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Abstract

lonizing radiation (IR) in high doses is generally lethal to most organisms. Investigating mechanisms of radiation resistance is crucial for gaining
insights into the underlying cellular responses and understanding the damaging effects of IR. In this study, we conducted a comprehensive
analysis of sequencing data from an evolutionary experiment aimed at understanding the genetic adaptations to ionizing radiation in Escherichia
coli. By including previously neglected synonymous mutations, we identified the rpsH ¢.294T > G variant, which emerged in all 17 examined
isolates across four subpopulations. The identified variant is a synonymous mutation affecting the 30S ribosomal protein S8, and consistently
exhibited high detection and low allele frequencies in all subpopulations. This variant, along with two additional rpsH variants, potentially influ-
ences translational control of the ribosomal spc operon. The early emergence and stability of these variants suggest their role in adapting to
environmental stress, possibly contributing to radiation resistance. Our findings shed light on the dynamics of ribosomal variants during the
evolutionary process and their potential role in stress adaptation, providing valuable implications for understanding clinical radiation sensitivity

and improving radiotherapy.

Introduction

Ionizing radiation (IR) poses a hazardous impact on all organ-
isms by inducing damage to proteins and DNA. The predom-
inant contributor to toxicity, whether it stems from protein or
DNA damage within cells, remains a subject of ongoing inves-
tigation (1-53). A comprehensive understanding of the under-
lying mechanisms holds the potential to enhance the medical
applications of radiation, particularly in therapy and diagnos-
tic scans (6). IR inflicts damage directly to DNA and indirectly
through the generation of reactive oxygen species (ROS) via
intracellular water radiolysis (3,4). These ROS molecules en-
gage with neighboring molecules, amplifying the detrimental
effects beyond the initial target site (7). Direct DNA damage
manifests as alterations in bases and strand breakage. If two
single-strand breaks are in proximity on opposite strands, a
double-strand DNA break (DSB) can occur (3,5). DSBs rep-
resent the most lethal form of DNA damage, causing DNA
replication stalling, replication fork collapse, and posing sig-
nificant challenges for repair. A single unrepaired DSB can lead
to cell death (1,3). The intricate mechanisms and genes impli-
cated in the response to irradiation continue to be subjects of
active investigation.

Bruckbauer et al. performed an evolutionary experiment
to study the emergence of radiation resistance in Escherichia
coli (8,9). In a canonical evolutionary experiment, a random
fraction of the population is eliminated by a bottleneck, where
bottleneck size and growth phases have an impact on the fixa-

tion probability for a beneficial mutation. Rather large bottle-
neck sizes, with a dilution rate of 0.1-0.2, minimize the chance
of loosing rare beneficial mutations (10), whereas smaller bot-
tlenecks are capable of delaying hitchhiking mutations (11).
In the study of Bruckbauer et al., four biological replicates
(IR9, IR10, IR11, IR12) of the parental strain E. coli K12
MG1655 were subjected to IR in 100 cycles of selection. The
intensity applied in each cycle was aimed at killing 99% of
the population. The appropriate irradiation stress was deter-
mined by the surviving fraction after the irradiation. There-
fore, the bottleneck event did not randomly transfer bacteria
to the next regrowth step, but favored those that had the best
chance of survival. In every even round and after a regrowth
phase, the whole population of each replicate was sequenced.
Additionally, after 50 and 100 cycles of selection, five isolates
were picked and sequenced (8,9). A graphical overview of the
datasets used in this work is given in Figure 1. The analyzed
bacteria are named using the substrain, selection cycle and, if
applicable, number of isolate: IR9-100-1 is from the substrain
IR9 after the 100th selection cycle, isolate 1. This nomencla-
ture was introduced in the original publications (8,9).
Bruckbauer et al. showed that the adaption was specific to
irradiation, as the response to other DNA damaging agents in
general was not improved. The analysis of proteome oxida-
tion showed for IR10-100-1 a great reduction of IR-induced
hydroxylation, which was comparable to previously observed
IR-induced hydroxylation levels in Deinococcus radiodurans,
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Figure 1. Overview of the experimental design. The parental strain E. coli K12 MG1655 was divided in four substrains that evolved independently. In
each selection cycle, the irradiation intensity was adjusted so that 1% of the population survived. After every even round of selection, each
subpopulation was sequenced. After the 100th selection cycle, for each subpopulation five isolates were picked and sequenced. Three out of the 20
datasets were excluded from further analysis, because they were generated using lllumina MiSeq sequencing instead of lllumina HiSeq (9).

a highly radioresistant microorganism (9). In the genetic anal-
ysis conducted by Bruckbauer et al. the focus was on vari-
ants with non-synonymous changes in proteins, and on the
experimental verification of the impact on irradiation survival
of promising candidate variants. Variants in the genes recA,
recD, recN, rpoC and rpoB were shown to increase IR resis-
tance (8,12).

Synonymous mutations in protein-coding genes change
only the nucleotide composition, but not the corresponding
amino acid. Therefore, the primary structure of the protein
is not altered, and synonymous mutations are often consid-
ered to be ‘silent’” mutations with no effect (13). However,
codon usage in several organisms, including E. coli, is cor-
related to gene expression levels and biased towards tRNAs
that are most abundant and with optimal binding strength
(14). Overall, synonymous mutations have an impact on fit-
ness and possibly on protein functionality (13,15,16). The
effects are currently proposed to be due to mRNA stabil-
ity and translation efficiency (14-16). Additionally, regulatory
processes on the level of translation, cotranslational folding,
transcription and posttransciptional processes are affected
(15,17).

Therefore, in this study, we adopt a comprehensive ap-
proach to characterize variants within the Bruckbauer dataset,
encompassing both non-synonymous and synonymous mu-
tations, along with an exploration of the pathways, cellu-
lar structures, and mechanisms implicated by these variants.
Through this inclusive analysis, we unveil adaptation pro-
cesses linked to ribosomes. Specifically, our investigation of
the detection frequencies of variants in the 17 isolates after
100 cycles of selection highlights a single variant consistently
present in the protein-coding sequences across all samples:
rpsH ¢.294T > G, a variant that potentially impacts the regu-
lation of the spc operon. The ubiquitous presence of this vari-
ant in all isolates strongly suggests its role as a beneficial mu-
tation.

Materials and methods

Bioinformatic pipeline for obtaining variants from
DNA sequencing files

The DNA sequences were downloaded from NCBI’s Sequence
Read Archive (SRA) using the SRA toolkit 2.11.2 (https:
/ltrace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view=software).
Data files were stored as forward and reverse FASTQ files
using the command fastq-dump —split-files.

The bioinformatic pipeline is adopted from Galaxy Project
(18,19) and the generated script is provided in the Supple-
ment (‘DNAtoVariants.sh’). Script and all bash commands
were executed with GNU bash version 5.0.17 (20). The ref-
erence genome for the alignment was E. coli K-12 substrain
MG1655 (U00096.3), which was downloaded from NCBI
and is consistent with the reference genome used in the origi-
nal analysis by Bruckbauer et al. (8,9). Alignment was con-
ducted with Burrows—Wheeler Aligner (BWA) 0.7.1 (21).
Post-processing steps for the mapped reads were performed
with SAMtools 1.14 and involved exclusion of unmapped
reads or reads with an unmapped mate, and deduplica-
tion of the remaining reads (22). Variants were called with
freebayes v1.3.5 (23) and stored in a variant calling file
(VCF). Found variants were left-aligned and normalized us-
ing BCFtools 1.14 (22). This step ensures that the variants
are represented in the same way they are stored in annotation
databases. Variant annotation was performed using SupEff
5.0e with the prebuild reference genome folder named Es-
cherichia_coli_str_k_12_substr_mg1655 (24). Descriptions of
the variants were extracted from the Sup Eff HTML summary
file.

Validation of the applied bioinformatic pipeline

Our bioinformatic approach closely follows the pipeline em-
ployed by Bruckbauer et al. (9). The alignment method (BWA),
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Table 1. Number and types of variants after 100 cycles of selection
Isolate Total SNP Deletion MNP Insertion Mixed
IR9-100-1 832 753 62 13 1 3
IR9-100-2 865 771 72 17 2 3
IR9-100-3 804 727 59 13 2 3
IR9-100-4 800 713 64 16 1 6
IR9-100-5 867 779 72 15 0 1
IR10-100-1 540 493 36 7 1 3
IR10-100-2 553 518 26 6 1 2
IR10-100-4 567 517 37 9 2 2
IR11-100-1 502 468 25 6 2 1
IR11-100-2 501 464 27 6 3 1
IR11-100-3 507 464 30 9 1 3
IR11-100-4 505 465 28 7 2 3
IR11-100-5 497 464 24 6 2 1
IR12-100-2 624 577 32 13 1 1
IR12-100-3 673 624 28 18 2 1
IR12-100-4 641 591 33 12 1 4
IR12-100-5 628 576 33 14 1 4

reference genome (MG1655 U00096.3), and annotation tool
(SnpEff) were kept consistent. However, we utilized the most
recent version of SnpEff (5.0e in this work, compared to 4.0e
in Bruckbauer et al.). Notable modifications in data processing
included the elimination of the downsampling step. We also
substituted freebayes for the callvariants.sh tool from BBMap
and integrated all called variants into the analysis. The exclu-
sion of downsampling aimed to prevent the removal of reads
with rare variants in regions of high sequencing depth, ensur-
ing their detectability (235).

To validate our bioinformatic pipeline, we conducted a
comparison of the number of SNPs identified in each isolate
with the published SNPs by Bruckbauer et al. (Supplementary
Table S3 in (9)). The results exhibited overall comparabil-
ity, with discrepancies ranging from 0.19% (IR10-100-4) to
6.18% (IR11-100-5). In approximately 82% of the cases,
our pipeline identified more SNPs. The exact numbers of
SNPs, along with the percentage differences, are presented in
Supplementary Table S1. Additionally, we compared the num-
ber of transitions, transversions, synonymous variants, stops
gained and lost, and starts lost (see Supplementary Table S2).
In each of these categories, our pipeline detected more (for
6 events) or fewer features (for 15 events). The most signif-
icant differences (%) were observed in the identification of
rare events such as stop and start losses (up to three times per
subpopulation).

We conducted a detailed comparison of allele frequencies,
focusing on variants in ribosomal genes in IR9 throughout
the entire selection process (see Supplementary Table S3). This
comparison encompassed 47 allele frequencies between se-
lection cycles 28 and 100, ranging from 5.2% to 61%. The
called allele frequencies were consistent for 27% of the time
(£0.5 %).In 36% of the cases, our pipeline called higher allele
frequencies, and in 32% lower allele frequencies, with differ-
ences of 3.2% at most. Two instances of variants were exclu-
sively detected by the original pipeline, both with allele fre-
quencies just above the limit of detection (5.2% and 5.5%),
suggesting that our pipeline’s limit of detection might be
slightly higher than 5%. Conversely, our pipeline successfully
identified variants with allele frequencies starting at 5.4%
and demonstrated consistency with the original pipeline. The
downsampling step appeared to have no significant impact
on the calling of allele frequencies. However, our pipeline de-

Table 2. Characteristics of the gene sets GScompiete: this gene set en-
compasses all 5533 distinct variants identified across the 17 isolates from
the four different subpopulations. These variants have an impact on 4490
genes, which either contain one or more of the variants or are indirectly
influenced by a variant in a different gene. For instance, the annotation tool
SnpEff considers all genes in the same operon to be affected. GSgoging: set
of genes with a variant in the coding region in at least one of the isolates.
GSaiways(afiected: S€1 Of genes impacted by a variant in all 17 isolates. These
genes either harbored a variant in the coding region or were indirectly in-
fluenced by a variant. The procedures for variant analysis leading to gene
set creation are outlined in the Materials and methods section. Gene type
information is extracted from the genes.txt file generated by SnpEff

Gscompletc Gscoding Gsalways(affected)
Genes 4490 2452 492
RNA-coding genes 86 25 16
Pseudogenes 178 88 20
Unknown genes N 1 -
Protein-coding genes 4221 2338 456

Table 3. Variants present in all isolates after 100 selection cycles. *:
The SnpEff annotation is aligned with the forward strand, while the cod-
ing strand of rpsH is the complement strand. Therefore, 3466252 A — C
induces a change from T to G at the 294th nucleotide, denoted as rpsH
c.294T > G

Reference —

Position Alternate Description

3446252 A->C* rpsH 30S subunit

3781140 A—G intergenic region between 11dD and trmL
3781145 C—>G intergenic region between lldD and trmL
3781150 T—>G intergenic region between lldD and trmL
3781152 A—>G intergenic region between IldD and trmL
4070483 A—>G intergenic region between yihR and yihS

tected three variants in the gene 7psH that were not identified
by the original pipeline. These variants were frequently de-
tected in IR9 with low allele frequencies, and in this context,
the downsampling step might have led to the discarding of too
many reads with the variant.

Overall, both bioinformatic pipelines yielded similar re-
sults. There is no clear evidence indicating that one pipeline
is more sensitive than the other. Since it cannot be definitively
determined which results better reflect the populations, the
variants identified by our pipeline and the original can be con-
sidered equivalent.

Variant and gene ontology (GO) analysis

During the annotation step with SupEff, gene lists are gen-
erated and stored in .genes.txt files. These files contain genes
directly affected (variants within the coding region) or indi-
rectly affected (variants located outside the coding region) by
one or more variants. The .genes.txt files from all isolates
were combined to create a comprehensive list of genes af-
fected by variants in any isolate. The analysis of .genes.txt files
was conducted in R 4.1.3 (26), excluding columns related to
upstream/downstream variants and probable variant impact
(high, low, moderate, modifier). For genes with variants within
their coding region, the sum of the remaining columns was cal-
culated. Genes with a row sum of zero were excluded, and the
remaining genes were considered directly affected by at least
one variant. This process was performed individually for each
isolate, and the resulting gene lists from all 17 isolates were
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combined to obtain the final list of genes with variants in the
coding region after 100 rounds of selection.

To identify variants present in all samples, VCF files of all
isolates containing normalized variants were compressed, in-
dexed (bgzip -c), and merged using bcftools concat. Subse-
quently, the merged file was analyzed with the bash command
uniq -c -w 20, which compares the first 20 characters of each
line and lists unique variants along with their quantities. This
ensures only the position, reference nucleotide(s), and alter-
nate nucleotide(s) are considered for comparison, preventing
multiple listings of identical variants due to different quality
scores. The resulting output indicates the number of occur-
rences for each variant in the 17 isolates, facilitating the iden-
tification of variants present in all samples. Variants found in
the resequencing data of the founder strain MG1655 were also
excluded. The resulting file was then annotated using SupEff
5.0e.

To identify key GO terms, we performed statistical over-
representation tests using the online version of PANTHER
17.0 (27) with Fisher’s Exact Test and the false discovery rate
(FDR) as correction factor.

Allele frequency, detection frequency and durability
analysis

The DNA extractions after every even selection cycle were
conducted from a mixed population of the evolved subpop-
ulations (9). The allele frequency represents the proportion of
a variant within the population and can be used to estimate its
abundance. For example, an allele frequency of 0.5 indicates
that 50 % of the population carries the variant. To calculate
the allele frequency of a variant, the counts of the reference
haplotype (RO) and the alternate haplotype (AO) were ex-
tracted from the annotated VCF file. The allele frequency was
then computed by dividing the count of AO by the sum of
AO and RO. Variants with an allele frequency under 5 % are
below the detection limit of the method.

We investigated the duration for which ribosomal vari-
ants remained detectable throughout the selection process. Se-
quencing was performed every even round of selection, result-
ing in a total of 50 sequencing events for each lineage (9). The
detection frequency is defined as the ratio of detection events
to sequencing events. Since Illumina MiSeq sequencing was
excluded from the analysis, the number of sequencing events
varies between cell lines: 48 sequencing events for IR12, 49
for IR10, and 50 for both IR9 and IR11. The term ‘durabil-
ity’ describes the number of rounds in which a specific variant
remains detectable.

Results and discussion

Variants observed after 100 cycles of selection
under the evolutionary pressure of irradiation

We re-analyzed a sequencing dataset published by Bruck-
bauer et al. (8,9) using an adapted bioinformatic pipeline. The
change with the greatest impact is the omission of a down-
sampling step, which may lead to a higher probability of de-
tecting rare variants (see Methods section for technical de-
tails). In each isolate, we found between 510 and 880 vari-
ants, which is very similar to the variants described by Bruck-
bauer et al. and the differences (see Supplementary Table
S1-S3) lie within a range of analytical uncertainty, as both
pipelines may call a few false-positive and false-negative vari-
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ants (28). Variants appeared randomly in the whole chromo-
some (see Supplementary Figure S1). The different subpop-
ulations showed distinct numbers of variants: IR9 had 800
and more variants in each isolate and was the lineage with the
most variants, followed by subpopulations IR12 (650 + 25),
IR10 (553 &+ 14), and IR11 (502 + 5). The predominant type
of variants observed were single nucleotide polymorphisms
(SNPs), constituting approximately 90 % of all variants in
each isolate. Deletions ranked as the second most frequent
type, accounting for about 6 % of variants in each isolate. Ad-
ditionally, other variants such as MNPs (multiple nucleotide
polymorphisms), insertions, and mixed variants were identi-
fied, listed in descending order of frequency. A comprehensive
breakdown of the number and types of variants is provided in
Table 1. These findings are consistent with the original analy-
sis of Bruckbauer et al. (4).

The effects of a variant can be further characterized based
on the region (e.g. downstream, intergenic) and type (e.g. mis-
sense, stop gained). It is noteworthy that a single variant may
manifest multiple effects. Selected effects and their relative oc-
currences are summarized in Supplementary Table S4, com-
plemented by a visual representation in Figure 2. Approxi-
mately 90% of all variants predominantly manifest as up- or
downstream alterations. Missense variants rank as the second
most prevalent, constituting around 4%. Synonymous vari-
ants make up approximately 2%, while nonsense variants are
present at about 0.2%. Although other regions and types of
effects (e.g. frameshift, intergenic, stop lost) are observed, their
incidence is comparatively lower. The detailed breakdown of
variants for each isolate of the four cell lines is complemented
by our study.

Additionally, we evaluated the ratio between transitions
(AT — GC) and transversions (AT — CG/TA, GC —
CG/TA). If the probability for each of the six possible
events is uniform, the expected transition-to-transversion ra-
tio would be 0.5 (30). In experimental studies, a transition-
to-transversion ratio of 1.27 (56 % transitions, 44 % transver-
sions) is observed in wild-type E. coli (29). In our analyses,
the transition-to-transversion ratios extracted from SupEff
HTML annotation files are lower for most isolates. Over-
all, this finding is consistent with the original study. How-
ever, we analyzed the 17 isolates after the 100th selection
cycle, whereas the previously published results refer to the
whole population sequencing after round 100 (4). Transi-
tions make up approximately 48% to 53% of the observed
SNPs, while transversions account for a corresponding range
of 52% to 47%. The only exceptions are IR11-100-3, which
exhibits a transition-to-transversion ratio close to the wild-
type (1.30), and IR10-100-4 and IR11-100-4, which both
have a transition-to-transversion ratio of 1.39, correspond-
ing to approximately 58% transitions and 42% transversions
(see Supplementary Table S4). Environmental and nutritional
stress are shown to have an impact on the mutational bias and
the transition-to-transversion ratio in E. coli, but a particular
gene-regulatory network has not yet been identified (31). The
heightened prevalence of transversions might suggest a more
pronounced impact on protein and gene expression modifica-
tion. Transversions alter the amino acid composition of pro-
teins with a greater likelihood compared to transitions. Ad-
ditionally, they can influence the DNA structure, such as the
minor groove width (32). The scrutinized sequences exhibit a
G/C content of approximately 48%, slightly lower than the
50.8% expected for E. coli K12 MG1655 (33). A/T-rich se-
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Figure 2. Relative occurrence of selected variant effects of the analyzed isolates after 100 cycles of selection are shown in the stacked bar chart. Most of
the variants are located down- or upstream of a gene. Nonsense variants are very rare (approximately 0.2%). The ratio of transitions to transversions
(Ts/Tv) are represented in the bar plot. The first (orange) bar is the Ts/Tv ratio of wildtype E. coli taken from Lee et al. (29). The Ts/Tv ratios are in most
of the evolved isolates lower compared to the wildtype, but these variable seems to be very specific for the populations with differences within one

subpopulation (e.g. IR10).

quences feature narrower minor grooves, while G/C-rich se-
quences have wider minor grooves (34). Alterations in DNA
shape can hinder the binding of transcription factors and mod-
ulate the activity of regulatory elements (32,34). If the evolu-
tionary selection bias toward IR resistance leans toward an
increased A/T content, it might be attributed to the narrower
minor grooves in the DNA. This could result in a more com-
pact DNA structure and potentially reduce the occurrence of
lesions during the irradiation process.

RNA-coding genes less affected by variants than
protein-coding genes

In a new approach to explore the specific genes modified dur-
ing the evolutionary process towards IR resistance, the vari-
ants were grouped into three different gene sets depending on
the context of their appearance, see Table 2. These gene sets
reveal that over 50% of the 4703 genes in E. coli are directly
altered by a variant and about 95% of genes are affected by
a variant. Despite the fact that 95% of the genome was af-
fected by a variant, only about 40% of RNA-coding genes
were affected (relative to 229 RNA-coding genes in the whole
genome (35)). One explanation for this observation could be a

tightly regulated system that is sensitive towards alterations.
This is also supported by the fact that approximately 11%
of the RNA-coding genes are altered, whereas about 50% of
protein-coding genes and pseudogenes are changed by a vari-
ant. Further investigation of the RNA-coding genes, which
were directly altered by a variant, may reveal important sig-
nalling pathways and interactions. It also underlines the im-
portance of RNA-coding genes in the adaption process to a
changing or challenging environment.

Gene Ontology (GO) analysis points towards
adaptations in genes associated with translation
and ribosomes

The generated gene sets underwent GO term overrepresenta-
tion tests to explore susceptibility to variants under irradia-
tion as a selective pressure. For GScyging, 2410 out of 2452
genes were analyzed, as 42 genes could not be mapped due
to PANTHER limitations in handling small RNAs and some
pseudogenes. Significant enrichments were observed across all
three GO categories, ranging from 1.07 (cellular anatomical
entity) to 1.29 (transmembrane transporter activity) fold en-
richment, as illustrated in Figure 3. The overrepresented GO



Enrichment

NAR Genomics and Bioinformatics, 2024, Vol. 6, No. 3

M Biological process
Cellular component
Bl Molecular function

Figure 3. PANTHER overrepresentation analysis of GS¢oging. Out of the 2452 genes assigned to this gene set, PANTHER uniquely mapped 2410 genes.
The presented results include significant findings with P-values <0.05 and the most specialized child GO term for each root term.

terms ‘cellular process’, ‘metabolic process’, ‘cellular anatom-
ical entity’ and ‘catalytic activity’ are direct children of their
root terms. Ancestor charts for the overrepresented GO terms
are presented in the Supplementary Figure S2. GSo4ins €ncom-
passes all genes carrying a variant in a coding region in any of
the isolates. While it has the potential to detect parallel adap-
tation pathways towards IR resistance, it did not yield insights
into general adaptations due to the rather general and mod-
estly enriched (1.07-1.29) GO terms.

The overrepresentation analysis for the gene set
GSalways(affected) €xamined 458 out of the 492 genes, ex-
cluding tRNAs, sRNAs, rRNAs, and pseudogenes. Significant
enrichments were observed in all three GO categories,
ranging from 3.2 (‘ribosome assembly’) to 4.52 (‘cytosolic
large ribosomal subunit’) fold enrichment, as depicted in
Figure 4. GS,jways(affected) 18 NOt restricted to genes directly
affected by a variant, acknowledging the potential for gene
expression modification by up- or downstream variants.
However, it exclusively considers genes affected in every
isolate, providing insights into critical adaptation processes
regulated by specific genes. The overrepresented GO terms
in GS,pyays(affected) cONverge towards adaptations in transla-
tional and ribosomal genes. Ancestor charts for these terms
are detailed in the Supplementary Figure S3, emphasizing
their specificity compared to GO terms overrepresented in
GSCOding'

G-quadruplex motif is affected by four intergenic
variants

We investigated the presence of shared variants among the
isolates, and the distribution of how frequently a single
variant appeared among the 17 isolates is depicted in the
Supplementary Figure S4. A total of 3464 variants occurred
only once, with approximately 400 variants found in 2—-5 sam-
ples. Given the selection of five isolates for each subpopula-
tion, a decline in frequency after five occurrences was antici-
pated. The number of variants shared by six or more isolates
ranged from zero to ten, with six variants being shared by all

17 isolates. In Table 3, the six variants present in all isolates
are displayed, all of which, to our knowledge, have not been
described before.

Five of these variants are in a predicted G-quadruplex motif
region and four of the variants (genomic positions 3781140,
3781145, 3781150, 3781152) in the 5> UTR of the trmL
gene (36). The motif stretches from the genomic position
3781135 to 3781155, ending 60 nucleotides away from the
start codon. The variants at positions 3781140, 3781140 and
3781145 appear in all four subpopulations after the second
round of selection with an allele frequency of about 8%. The
variant at position 3781152 is detected for the first time af-
ter the second round of selection in IR10, after the fourth
selection round in IR11 and after the eighth round in IR9
and IR12 (see Supplementary Figure S7). After the initial de-
tection, the variants do not occur continuously. Remarkably,
the detection frequencies are ranging from 73% (3781152,
3781150 in IR10) to 100% (3781140 in IR9 and IR10). Vari-
ants with similar frequencies are at position 3781120 (aver-
age 94%) and 3781133 (average 82%) in the conserved cy-
tosine rich region 5’ of the motif. As these variants are de-
tected as SNPs and none are fixed in a population, the vari-
ants may have a similar biological effect and may not neces-
sarily occur in the same individuum simultaneously. However,
very rarely we observed the double variants n.3781150TGA >
GGG (IR9 round 86 and 92,IR10 round 72, 76 and 82,1R11
round 78, IR12 round 86). Strikingly, all variants within the
motif are changing a nucleotide to a guanine and in the con-
served 5’ region to a cytosine (see Supplementary Figure S7).
We speculate that the G-quadruplex structure is disrupted by
these variants as at least one of the three necessary loops is
altered. This is supported by Kaplan et al., who also suggest
that mutations in the G-tract prevent the formation of the G-
quadruplex (36). Additionally, structural analyses conducted
by Kaplan et al. showed this particular G-quadruplex to be
able to switch between G-quadruplex and hairpin-like topol-
ogy (36). This switching could be impaired by the variants
observed by us, and the region could therefore be structurally

fixed.
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Figure 4. PANTHER overrepresentation analysis of the gene set GS,jaysiafiected)- 1hiS gene set comprised 492 genes, of which PANTHER uniquely
mapped 458 genes. The results presented include significant findings with P-values <0.05 and the most specialized child GO term for each root term.

Variant rpsH ¢.294T > G is the only variant found
within a protein-coding region and shared across
all isolates

Among the variants shared by all isolates, only one variant is
located in a protein-coding region: 3466252 A — C, within
the gene rspH. Since this gene is on the complement strand, it
induces a change from T to G at the 294th nucleotide, denoted
as rpsH ¢.294T > G. This alteration represents a synonymous
mutation of the glycine codon (GGU — GGG) at position
98 of the amino acid chain of the 30S ribosomal protein S8.
The S8 protein, an essential component of the small ribosomal
subunit, plays a crucial role in subunit assembly and transla-
tional regulation of the spc operon (37,38). Consequently, a
variant in this gene can impact the cell during subunit assem-
bly and/or gene expression regulation.

Variant rpsH ¢.294T > G is uniquely and
consistently displaying high detection and low
allele frequencies across all subpopulations

Due to the anticipated beneficial effect of the rpsH variant
(refer to Supplementary Information for the estimation of its
random appearance in all datasets, including Figure S8), our
interest turned to identifying the selection round when the
variant first emerged in the subpopulations. To achieve this,
we conducted an additional analysis of the whole-population
sequencing data from earlier selection cycles. In three out of
the four observed subpopulations (IR9,IR10,1R12), the rpsH
c.294T > G variant emerged after two cycles of selection.
In IRY, the variant remained consistently detectable after cy-
cle 36, and in IR10 after cycle 48. For IR11 and IR12, rpsH
¢.294T > G became continuously detectable after cycle 78 and
74, respectively (refer to Supplementary Figure S5).

To gain insight into the frequency and dominance of vari-
ants in ribosomal proteins within the population, we com-
pared the allele and detection frequencies of all variants in
the protein-coding region of ribosomal proteins. In Figure 3,
the average allele frequency is plotted against the detection
frequency for all ribosomal proteins with at least one vari-

ant in each subpopulation. Most variants were identified at
both low detection frequency and low allele frequency (bot-
tom left quadrants in Figure 5). The variant rpsH ¢.294T > G,
observed in all isolates after 100 cycles of selection, was also
the only variant with consistently high detection and low al-
lele frequencies in all subpopulations (Figure 3, top left quad-
rants). Interestingly, a second variant in rpsH, rpsH ¢.327T >
G, consistently appeared across all subpopulations but with
low allele and detection frequencies. This variant in rpsH in-
troduces the same glycine codon change from GGU to GGG,
akin to rpsH ¢.294T > G, at position 109 of the S8 amino
acid chain. Furthermore, a third variant in 7psH that also
introduces the same codon change, rpsH ¢.300T > G, was
identified in all subpopulations with low allele frequency but
relatively high detection frequency. These three rpsH variants
were the exclusive variants in the protein-coding region of ri-
bosomal proteins present in all four subpopulations.

In light of fluctuating allele frequencies, particularly when
a variant failed to reach fixation (allele frequency = 1) in the
population, we investigated the stability of rpsH allele fre-
quencies in comparison to other ribosomal variants. In Fig-
ure 6, the allele frequencies of ribosomal variants, sorted by
the number of detections, are presented. Notably, the variant
of interest, rpsH ¢.294T > G, not only exhibits the highest
number of detections in each subpopulation but also main-
tains a remarkably stable allele frequency. Moreover, rpsH
¢.300T > G stands out as the variant with the second-highest
number of detections in IR9, IR11, and IR12. In all subpop-
ulations, this variant was detected at least 20 times, consis-
tently maintaining a highly stable allele frequency. In contrast,
the allele frequencies of other ribosomal variants exhibited a
broader range of variability across different sequencing events
(see Figure 6).

Conclusion

Ionizing radiation poses a highly toxic stress to all organ-
isms, and the mechanisms leading to IR-induced cell death
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Figure 5. Detection and allele frequencies of ribosomal protein variants. Analysis of sequencing data involved every even round of 100 selection cycles,
totaling 50 sequencing events in each lineage (9). lllumina HiSeq sequencing data were exclusively utilized to ensure high comparability, resulting in 50
events for IR9 and IR11, 49 for IR10, and 48 for IR12. The average allele frequency was computed as the mean of all observations, and the detection
frequency was determined as the ratio of detection to sequencing events. Both IR10 and IR12 harbored variants with low detection frequencies but high
allele frequencies (bottom right quadrants). In IR12, two variants (rpsM ¢.147T > A, green downwards pointing triangle, and rp/F c.454C > A, yellow
square) were initially detected between cycles 50 and 70, reaching an allele frequency of 1 (see Supplementary Figure Sb). In IR10, a variant with low
detection and high allele frequency (romH ¢.134C > A, yellow left pointing triangle) was first detected post-cycle 50 but exhibited more fluctuation,
reaching a peak allele frequency of around 90% between cycles 66 and 76 (see Supplementary Figure S5). After 100 cycles of irradiation, all isolates
exhibited synonymous mutations in rpsH ¢.294T > G (green square), rpsH ¢.300T > G (grey pentagon), and rpsH ¢.327T > G (blue circle). The rpsH
€.294T > G variant consistently displayed the highest detection frequency across all subpopulations, with an average allele frequency of

approximately 8%.

are still a subject of investigation. Given the medical appli-
cations of ionizing radiation, a comprehensive understand-
ing of cellular reactions becomes crucial. This study analyzes
DNA sequencing data from an evolution experiment con-
ducted by Bruckbauer et al. (8,9). Their previous work fo-
cused on non-synonymous mutations, and promising variants
associated with enhanced radiation resistance were identified
and subjected to functional analysis. Experimental confirma-
tion highlighted the contribution of variants in genes related
to DNA repair (recA, recD, recN, rpoC, rpoB), ROS-related
stress response (sufD), ATP synthesis (atpA), and nucleotide
(rec]) and amino acid metabolism (cadA) to the IR-resistant
phenotype (9).

In the presented study, we conducted a re-analysis of the
sequencing datasets, focusing on all mutations occurring dur-
ing the evolutionary experiment, including synonymous vari-
ants. Within the set of genes impacted by a variant in all

17 isolates across the four subpopulations, over-represented
GO terms were exclusively related to ribosomes and trans-
lation. Exploring variants common to all isolates, we iden-
tified six variants emerging in all 17 samples, despite dis-
tinct evolutionary processes between the four subpopula-
tions. Four of these variants were located in a predicted
G-quadruplex motif with the ability to switch between G-
quadruplex and hairpin structures and thus possibly act as
a regulator (36). The biological effect could target the trmlL
gene, which is located 60 nucleotides downstream of the
motif and translates to the tRNA (cytidine/uridine-2’-O)-
ribose methyltransferase. To our knowledge, the characteri-
zation of the different structures and their functions has not
yet been discussed in the literature. G-quadruplexes are also
found in the Deinococcus radiodurans and human genomes,
possibly protecting the genome from radiation damage

(39).
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Figure 6. Variants detected in protein-coding region of ribosomal proteins. Similar to Figure 5, 50 sequencing events were scrutinized for IR9 and IR11,
49 for IR10, and 48 for IR12. For each ribosomal protein-coding variant and for each detection (i.e., the variant is identified in a particular sequencing

event), the allele frequency is reported. Variants are sorted based on the number of detections. Consistently across all subpopulations, the rpsH ¢.294T
> G variant exhibited the highest number of detections. The allele frequency, approximately 8%, remained remarkably stable in all subpopulations. The

limit of detection was set at 5%.

Among the variants found in all isolates, only one vari-
ant was located in a protein-coding region: the synonymous
variant rpsH ¢.294T > G, leading to a GGU to GGG codon
change in the mRNA coding for ribosomal protein S8. This
variant appeared early in the evolutionary process, with sub-
populations IR9, IR10, and IR12 showing its presence after
two cycles, and IR11 after four selection cycles. Throughout
the evolutionary process, this variant exhibited consistent be-
havior in all four subpopulations, characterized by a stable
low allele frequency and detectability in at least 35 instances.
Notably, its behavior differed significantly from variants in
other genes encoding ribosomal proteins. Two additional syn-
onymous variants, rpsH ¢.300T > G (S8 Gly100) and rpsH
¢.327T > G (S8 Gly109), both inducing a GGU to GGG
glycine codon change, emerged with lower detection and allele
frequencies in all subpopulations.

The variant rpsH ¢.294T > G emerged early in the adap-
tation process and remained conserved in all isolates af-
ter 100 cycles of selection. Despite a slight allele frequency
variation from 7.6% to 8.5%, the consistent presence sug-
gests a potential beneficial impact on radiation stress. Vari-
ants found across all replicates are typically either situated
within highly variable genomic regions or confer a benefi-

cial impact. In the case of ribosomal genes, highly variable
regions are unlikely. Analyses of the variation in core genes
across different E. coli genomes demonstrate the conserva-
tion of the majority of genes associated with translation, ri-
bosomal structures, and biogenesis. Moreover, gene clusters
related to cell cycle control, cell division, and metabolism are
also conserved (40). Consequently, the question arises as to
whether and how the variant in 7psH might exert a beneficial
effect.

The variant rpsH ¢.294T > G represents a synonymous
variant, regarding the amino acid at position 98 in the 30S
ribosomal protein S8 (S8 Gly98). In E. coli, rpsH is part of
the spc operon, which includes genes for 11 ribosomal pro-
teins and secY, a secretion protein (41). The small subunit of
E. coli ribosomes comprises one rRNA and 21 proteins (41),
playing a role in mRNA and initiation factor binding, as well
as tRNA selection (37,42). S8, an essential gene in E. coli (43),
is crucial for the small subunit’s assembly and translational
regulation of the spc operon (37,38). S8 Gly98 resides in a
highly conserved region of the protein and is part of the trans-
lational regulator of spc operon expression. The binding site
of S8 to the 16S rRNA in the ribosome is biochemically similar
to the spc mRNA binding site (44). Excess S8 proteins bind to
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spc operon mRNA, repressing the translation of all ribosomal
proteins in that mRNA (44).

We cannot speculate on a mechanistic explanation for the
impact of the variants on the regulation of the spc operon.
Firstly, the mechanism of translational repression through the
formation of the S8/spc mRNA complex remains poorly un-
derstood (44). Secondly, the positions 98 and 100 of S8 do
not engage in interactions with mRNA, as indicated by the
structure presented in Supplementary Figure S6 (44,45). The
mRNA interaction site is situated in the third cistron, which
encodes the ribosomal protein L35, of the spc operon. Since
the S8 protein is encoded by the fifth cistron (44), none of the
rpsH variants alter the mRNA site involved in translational
repression.

Furthermore, due to the diverse genetic background in the
different isolates, it is unlikely that the variant is a hitchhiking
mutation. For a closely linked allele to be considered a hitch-
hiking mutation, it would need to be present in all isolates
and evolve before or at a similar time (46). The rpsH variants
are the earliest to arise in all isolates and occur without other
variants in proximity. The small bottlenecks during the evo-
lutionary experiment, which proceeds with the best-adapted
1% of the subpopulation (9), are also well-suited to minimize
the chance for hitchhiking mutations (11).

Codon selection can impact mRNA translation efficiency,
and the GGG codon is known to be translated more slowly
than the GGU codon (47,48). While a single codon’s effect
on the translation dynamics of S8 mRNA might be marginal,
it could influence translation fidelity. The higher relevance of
translation accuracy compared to translation speed is further
supported by the fact that the rarest and slowest glycine codon
GGA (47,48) is not used as a synonymous substitution. An
increased translational accuracy by a single substitution is al-
ready shown in archaea and eukaryotes (49). Mordret et al.
demonstrated that the GGU glycine codon is prone to mis-
reading errors, leading to amino acid substitutions, particu-
larly aspartic acid, serine, and asparagine. A serine substitu-
tion at position 98 of the S8 protein results in a fast-growing
phenotype due to defective spc operon regulation (38). Al-
though the impact of substituting glycine with aspartic acid or
asparagine is not experimentally validated, the larger molecu-
lar and structural differences suggest potential impairment in
spc operon regulation. In contrast, the GGG codon of the vari-
ant is translated to glycine with higher fidelity; even compared
to the GGA codon, which allows mispairing with glutamic
acid (50). Two other 7psH variants (¢.300T > G and ¢.327T
> G) also involve synonymous glycine codon changes (GGU
— GGQG) at positions S8 Gly100 and S8 Gly109, both in con-
served regions of the protein. Substitution of S8 Gly109 by ser-
ine leads to a regulation-defective phenotype (38), while the
effect of S8 Gly100 substitution remains unexplored. These
findings suggest that E. coli with wild-type S8 might have de-
fective spc operon regulation after irradiation due to increased
mispairing of amino acids under stress (51), leading to faster
cell growth. With the GGG-glycine codon in the S8 variants,
spc operon regulation would be maintained, resulting in re-
duced cell growth compared to the wild type. Reducing the
translation of rpsH is already associated with depleted cell
growth (52). Additionally, ribosome silencing and inactivation
are known, but not fully understood, stress responses (51).
The observed irradiation protection could be attributed to two
aspects: slower-growing cells may be less susceptible to DNA
damage (53), and a slower cell cycle could potentially improve
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DNA repair and post-irradiation recovery. This findings can
also contribute to an understanding of slow-cycling subpopu-
lations, which are known to exist in bacteria, yeast and human
cells and are associated with resistance mechanisms (54).

The observed low allele frequency of the variants can
be attributed to their assumed reduced growth rate. Prior
to sequencing, surviving bacteria underwent two rounds of
overnight cultures in a nutrient-rich Luria-Bertani broth (9).
In this non-irradiated environment, S8 variants with slower
growth would be outcompeted by bacteria containing wild-
type S8. To obtain an accurate genomic profile of the surviv-
ing bacteria, immediate post-irradiation sequencing would be
necessary (55). However, this would require cell sorting to dis-
tinguish between surviving and dead cells. Such an approach
would enable sequencing of both fractions, facilitating a de-
tailed comparison.

These considerations suggest a potential contribution to ra-
diation resistance through translational control of ribosomal
operons. The early emergence of these adaptations implies
that this could be an initial mechanism for surviving environ-
mental stress. However, mutations conferring an equal con-
tribution to the irradiation-resistant phenotype would be fa-
vored due to fitness advantages. The described variant could
be viewed as a potential mutation that ‘rescues’ the pop-
ulation, enabling the subsequent emergence of true resis-
tance mechanisms (56). Conversely, an accelerated cell cycle
might contribute to an irradiation-sensitive phenotype. This
insight could be valuable when assessing genomic variants in
irradiation-sensitive populations. Our results are consistent
with an overrepresentation of ribosomal pathways in human
breast cancer cells, as well as reduced expression of riboso-
mal proteins in breast cancer cells with induced radioresis-
tance (57). In addition, G-quadruplex structures are associ-
ated with modulating radiation protection in humans (39),
and interact with ROS induced by radiation (58). If these find-
ings prove applicable to other organisms, they may contribute
to understanding clinical radiation sensitivity and, ultimately,
improving radiotherapy.
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