2–3-
fold increase, whereas the sMGAg populations showed an average
of a 3–7-fold increase. All sMG populations after 45 min of acid
exposure showed an increase in acid resistance as compared to
the ancestral population; both sMG5 and 6 displayed a 9-fold
increase over the ancestral, sMG7 showed a 36-fold increase, and
sMG8 showed a 4-fold increase. The co-adapted sMGAg showed
more variance, sMGAg1 showed no change over the ancestral,
sMGAg2 and 3 showed an increase in acid resistance (6- and 7-
fold, respectively), and sMGAg4 showed a three-fold decrease in
acid resistance over the ancestral population (sMGAg1 showed
no change). The increase in acid resistance observed in these
populations was the first time we observed this phenotype and

reiterates the importance of biological replicates while using a weak
selection environment such as sMG.

Adapted populations show an increase in
antibiotic susceptibility, and this effect is
reversed after co-adaptation in sMGAg

Weused the disc diffusionmethod to assess changes in antibiotic
susceptibility to eight common antibiotics (ampicillin, bacitracin,
chloramphenicol, erythromycin, penicillin (G +), streptomycin,
tetracycline, and trimethoprim) (Figure 4). For comparison, we
analyzed both the ancestral and the normal gravity populations
(NG1–4) adapted in our original experiment (Fernander et al,
2022). First, all the normal gravity adapted populations showed no
change in susceptibility in comparison to the ancestral control for
any of the eight tested antibiotics. The most significant change was
observed in the sMG5–8 adapted populations. All four populations
showed a 1.2–1.3-fold increase in susceptibility to erythromycin,
penicillin G+, and tetracycline. sMG6 was also 1.3-fold more
susceptible to bacitracin and streptomycin. sMG7 was 1.3-fold more
susceptible to ampicillin, while sMG8 showed a 1.3-fold increase
in susceptibility to ampicillin, bacitracin, and chloramphenicol.
We saw very few changes in the sMGAg populations with only
an increase in susceptibility of sMGAg1 by 1.4-fold to bacitracin,
sMGAg4 by 1.3-fold to chloramphenicol, sMGAg3 and 4 by 1.2-fold
to erythromycin, and sMGAg4 by 1.2-fold to tetracycline. In both
this study and our previous work, we found increased susceptibility
to antibiotics as a result of adaptation to sMG, albeit this positive
effect is reversed for many of our tested antibiotics when co-adapted
in the presence of silver nitrate.

Discussion

The goal of this study was two-fold, first, to add four additional
long-term sMG adapted genomic replicates to the online public
databases and, second, to begin to understand the impact of using
silver as a biocide on long-term space missions.

Parallel evolution in sMG replicates

We observed mutations in two of the five genes we previously
deemed important for sMG adaptation (Fernander et al, 2022),
and this included mutations in the DUF1003 domain containing
protein SMU_1307c and SMU_399 the C3-GDP. We also found
novel gorA mutations in sMG5, 7, and 8. We did identify
a gorA mutation in sMG2 albeit not until 100 days in the
original study. gorA is a glutathione-disulfide reductase that has
not actually been characterized in Streptococcus species and is
inferred from homology (uniprot.org). In Escherichia coli, gorA
has been shown to be induced by reactive oxygen species,
specifically H2O2 stress (Zheng, M., Åslund, & Storz, 1998). In our
initial study, we identified mutations in rex. Rex is a redox
sensor that specifically senses NADH/NAD + levels in the cell
(Bitoun, Liao, Yao, Xie, & Wen, 2012; Zheng, Y. et al, 2014). GorA is
predicted to have two NAD + binding sites, indicating the potential
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FIGURE 1
Silver nitrate reverses the reduction in SDA observed in sMG adapted populations. Sucrose-dependent adhesion was assessed after 24 and 48 h of
stationary growth in BHI supplemented with 1% sucrose alone (A and B) and with the addition of 11 μg/mL silver nitrate (C and D) using the 100-day
populations.

for redundant mutations and parallel evolution. This may also be
why we never observed rex mutations in these new populations.
Together, these data reiterate the importance of both SMU_1307c
and SMU_399 in adaptation to the sMG alone. In addition, multiple
experiments, along with our data, point to redox stress as a
source of selection during sMG exposure (Fernander et al, 2022;
Sharma & Curtis, 2022).

Co-adaptation to sMG and silver nitrate

Despite the potent antimicrobial effects of ionic silver, there
are still some major issues with its use as a sole antimicrobial
agent in space. First, deposition of silver on the container and
flow line surfaces reduces the concentration of silver ions to an
unsatisfactory disinfection level (Slote, 2016). A few studies have
tried to address this point by constructing silver-based filters and
by using silver fluoride as opposed to the typical silver nitrate
(Birmele, Michele N., L. E. McCoy, and Michael S.Roberts., 2011;
Slote, 2016). These methods seem to prevent silver deposits from
acting as seeds to precipitate the silver ions from solution. Second,

as water is continuously recycled, any microorganism that survives
a round of filtration and antimicrobial exposure will be exposed
to silver ions. In addition, if this exposure occurs at sublethal
levels, there should not only be a concern for infection, but more
importantly, there should be a concern for the potential evolution of
silver resistance strains which will survive all subsequent rounds of
filtration. Therefore, to better understand the consequences of using
silver or silver-based compounds as the primary biocide in the PWD,
it is important to preemptively investigate the potential evolutionary
consequences it may have on microbes of the human microbiome
which will continuously be exposed through consumption. After
100 days of co-adaptation of S. mutans to sMG and silver nitrate,
evaluation of whole-genome resequencing data showed several clear
genomic mutations specific for silver nitrate. Despite several unique
genomic sweeps in each of the individual sMGAg populations,
there were three systems that acquired mutations within multiple
populations which were maintained into day 100. This includes
the two-component response system (TCRS) ciaH/R, the potassium
transporters trkA and trkB, and the penicillin-binding protein
pbp1a. sMGAg1 acquired mutations in PBP1a, trkA, and trkB
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FIGURE 2
SIA shows variability between biological replicates in sMG. Sucrose-independent adhesion was assessed after 24 and 48 h of stationary growth in BHI
supplemented with 1% glucose alone (A and B) and with the addition of 11 μg/mL silver nitrate (C and D) using the 100-day populations.

and then unique mutations in the upstream region of a U32
peptidase and an intergenic insertion in front of lacA. sMGAg2
acquired the ciaH and trkB mutations and unique mutations in
a phosphopyruvate hydratase and the U32 peptidase. sMGAg3
acquired ciaH, trkA, and trkB along with unique mutations in
a hypothetical protein and an NAD-dependent succinate-semi-
aldehyde dehydrogenase. sMGAg4 acquired mutations in ciaR and
pbp1a and then unique mutations in a TMEM64 family protein,
an APC family protease, and an energy-coupling factor transporter
ATPase.

ciaH/R is a TCRS and a global regulator for multiple stress
responses including biofilm formation, acid tolerance, bacteriocin
production, and genetic competence (Qi, Merritt, Lux, & Shi, 2004;
Ahn, Wen, & Burne, 2006; Biswas, Drake, Erkina, & Biswas, 2008).
Ultimately, CiaH is important for global stress tolerance and,
interestingly, does so through not only regulating its cognate
response regulator CiaR but also phosphorylation of other
response regulators (Ahn et al, 2006). We have mapped both the
CiaH and CiaR mutations onto predicted structures generated
through AlphaFold (Jumper et al, 2021; Varadi et al, 2022) and
available through uniprot.org (Figure 5A; B). It has been shown
previously that deletions and mutations (Figure 5A, black) in ciaH

leads to the overexpression of ciaR. The overexpression of ciaR
confers a pleiotropic phenotype, increasing antibiotic resistance,
decreasing competence, and protection during lysis-inducing
conditions (Halfmann, Kovács, Hakenbeck, & Brückner, 2007;
Mascher, Heintz, Za¨;hner, Merai, & Hakenbeck, 2006; Muller,
2018). ciaR mutants are typically lysis prone (Mascher et al, 2006).
This pleiotropic response is why we hypothesize that the adaptive
mutations are deleterious to CiaH function. When our adapted
populations were tested for antibiotic susceptibility, many showed
increased resistance over the sMG populations adapted alone for
restoration of ancestral resistance profiles. CiaH is a histidine
kinase that binds ATP and autophosphorylates at H226. One of
the observed mutations, V364F, resides on the back surface of the
ATP-binding pocket. This valine to phenylalanine mutation could
occlude ATP from binding, potentially inactivating the protein.
The second mutation, I136S resides in the sensor domain. It is
possible that this mutation prevents interactions with either its
dimeric partner which is required for activation or potentially
with other molecules/proteins required for activation but require
further testing to confirm. ciaRmutation (A80V) lies in the response
regulator domain (Figure 5B), and this residue is extremely close to
the phosphorylated aspartate (D51).Therefore, thismay be inducing
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FIGURE 3
Changes in acid tolerance were identified as a result of microgravity and co-adaptation to microgravity and silver. Changes in acid tolerance were
assessed after 100-day adaptation to sMG (blue) and simulated microgravity and co-adaptation in silver nitrate (yellow). Populations were compared to
the ancestral population (black). The 100-day populations were exposed to an acidic environment (glycine pH 2.8) for 0, 20, 30, and 45 min, rescued,
and serial diluted, and CFUs were counted after 48 h of growth on BHI agar plates. The CFU counts at the 0-time point were then normalized to 100%,
and the percentage reduction was then calculated by dividing the CFU count at the indicated time points by the CFU count at 0. The values were then
plotted on a log10 scale to visualize the data. For this dataset, prior to the one-way ANOVA, we performed a normality check (GraphPad Prism R©

Version 9.2.0), and the Shapiro–Wilk test showed normality in all three individual time points (20, 30, and 45 min).

a conformational change that mimics the transphosphorylation
state which is required to decrease inhibition by CiaH. Both
predicted phenotypes could lead to increased cellular CiaR which
has been shown to increase resistance to cell lysis and oxidative
stress (Ibrahim, Kerr, McCluskey, & Mitchell, 2004; Mascher et al,
2006), both consequences of environmental silver. Additionally,
ciaH/R-deficient strains have demonstrated severe growth defects
(Ahn et al, 2006), andwe did not observe this whilemonitoring daily
O.D.600s (data not shown). In addition, it has also been shown that
ciaH-defective mutants increase glutathione reductase expression
(Wu et al, 2010) and the two populations (sMGAg2 and 3) that carry
ciaH mutations are also our only silver adaptation populations to
also carry mutations in the glutathione-disulfide reductase gorA.
We believe that these results further support likely the activation of
this system and, specifically, the activation of ciaR (Mascher et al,
2006). Albeit as stated, these effects require functional
validation.

Genes regulated by cia have also been shown to respond
to PBP1a-mediated changes in cell wall regulation. Penicillin-
binding proteins (PBPs) are a major player in the synthesis of
peptidoglycan in the bacterial cell wall (Schweizer et al, 2017). The
interplay between these two systems may explain why we detected
PBP1a mutations during early adaptation (21 days) in sMGAg1

which was the only population at this time point not to acquire
mutations in the ciaH/R TRCS. Then, after 42 days, the frequency of
ciaH/Rmutations decreases in sMGAg2–4while all four populations
acquired PBP1amutations to high f (0.5–0.8). At day 63, sMGAg2–4
populations lost PBP1a mutations while increasing frequency for
ciaH/R mutations, while sMGAg1 was again the only to further
increase the frequency of PBP1a mutations while never acquiring
ciaH/R variants. These two independent evolutionary trajectories
support the idea that silver may be damaging the cell wall and
inducing lysis. While PBP1a and the ciaH/R regulon have not
been shown to interact directly, (Figure 5C), they have both
been shown to be affected by the heat shock HtrA protease.
HtrA protects the cell from oxidative stress and lysis-inducing
conditions while also playing a role in biofilm formation and genetic
competence (Lemos & Burne, 2008). We predict that the PBP1a
mutations would again not have a deleterious effect on the function
of the protein, and like ciaR defective mutants, PBP1a-defective
mutans exhibit major defects in growth, cell division, and biofilm
capabilities (Wen, Bitoun, & Liao, 2015) again, none of which we
observed during this adaptation study. Adaptivemutations in PBP1a
(Figure 5D) occurred throughout the protein in both the glycosyl
transfer domain (blue) and in the transpeptidase domain (pink).
The highest frequency mutation that remains at day 100 in sMGAg1
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FIGURE 4
sMG adaptation increases susceptibility to antibiotics while co-adaptation reverses the effect. Antibiotic susceptibility was tested via disc diffusion
assays using six antibiotics of varying mechanisms. (A) Ampicillin, (B) bacitracin, (C) chloramphenicol, (D) erythromycin, (E) penicillin (G+), (F)
streptomycin, (G) tetracycline, and (H) trimethoprim. Zones of inhibition in (mm) were plotted in triplicate for 100-day adapted (yellow) and
co-adapted populations (green). Normal gravity populations were also assessed (Fernander et al, 2022) as a second control (blue). The black dotted
line represents the average ancestral level for easier comparison; the dotted red lines represent the “S” susceptibility, “I” intermediate, and “R” resistant
zones as outlined by the manufacturer.

is the S67I mutation, and this mutation is harder to characterize
in terms of predicted function as it sits on the rear surface far
from enzymatic binding sites and could potentially be involved in
protein–protein interactions (Figure 5E).

Finally, at 100 days, three of our four sMGAg populations
held mutations in the tkr genes at a total f of ∼0.4–0.6. sMGAg1
carries four mutations in tkr genes, two in tkrA and two in tkrB,
sMGAg2 carries five in tkrB, and sMGAg3 carries one in tkrA
and three in tkrB. One NG and three sMG populations did carry
mutations in both genes as well but not to the extent observed
in sMGAg populations (12 of the 20 mutations in these genes).
The Tkr system plays a major role in potassium (K+) uptake

important for homeostasis, regulation of membrane potential,
pathogenesis, antimicrobial resistance, and biofilm formation
(Do, E. A. & Gries, 2021; Zhang et al, 2020); (Do, T. T. et al, 2022;
Girgis, Hottes, & Tavazoie, 2009; Lee et al, 2009). Specifically in
S. mutans, Trks have been shown to be important for acid
stress, hyperosmotic tolerance, and biofilm formation (Binepal et al,
2016; Peng, Zhang, Bai, Zhou, & Wu, 2016). Streptococcus mutans
encodes two tkr potassium transporters, Trk1 (trkB, trk, and pacL),
which is critical for growth under low potassium, membrane
potential, acidic/osmotic stress, and biofilm formation, and Trk2
(trkA and trkH), which plays a minor/redundant role to Trk1
(Binepal et al, 2016). Many of the detected variants are premature
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FIGURE 5
Molecular modeling of adaptive mutations. None of the affected proteins had structures present in the protein data bank; therefore, predicted
structures generated by AlphaFold (Jumper et al, 2021; Varadi et al, 2022) were downloaded from Uniprot.org. (A) Adaptive mutations mapped onto the
predicted CiaH cartoon structure. Mutations resulting from this study are mapped in red, and the phosphorylated histidine (H266) is mapped in cyan.
Mutations generated in other studies shown to inactivate or reduce CiaH function are mapped in black (Uniprot.org). The pink region represents the
C-terminal ATPase domain, blue depicts the two transmembrane domains, and the green region at the top of the structure is the extracellular sensor
domain. (B) An AlphaFold cartoon model of CiaR with the adaptive mutation mapped in red. The phosphorylated aspartic acid (D51) is highlighted in
cyan. (C) String. db was used to generate an interaction map between CiaH and PBP1A. Important nodes are highlighted in red. The edges in the map
indicate both physical and functional associations that originate from text mining, experiments, databases, co-expression, neighborhood, gene fusions,
and co-occurrence. For this map, we used CiaH, CiaR, and PBP1a to generate the map with no more than 20 nodes in the second shell. (D) Cartoon
and (E) surface AlphaFold model of PBP1a with adaptive mutations mapped in red. All structures were generated using PyMOL.

stop codons (four), two are deletions, one is an insertion, three are
intergenic mutations, and the remainders are SNPs. Of those SNPs,
one changes the stop codon to a leucine and is the only SNP in trkA.
All four trkB SNPs are in the N-terminal NAD+ binding domain.
The nature of these mutations suggests that they are preventing the
production of a functional protein product. Specifically, sMGAg1
carries a premature stop codon in both trkA and trkB, and sMGAg3
carries a premature stop codon in trkB and a 1 bp deletion in trkA
indicating that neither system is functional in these two populations
at 100 days. sMGAg2 not only carries a 3 bp insertion and 3 bp
deletions which would not disrupt the reading frame but also carries
a variety of SNPs. It is important to note that these variants only

appeared at 100 days and have f = 0.4–0.6 of the total population
while the remainder carry the ancestral sequence. This balance of
variation in the populationmay explainwhywe do not see anymajor
differences in biofilm formation nor a reduction in acid tolerance
in these populations as the ancestral phenotype may be fitter in the
assay conditions. Interestingly, sMGAg4 is the only population to not
carry any trk variants and is the only to become more susceptible to
acid stress. Currently, there is no evidence in the literature showing
that the Trk system can import silver, albeit there is evidence that
the bacterial Trk systems can uptake other monovalent cations such
as cesium (Cs+) and rubidium (Ru+) (Bakker, 1983; Avery, 1995;
Perkins & Gadd, 1995).The parallel evolution exhibited across three
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of our sMGAg populations may suggest a novel mechanism of silver
transport in bacteria that remains to be elucidated.

Conclusion

We co-adapted planktonic S. mutans to simulated microgravity
and silver nitrate to better understand the consequences of
using silver as a biocide in space. Control sMG adapted
populations showed similar results to our previous adaptation
study (Fernander et al, 2022) in the acquisition of adaptive
mutations in the DUF1003 domain containing protein SMU_1307c
and SMU_399 in the C3-glycoprotein degrading protease. We
also detected novel mutations consistent with selection due to
redox stress. This demonstrates consistent parallel evolution and
supports our previous results demonstrating unique evolutionary
trajectories between biological replicates and the importance a
biological replicate number in sMG studies. Our co-adaptation
study demonstrated the evolution of populations that acquired
unique mutations in the TCRS ciaH/R and pbp1a which could
potentially hold overlapping adaptive mechanisms protecting the
cell from the oxidative stress of silver and deleterious mutations
in the trkA and trkB genes which could limit silver entry. Silver
nitrate also specifically contributes to the evolution of unique genetic
variants that display phenotypes that are more tolerant to acid than
ancestral strains and have increased SDA and antibiotic resistance
over populations adapted in sMG alone. Altogether, our data
show that the addition of silver nitrate into the sMG environment
influences the evolutionary trajectory of the dental pathogens S.
mutans and could influence treatment of resultant infections in
space. In addition, our data show the importance for additional
studies predicting and evaluating the evolutionary outcome of not
only potential PWD mitigation strategies in space but also on the
general evolutionary impact of the selective pressures of space on
the microbes of the human microbiome.
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