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Abstract

Bacillus pumilus SAFR-032, an endospore-forming bacterial strain, was investigated to deter-
mine its methylation pattern (methylome) change, compared to ground control, after direct
exposure to space conditions onboard the International Space Station (ISS) for 1.5 years.
The resulting ISS-flown and non-flown strains were sequenced using the Nanopore
MinION and an in-house method and pipeline to identify methylated positions in the gen-
ome. Our analysis indicated genomic variants and m6A methylation increased in the ISS-
flown SAFR-032. To complement the broader omics investigation and explore phenotypic
changes, ISS-flown and non-flown strains were compared in a series of laboratory-based
chamber experiments using an X-ray irradiation source (doses applied at 250, 500, 750,
1000 and 1250 Gy); results show a potentially higher survival fraction of ISS-flown DS2 at
the two highest exposures. Taken together, results from this study document lasting changes
to the genome by methylation, potentially triggered by conditions in spaceflight, with func-
tional consequences for the resistance of bacteria to stressors expected on long-duration mis-
sions beyond low Earth orbit.

Introduction

The primary ATCG sequence of DNA, is a long-lived and stable molecule, which has allowed for
its rise as the major informational tablet of billions of years of Earth’s living history. Major gen-
omic changes (insertions and deletions, gene duplications and hypermutational rates) may inter-
rupt normal and nominal cellular functioning (Brüssow et al., 2004; Behe, 2010; Blank et al.,
2014). However, terrestrial life is challenged by a number of externally driven environmental
and metabolic influences, including, but not limited to, temperature, oxygen, starvation and cel-
lular duplication (i.e. growth), which a cell must react to on molecular timescales. Cells have a
number of transcriptional, posttranscriptional and translational mechanisms allowing for
nuanced changes and plasticity when perturbed. A major phenotypic and transcriptional control
mechanism in eukaryotes is that of DNA methylation and histone modifications, which may act
to turn genomic regions ‘on’ or ‘off’, and are therefore essential for proper cellular functions
(Holliday and Pugh, 1975; Holliday and Grigg, 1993; Reik, 2007; Lister et al., 2009; Gigante
et al., 2019). Such modifications have the potential to persist for generations as heritable changes
(i.e., epigenetics). In bacteria, DNA methylation is also present, regulating gene expression and
guiding both stress response and DNA repair (Blyn et al., 1990; Casadesús and Low, 2006; Fang
et al., 2012; Beaulaurier et al., 2015; Shaiwale et al., 2015; Blow et al., 2016; Cohen et al., 2016;
Westphal et al., 2016; Nye et al., 2019). Although eukaryotic and bacterial genomes may contain
multiple DNA methyltransferases (MTases), each with a different substrate specification for
methylation of a variety of nucleic acid substrates, the two more widely studied modifications
to DNA are to cytosines, C-5 methylation (m5C) and adenosines, methylation of the N-6
(m6A or 6mA) (Casadesús and Low, 2006; Fang et al., 2012; Blow et al., 2016; Liu et al.,
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2019a, 2019b). Despite decades of DNA methylation research, until
recently, a comprehensive genomic determination of methylation
states by high-throughput sequencing was prohibitive (Gupta,
2008; Flusberg et al., 2010; Ritchie et al., 2015; Lee et al., 2016;
Gigante et al., 2019; Li and Tollefsbol, 2020). However, with the
advent of long-read, direct sequencing technologies, it is now pos-
sible to pinpoint the effects of environmental stress conditions
more robustly on global methylation patterns across a full genome
(Liu et al., 2019a, 2019b).

It is known that exposure to environmental stressors may lead
to genomic changes in bacteria (Tenaillon et al., 2004; Foster,
2005; Barrick et al., 2009; Blaby et al., 2012; Waters et al., 2015;
Khodadad et al., 2017; Maddamsetti et al., 2017). However, little
is known about environmental stress as a potential modifier of
bacterial methylomes. Work in E. coli with antibiotics has
shown no substantial variation in the core methylome after expos-
ure (Cohen et al., 2016). Several decades ago, a single study
showed that E. coli does alter its global methylome after exposures
to both ionizing and non-ionizing radiation (Whitfield and Billen,
1972). In the study, there was an increase in adenosine methyla-
tion after exposure to ionizing radiation but not non-ionizing
radiation (UV). A major consequence of long-duration spaceflight
and solar system exploration is the protracted exposure to various
types of background radiation, including solar particle events
(SPE) and galactic cosmic radiation (GCR) that impart high
energy destruction into biological systems (Simonsen et al.,
1990; Townsend, 2005; Maurer et al., 2008; Nicholson, 2009;
Nicholson et al., 2009; Horneck et al., 2010; Chancellor et al.,
2014). On Earth, atmospheric layers largely shield terrestrial life
from biocidal ionizing and non-ionizing space radiation; for
example, low-wavelength ultraviolet (UV) radiation, such as
UV-C (100–280 nm), is attenuated by ozone in the middle strato-
sphere. Here we expand on decades of bacterial exposure research,
which has previously shown survival assays and genomic altera-
tions of a number of organisms exposed directly to the space
environment in low-Earth orbit (LEO), by investigating the muta-
tional and methylation pattern changes across the Bacillus pumi-
lus SAFR-032 genome after a 1.5 year exposure onboard the
International Space Station (ISS) compared to its ground control.

Methods

Bacterial strains, media, spore preparation and growth
conditions

Bacillus pumilus SAFR-032, originally isolated from a spacecraft
assembly room (Venkateswaran et al., 2001; Link et al., 2004;
Gioia et al., 2007), was previously exposed, in spore form,
onboard the ISS on the European Technology Exposure Facility
(EuTEF) for ∼1.5 years (∼February 2008–September 2009) with
parallel ground controls (Vaishampayan et al., 2012). The
ISS-exposed spores were part of the UV-vacuum samples, mean-
ing externally mounted on ISS in the EXPOSE facility and with
full UV exposure (Vaishampayan et al., 2012). This exposure
resulted in nearly all spores being inactivated; however, samples
of viable, ‘first generation’ vegetative cells were recovered, referred
to as 56 T-2 in previous reports (Chiang et al., 2019). For our
follow-on study, both original, non-flown SAFR-032 and
ISS-flown, surviving SAFR-032 spores were germinated (Difco
nutrient broth media, 37 °C, 160 RPM, overnight [∼24 h., ∼7 gen-
erations]) and used to create vegetative stocks (−80 °C cell stocks
in 20% glycerol) for this investigation: hereafter referred to as

non-flown DS1 and ISS-flown DS2. Spores of SAFR-032 non-
flown DS1 and ISS-flown DS2 were then generated with a stand-
ard sporulation method (Schaeffer et al., 1965). Spores were
harvested by centrifugation ∼4 days after inoculation into spore
prep media from vegetative cell stocks, washed 3 × in cold, ster-
ilized ultra-pure water (PURELAB Chorus 1 System, Evoqua,
Pittsburg, PA, USA), and resuspended in sterilized ultra-pure
water in addition to 10 μg ml−1 filter-sterilized lysozyme (final
concentration). The spore and lysozyme mix were incubated at
37 °C for 24 h to digest cellular remains. Spores were 3 × washed
and harvested by centrifugation. Pellets were resuspended and
stored in 10 mL sterile ultra-pure water at 4 °C. Concentrations
of the spore stocks were determined by standard serial dilutions
(1:10), plating and colony-forming unit (CFU) counts. Briefly,
100 μl of stocks were serially diluted into 900 μl of sterilized phos-
phate buffer solution (PBS) and vortexed. Dilutions were plated at
50 μl per dilution onto nutrient agar plates. Plates of DS1 and DS2
were incubated overnight at 37 °C. Concentrations of DS1 and
DS2 spores were diluted to a final working concentration of
∼107 cells per mL for scanning electron microscopy (SEM) ana-
lysis and radiation exposure experimental coupons. These dilu-
tions were chosen to ensure monolayers of spores, as layered
biomass has been shown to have a shielding effect on radiation
experiments (Khodadad et al., 2017).

Spore coupon preparation

Spores were plated on aluminium coupons (Khodadad et al., 2017),
prepared with and without regolith (used for shadowing effects),
for ionizing radiation exposures. A Mars regolith simulant, JSC
MARS-1 (Allen et al., 1998) was baked at 300 °C for 24 h to prevent
contamination. Baked regolith was diluted to 10mgml−1 in steri-
lized, ultra-pure water. Coupons were baked at 300 °C for 24 h to
prevent contamination and cooled in a sterile biosafety cabinet
before application of spore aliquots. Spore stock (∼107 spores
mL−1) were mixed 1:1 with regolith solution; 5 μl of the solution
was spotted onto coupons. For spore coupons without regolith,
spore stock was mixed 1:1 with sterilized, ultra-pure water; 5μl of
the solution was spotted onto coupons. After coupon preparation,
the concentration of triplicate spots was further checked by indi-
vidually washing spots off the coupons and plating dilutions for
CFUs. For washing spots off the coupons, filter-sterilized
PBS-Tween 20 (0.5% Tween 20 final concentration) was used at
volumes 10–20μl to pipette individual spots off coupons. The
results from washing spots show a recovery of spores and cells at
concentrations equivalent to stocks used to prepare coupons.

Nucleic acid extraction

Three cultures of non-flown DS1 were inoculated from the freezer
stocks into Difco media and grown overnight (37 °C, 160 RPM).
Vegetative cells were pelleted and DNA was extracted using the
Qiagen PowerViral DNA extraction kit (Hilden, Germany).
Modifications of the protocols were as followed: DNA was eluted
off the column with 50 μl of 37 °C heated HyClone Molecular
Grade H2O (Cytiva, Marlborough, MA, USA). Quantification of
DNA preparations was done with a Qubit fluorometer using the
dsDNA Broad Spectrum Assay kit (Thermo Fisher Scientific,
Waltham, MA, USA). The ISS-flown DS2 was grown separately
triplicated from vegetative stocks, cells harvested and DNA
extracted and quantified; DS1 and DS2 were processed separately
so as not to cross-contaminate the experimental set-up.
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Long-read sequencing, methylation determination and
mutational analyses

DNA extractions were sequenced on Nanopore’s MinION (Oxford,
UK) platform using the following: FLO-MIN106 flow cells,
SQK-LSK109 library preparation kit, and AmPure beads
(Beckman Coulter, Indianapolis, IN, USA). The manufacturer’s
protocol was modified as follows: total DNA loaded per run was
200 ng; DNA was melted off of AmPure beads by incubating at
37 °C for 10–15min; final elution of DNA off of beads was done
with Molecular Grade H2O incubated with beads at 37 °C for
10–15min. Sequencing carried out in triplicate and run informa-
tion (pores, length of run, total reads, etc.) is listed in Table 1.
DS1 and DS2 extracted DNAwere run on separate flow cells to pre-
vent cross-contamination of reads. Runs were performed offline
without base calling. For base calls, Nanopore’s program Guppy
v 3.1.5 was used. Reads were analysed for QC using MinIONQC
(Lanfear et al., 2019). Mapping was conducted using Graphmap
(Sović et al., 2016) using the B. pumilus SAFR-032 reference gen-
ome (3.7 Mbp), NC_009848.1 (Gioia et al., 2007; Tirumalai
et al., 2013), and conversion of resulting sequence alignment
map (SAM) to binary alignment map (BAM) files using
SAMtools (Li et al., 2009); mapping quality of the reads from
each replicate run against the reference genome was performed
with AlignQC (Weirather et al., 2017) (Supplemental Figures S1–
S6, Supplemental Table S1). Methylation calling of m6A modifica-
tions was done using mCaller (McIntyre et al., 2019) and
Nanopolish (Loman et al., 2015) (Supplemental Figure S7); only
positions with a minimum depth of 15 and more than 50% of
reads at a position called as m6A were considered. The
non-ISS-flown DS1 consensus of m6A calls was compared to the
triplicate consensus of the ISS-flown DS2 runs (Fig. 1). m6A
methylations were plotted as total counts in 40 000 bp regions plot-
ted along the genome using R (Figures 1 and S1). Genomic variants
were called using Nanopolish using a minimum depth cutoff of 15
and positions with more than 50% of reads agreeing with muta-
tional change; calls were further scrutinized for quality using a
BaseCalledFraction cutoff of 0.6 and SupportFraction of 0.8
(Table 2). The BaseCalledFraction is the fraction of called reads
that support the variant and the SupportFraction is the fraction
of event-space reads (i.e. fast5 data) that support the variant calls.
Supplemental Table S2 shows all variants called, including those
that were not consistent across all the replicate runs and the thresh-
old reached for each variant across the replicate runs. Genomic var-
iants were analysed to determine if they occurred within a known
coding region and if so, what was the potentially corresponding
amino acid change, if any. Sequencing data have been deposited
in NASA’s GeneLab (Ray et al., 2019) under the identifier:
GLDS-383 (DOI: 10.26030/dk3z-b805; https://doi.org/10.26030/
dk3z-b805).

Scanning electron microscopy

Spore preparations were checked for quality and monolayers with
SEM (Hitachi S-4800 Field Emission Scanning Electron
Microscope, Tokyo, Japan), without sputter coating, by spotting
diluted spores onto aluminium coupons (Supplemental Figure S8).

Ionizing radiation exposures

Exposure experiments were conducted using a Precision
X-Rad160 (North Branford, CT, USA) with an aluminium filter.

Spore coupons were exposed in parallel at 2500 Gy intervals
with a dose rate ∼120 cGy min−1. Following each exposure,
three spots were harvested for CFU counts. Non-flown DS1 and
ISS-flown DS2 were exposed separately, so as not to cross-
contaminate experiments. Exposure experiments for DS1 and
DS2 without regolith included technical replicates (n≥ 3 spots)
of biological duplicate experiments (two separate spore prepara-
tions used). Figure 2 depicts the plotted survival fractions of
exposed to unexposed spores (N/N0) for each total dose point:
250, 500, 750, 1000 and 1250 Gy. Survival fractions reported are
the average CFUs of exposed replicates to the average CFUs of
unexposed replicates. For Fig. 2A, the average survival fraction
from the two biological duplicate experiments is shown; the indi-
vidual survival fractions from the biological duplicated experi-
ments are plotted in Figure S9. Due to the concern of terrestrial
spores being deposited on the surface of Mars and potentially
buried or shielded from radiation exposure by Martian surface
dust, spores were additionally exposed to ionizing radiation
mixed with a Martian regolith simulant (Fig. 2B). For Figures
2B and S5, exposed and unexposed values are the average CFUs
from replicate spots (n≥ 3) determined after plating.

Results and discussion

Long-read sequencing of B. pumilus SAFR-032 after long-term
exposure to low-earth orbit

Strains of B. pumilus SAFR-032 that were retrieved after the
previous ISS bacterial exposure payload were sequenced using
the Nanopore MinION (Table 1). The ground-control sample,
non-flown DS1 and the experimental sample, ISS-flown DS2,
were grown, DNA extracted and sequenced in triplicate.
Triplicate sequencing allowed for increased confidence in muta-
tional and methylation calls, as a replicate agreement in sequen-
cing may indicate non-stochastic results. DS1 and DS2 samples
were processed on separate days, to limit cross-contamination;
additionally, the two were sequenced on separate flow cells.
Read statistics in Table 1 show most runs resulted in over 1
gigabases of data with the exception of DS2 run 3. This run
started with one order of magnitude fewer sequencing pores
at the start of sequencing compared to the other runs.
However, DS2 run 3 still resulted in a similar N50 compared
to the other runs despite the decrease in sequencing pores
and resulting reads. The coverage across the reference genome
of B. pumilus SAFR-032 was >100 × for each run with three
runs (DS1 runs 1 & 3, DS2 run 1) having potentially >2000 ×
coverage. N50 statistics show that MinION sequencing resulted
in long reads with lengths over 7000 nt for most runs. There
were also at least 0.5% of reads from each run over 20 000 nt
in length, which is ∼0.5% of the entire reference genome
(∼3.7 Mbp).

Mapping and quality of long-reads

Reads were mapped against the B. pumilus SAFR-032 genome
using Graphmap (Sović et al., 2016), a tool specific for quick
and accurate mapping of long-reads. The alignments of reads
against the reference genome were analysed and checked for qual-
ity using AlignQC (Weirather et al., 2017) (Figures S1–S6,
Table S1). All runs had >60% of reads map to the reference gen-
ome with >85% of bases correctly aligned (Table S1). The fraction
of reads based on length bins that mapped did not fall with
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increasing length (Figures S1–S6), indicating that reads >4000 nt
were not the result of chimaeras (left and right read passing
through a sequencing pore and resulting in one long read) nor
were more prone to errors than shorter reads of only a few thou-
sand nucleotides. Base error type (mismatch, insertion, or dele-
tion) percentages were mostly <5%, with the exception of DS2.2
runs 2 and 3 with slightly higher per cent insertion bases of 5.2

and 5.3, respectively. MinION has been shown to accurately
sequence long-reads, discernable at the strain level, of Bacillus
species from mock and mixed communities (Brown et al., 2017;
Sanderson et al., 2018; Deshpande et al., 2019; Dilthey et al.,
2019; Burton et al., 2020; Leidenfrost et al., 2020). These results
further demonstrate and support the ability of MinION in
sequencing Bacillus species and the accurate and fast mapping

Table 1. Long-read statistics from Nanopore MinION sequencing runs of non-flown DS1 and ISS-flown DS2

Sample
name

Sequencing
run

Total sequences
base called
(Guppy) N50

Total
gigabases

Potential
coverage of
genome

Sequence
maximum
length

# Reads
>10 kb

# Reads
>20 kb

# Reads
>50 kb

DS1 1 1 900 357 8530 10.6 2650 66 230 300 562 13 263 11

DS1 2 720 823 6092 2.86 715 39 541 32 560 386 –

DS1 3 2 121 781 6918 10.78 2695 44 033 172 910 3498 –

DS2 1 1 669 578 7505 8.6 2150 49 982 183 923 3330 –

DS2 2 430 537 7316 1.51 378 47 116 32 652 1017 –

DS2 3 153 860 7163 0.61 153 55 011 12 356 316 1

Fig. 1. Total m6A Nanopolish and mCaller consensus counts across the Bacillus subtilis SAFR-032 genome, binned at 40 kbp lengths, for non-flown DS1 versus
ISS-flown DS2.
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of resulting long-reads against reference genomes using long-read
specific programs such as Graphmap.

Genomic changes occurred in B. pumilus SAFR-032 after
long-term exposure to low-earth orbit

Nanopolish, a software developed by Nanopore for analysing
MinION long-read data, was used to make variant calls from
the mapped reads to the reference genome (Table 2). Variations
(mismatch, insertions and deletions) are reported that occurred
in at least 50% of reads mapped at a position coverage of >15;
results are further marked in Table S2 for their quality of (i)
occurrence in each replicate sequencing run, (ii)
BaseCalledFraction cutoff of >0.6 and (iii) SupportFraction of
>0.8. There were 10 mutations in ISS-flown DS2 compared to
non-flown DS1 that were identifiable in all DS2 sequencing repli-
cates, and with the exception of positions 927 704 and 927 705,
were all above cutoff values for quality (Table 2). Interestingly,
5 of the mutations occur in two separate codons and are the
only mutations that result in an amino acid change in a coding
region. Of the other 5 synonymous mutations, 4 were in the

wobble position of their respective codons; while these mutations
do not have a known effect on translation, it is conceivable these
mutations might affect the structure of their DNA and/or RNA
regions.

Additionally, five of the ten mutations were C to T transition
mutations. The change in cytosine to thymine has been linked to
methylation of cytosine (m5C) resulting in deamination to T
(Selker and Stevens, 1985; Holliday and Grigg, 1993; Poole
et al., 2001; Walsh and Xu, 2006). Previously, SAFR-032’s genome
has been compared to genomes of other Bacillus species for the
purpose of determining gene content that may be involved with
its increased non-ionizing radiation resistance (Gioia et al.,
2007); Gioia et al., identified a C-5 cytosine-specific DNA methyl-
transferase that was present in the genome of SAFR-032 but
absent in other Bacillus species. Methylation analysis for m5C
by DNA cytosine methyltransferase (dcm) is a feature of
Nanopolish’s methylation calling, but it is not included in
mCaller. An initial screening of non-flown DS1 and ISS-flown
DS2 did not reveal a level of m5C calls above the cutoff threshold
described in the Methods section. The proportion of m5C called
reads at a position to the non-methylated reads was < 0.10. This

Table 2. Single-nucleotide polymorphisms (SNPs) present in ISS-flown DS2 and absent in non-flown DS1

Position on genome Locus tag (NCBI; GenBank) Mutation Amino acid change Annotated function(s) (NCBI)

105 751 BPUM_RS 00540; BPUM_0073 C→T – DNA integrity scanning protein DisA

927 703 BPUM_RS 04400; BPUM_0849 A→T T133F PqqD family protein

927 704 BPUM_RS 04401; BPUM_0849 C→T T133F PqqD family protein

927 705 BPUM_RS 04402; BPUM_0849 A→T T133F PqqD family protein

1 856 466 BPUM_RS 19070; BPUM_1804 A→T – S-layer family protein

2 088 546 BPUM_RS 10245; BPUM_2044 G→C – HAMP domain-containing protein

2 659 471 BPUM_RS 13160; BPUM_2646 C→T – NCS2 family permease

2 833 137 BPUM_RS14185; BPUM_2832 C→T A307 V Na + /H + antiporter subunit D

2 833 138 BPUM_RS14186; BPUM_2832 C→T A307 V Na + /H + antiporter subunit D

3 274 486 BPUM_RS16320; BPUM_3288 G→A – flagellar hook-basal body protein

Fig. 2. Survival fractions of non-flown DS1 (filled) and ISS-flown DS2 (unfilled) spore ionizing radiation exposures: (a) spores and (b) spores mixed with a Mars
regolith analogue. The fraction at 0 Gy for both datasets is 1.
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does not exclude the potential of m5C methylation in the
SAFR-032 genome, as these results could be due to the inability
of Nanopolish to detect (i) m5C positions due to its training
for detection using solely E. coli reads and (ii) the presence of
methylated cytosines outside of the known motif, CCWGG. For
both non-flown DS1 and ISS-flown DS2, there were 56 variations
from the reference genome that will need to be individually con-
firmed in the future and annotated as potential changes from the
time of sequencing B. pumilus SAFR-032 to the present.

Long-term exposure to low-earth orbit increased m6A
methylation across the B. pumilus SAFR-032 genome

Two independent methylation calling programs, mCaller and
Nanoplish, were used to determine the m6A methylation pattern
changes, if any, occurring between the ISS-flown DS2 and its
ground control, non-flown DS1. Methylations were reported for
positions with >15 × coverage and >50% reads having a methylated
fraction. Most striking was the difference in absolute numbers of
m6A calls between mCaller and Nanopolish. Nanopolish, mark-
edly, in all replicates of both DS1 and DS2, called fewer m6A
methylated positions than mCaller (Figure S7). The reason for
the difference is unknown but potentially due to the training algo-
rithms used as both Nanopolish and mCaller references indicated
that their detection methods for the voltage differences of methy-
lated bases were trained using E. coli sequences (Simpson et al.,
2017; McIntyre et al., 2019). The consensus of both mCaller and
Nanopolish m6A calls for non-flown DS1 and ISS-flown DS2
were therefore compared (Fig. 1). Results of the m6A consensus
comparison reveal that ISS-flown DS2 displayed higher methyla-
tion across the genome compared to the non-flown DS1.

The modifications reported here by both mCaller and
Nanopolish occurred at the palindromic GATC consensus motif
for all m6A called. Because both of these programs were trained
using E. coli sequences with GATC m6A modifications, these
results were not surprising. It has been reported that Gram-
negative bacterial genomes have a relatively consistent methylation
pattern of m6A for GATC positions through various growth phases
and after exposure to antibiotics (Shaiwale et al., 2015; Cohen et al.,
2016; Westphal et al., 2016; Liu et al., 2020). Additionally, not all
GATC positions are methylated, with some being heritably non-
methylated (Blyn et al., 1990; Casadesús and Low, 2006). This indi-
cates that the GATC pattern across a genome could potentially
change after a stress event and that this pattern change could be
heritable. A search of the B. pumilus SAFR-032 genome for
GATC reveals >17 000 occurrences; the results of the m6A methy-
lation consensus calls from mCaller and Nanopolish show less than
10% (∼1500) are potentially methylated in ISS-flown DS2.

ISS-flown DS2 was isolated from a nearly complete sample
inactivation resulting from a 1.5 yr exposure to space and solar
radiation (Vaishampayan et al., 2012). It is very likely the surviv-
ing samples were shielded from UV radiation by overlying spore
biomass in the sample, as direct UV exposure fully inactivates
spores as reported elsewhere (Horneck et al., 2001; Schuerger
et al., 2003; Schuerger and Nicholson, 2006; Osman et al., 2008;
Vaishampayan et al., 2012; Khodadad et al., 2017). However, pro-
tective effects from layering would not lessen ionizing radiation
impacting ISS-flown DS2 during the 1.5 year exposure. It has
been reported that when exposed to increased ionizing radiation,
E. coli shows increased methylation of adenosine and cytosine
across the genome (Whitfield and Billen, 1972); this study, con-
ducted in 1972, is possibly the first report of increased genomic

methylation after ionizing radiation exposure. However, this phe-
nomenon is not found only in bacteria, as decades of cancer radi-
ation biology research has shown a phenotype switching that
occurs in cells exposed to ionizing radiation and that this is
potentially partially due to increased and/or changed adenosine
methylation in the genome (Miousse et al., 2017; Chi et al.,
2018). Interestingly, DNA from HeLa cells also increases methy-
lation after UV exposure (Low et al., 1976); while the Whitfield
and Billen study of E. coli showed the inverse: a decrease in global
methylation after UV exposure (Whitfield and Billen, 1972).
While still needing more work, there does seem to be an overlap
in organisms, both eukaryotic and prokaryotic, in methylation of
the genome and radiotolerance, as seen in the research looking at
alkylation and radiation resistance in cells (Brendel et al., 1970;
Löser et al., 2010; Ullmann et al., 2021). Underlying reasoning
may be that DNA repair mechanisms may mark DNA points
with methyl groups after environmental stress. DNA is a target
of cellular damage during exposure to both non-ionizing and ion-
izing radiation. As there was no detectable change in methylation
after antibiotic exposure (Cohen et al., 2016) using β-lactam and
quinolones, antibiotics with mechanisms not targeting DNA, this
may be specific to environmental insults that affect DNA.

It has been reported that the ISS-flown SAFR-032 space-
exposed surviving strains have an increased UV survival pheno-
type compared to controls (Vaishampayan et al., 2012).
However, ISS-flown DS2 was most likely shielded from UV
while still being exposed to penetrating ionizing radiation
(∼130–180 mGy, (Horneck et al., 2012)). Here, non-flown DS1
and ISS-flown DS2 spores were exposed to increasing ionizing
radiation and the survival fraction in relation to unexposed spores
were plotted (Figures 2 and S9). This was repeated for two separ-
ate spore preparations (i.e. biological duplicates) and in both
experiments ISS-flown DS2 appears to have a less steep kill
slope as determined by the exponential trendline. This difference
in ionizing radiation survival fraction between non-flown DS1
and ISS-flown DS2 occurs at the two highest exposures 1000
and 1250 Gy, where DS2 has a survival fraction twice that of
DS1 for both biological replicates. For the first exposure experi-
ment, DS2 has a survival fraction of 0.0187 at 1000 Gy and
0.0051 at 1250 Gy compared to DS1 survival fraction of 0.0094
at 1000 Gy and 0.0021 at 1250 Gy. For the second exposure
experiment, DS2 had a survival fraction of 0.0021 at 1000 Gy
and 0.0009 at 1250 Gy compared to DS1 survival fractions at
1000 Gy of 0.0010 and at 1250 Gy of 0.0004. The average spores
per spot at the beginning of the experiments do not explain this
difference. For DS1, the first experiment has an average of 1.6 ×
106 spores/spot and the second experiment has an average of
6.4 × 106 spores/spot; DS2 averaged 5 × 105 spores/spot for the
first experiment and 4.6 × 106 spores/spot for the second. In
both experiments, DS1 averages at the start of the experiment
were slightly higher than DS2, but the survival fractions for
DS1 drop below those of DS2 at the two highest exposures.

Spores were also tested in the presence of a Martian regolith
simulant (Fig. 2B). With regolith present during exposure,
ISS-flown DS2 also showed an elevated tolerance to higher
doses with a survival fraction of 0.0313 at 1000 Gy and 0.0112
at 1250 Gy compared to DS1 survival fractions of 0.0124 at
1000 Gy and 0.0042 at 1250 Gy (DS1 and DS2 averaged 6 × 105

and 3.9 × 105 spores/spot at the start of the experiment). While
regolith has been reported to mitigate the lethal effects of non-
ionizing radiation exposure by shielding spores of Bacillus species
(Osman et al., 2008), ionizing radiation is not blocked by thin
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layers of regolith and may actually have an increased microbioci-
dal affect when regolith is present (Horneck et al., 2001;
Nicholson, 2009; Moeller et al., 2010). However, this data set,
the survival fractions of DS1 and DS2 are 0.004 and 0.011,
respectively, in the presence of regolith at 1250 Gy. This is ele-
vated from the survival fractions without regolith. This could be
due to larger regolith grains providing more protection to some
spores (Fig. S9C), but is unclear as this was experiment was not
repeated on multiple different spore preparations. More studies
are needed in the future to determine the full extent of an elevated
survival phenotype and if methylation of the genome plays a role.

It is important to note that GATC methylated positions are
not typically associated with Bacillus species due to a number
of historic reasons. First, much of what was previously known
of methylation in bacterial genomes revolved around the
Gram-(−) organisms, specifically, E. coli, where methylation is
an important component in the detection and destruction of for-
eign DNA by restriction-modification (RM) mechanisms, which
when compared to its Gram-(+) counterpart, Bacillus subtilis,
reveals a lack of the full RM machinery (Lenhart et al., 2012).
Second, the lack of available tools to determine global methylation
states of bacterial genomes has limited the widespread study of
comparative methylation motifs and genome patterns across bac-
teria, until recently (Blow et al., 2016). In 2020, Nye et al., using a
third-generation sequencing platform, PacBio’s SMRT, studied
the global m6A patterns in the genome of B. subtilis and identi-
fied a previously undescribed methyltransferase, DnmA, which
methylates adenosines at non-palindromic sites (Nye et al.,
2020). An additional, and possibly more nuanced, reason behind
the limited knowledge of methylation patterns in Gram-(+)
organisms compared to Gram-(–) is the application of the well-
studied model organism being considered canonical for all; in
other words, what happens in B. subtilis must be true for all the
other Bacillus species. In direct confrontation to this, evidence
of m6A methylation at palindromic GATC sites in other
Bacillus species has existed for several decades (Hattman et al.,
1978; BUENO et al., 1986; Dingman, 1990). Most notable, it
has been shown that even among the strain types of Bacillus vele-
zensis UCMB5140 and UCMB5021 there is a difference in methy-
lation type and pattern (Reva et al., 2019). The differences of
methylation type become more dramatic when making cross-
species comparisons in Bacillus species (Reva et al., 2020). As pre-
viously reported, B. pumilus SAFR-032 has an increased survival
phenotype for non-ionizing radiation exposure compared to B.
subtilis (Gioia et al., 2007), which may be due to differences in
methylation (Liu et al., 2020; Reva et al., 2020) and genetic fea-
tures (Gioia et al., 2007).

It is clear that for high-throughput Nanopore MinION identi-
fication of methylation modifications, programs need to be more
robustly trained on different (i) methylation sequence motifs and
(ii) bacterial sequences outside of E. coli. A literature review shows
that genome-wide methylation modification research is domi-
nated by the use of PacBio’s SMRT platform (Flusberg et al.,
2010; Fang et al., 2012; Lluch-Senar et al., 2013; Krebes et al.,
2014; Beaulaurier et al., 2015; Zautner et al., 2015; Cohen et al.,
2016; Westphal et al., 2016; Couturier and Lindås, 2018;
Hagemann et al., 2018; Nicholson et al., 2018; Payelleville et al.,
2018; Zhao et al., 2018; Forde et al., 2019; Chhotaray et al.,
2020; Coy et al., 2020; Estibariz et al., 2020; Liu et al., 2020;
Nye et al., 2019, 2020; Reva et al., 2020) compared to
Nanopore’s Minion (Rand et al., 2017; Jain et al., 2018;
Giesselmann et al., 2019; Gigante et al., 2019; Miga et al., 2019;

Zhang et al., 2021); of particular note, the organisms that have
been studied using Nanopore’s Minion tend to be eukaryotic.
And with a few exceptions, bacterial methylomes are dominated
by reads from the SMRT platform. There could be a number of
factors influencing individual research projects use of SMRT
over the MinION (Szopa-Comley, 2013), but it seems that
MinION methylation data is often paired with bisulphate sequen-
cing, which excludes investigation of methylated adenosines,
the predominant methylation type in bacteria. Additionally,
MinION methylation detection seems to be limited to the ability
of researchers to train their own datasets using already developed
software or to develop in-house methylation calling tools (Rand
et al., 2017; Gießelmann et al., 2018; McIntyre et al., 2019; Liu
et al., 2019a, 2019b). These together could explain the over-
representation of methylation calls in eukaryotic organisms with
the MinION platform as the Nanopolish methylation caller has
three cytosine methylation presets for ‘cpg’, ‘dcm’ and ‘gpc’ com-
pared to only ‘dam’ for adenosine methylation; cytosine methyla-
tion is the major studied methylation type in eukaryotes. We also
report on the results of the eventalign command output, required
by both mCaller and Nanopolish, as a potential limitation for
MinION usage (Supplemental Information: Discussion).

Conclusion

It was expected that after exposure to the effects of radiation in
LEO there would be mutational differences between the
ISS-flown and non-ISS flown strains. Most striking was the
increase of methylated adenosines (m6A) across the genome in
the ISS-flown strain. This is only the second bacterial species
that has been reported to increase adenosine methylation after
ionizing radiation exposure. The mechanism is unclear as to
why methylation may increase, but it could be a possible marking
of damaged DNA points after certain types of environmental
exposures that affect DNA.

Global methylation changes in bacteria after increased expos-
ure to radiation could lead to adaptive phenotypic changes to
extreme environments, such as the surface of Mars. While decades
of research supports the near-complete biocidal effect of UV radi-
ation on bacterial cells, shielding acts as a mitigating factor for
survival. Shielding, either from natural environmental factors,
such as soil deposition, or inside the man-made craft, eliminates
non-ionizing radiation, but does not prevent penetrating, ionizing
radiation. Chronic ionizing radiation exposure is of high relevance
to space biology and exobiology. Future work that looks outside
the biocidal effects and more to the potential adaptive repercus-
sions of exposure survivors could generate products for alleviating
human health risks associated with spaceflight. Our results indi-
cate the usefulness of bacterial ionizing radiation experiments in
studying methylomic and phenotypic changes as a proxy for ani-
mal exposure experiments. Additionally, results here support the
use of the Nanopore MinION platform for methylome research.
More work is still needed to understand the mechanism(s) that
are responsible for increased adenosine methylation after ionizing
radiation exposure and if such a response is ubiquitous in terres-
trial organisms.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1473550421000343.
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