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In order to compare the molecular nature of the mutation between 1 MeV H* and 2
MeV Hz", the whole genome sequencing analysis was performed. Genomic DNA was iso-
lated from surviving colonies at the fluence giving a surviving fraction between 0.01 to
0.1. The fluence or dose giving a surviving fraction around 0.01 to 0.1 is commonly used
for mutagenesis of bacteria, because the surviving fraction in this range has been empiri-
cally known to give the highest mutation frequency. Since there was some inter-experi-
mental variability, we chose the fluences giving a surviving fraction between 0.01 to 0.1
in each mutation analysis experiment.

The mutation frequency showed a negative relationship with surviving fraction
(Figure S1; R = -0.73). The mutation frequency ranged from 59.3 to 107.8 x 108 /bp and
was 13 to 23 times higher than that of mock-irradiated samples (4.7 x 10-# /bp). Only SBS
was detected in mock-irradiated samples, whereas SBS, Insertion, Deletion and SV were
detected in the irradiated samples (Table S1). The G:C to A:T, A:T to T:A and G:C to T:A
were relatively frequent (18% or more) whereas G:C to C:G were less frequent (8% or less)
in all irradiated samples (Figure S2). A total of four SBS (two G:C to T:A, and one each of
G:C to A:T and G:C to C:G) were observed in the mock-irradiated sample. Single-base
deletion was the most frequent deletion event; the number of deletion events decreased
with increasing deletion size (Table S2). The SV accounted for 1.5% to 8.0% of total muta-
tion events (Table S1). We detected 21 SVs in total and, except for one SV, succeeded in
predicting their overall structure (Table S3, Figure S3). Of those 20 SVs, seven were simple
inversions, and more than half of the SV events involved translocation and/or deletion
21 kb. Although the reason is unclear, 1 MeV H* tended to induce SVs more than twice as
often as 2 MeV Hz'.

In sum, we could not find a clear difference in the molecular nature of the mutation
between 1 MeV H* and 2 MeV H>".

Methods

The whole Genome Sequencing was performed using 100 ng of genomic DNA. The
genomic DNA was extracted from a 2 mL overnight culture using the Wizard Genomic
DNA Purification Kit (Promega, Tokyo, Japan). Sequencing libraries were prepared using
a KAPA HyperPlus Kit (Nippon Genetics Co., Ltd., Tokyo, Japan) and IDT for Illumina
TruSeq DNA UD Indexes (Illumina K.K., Tokyo, Japan) according to the manufacturer’s
instructions but with half the reaction volume. Sequencing was performed by the com-
pany Novogene (Beijing, China) using the NovaSeq 6000 system (Illumina); 150 bp paired-
end reads were generated.

The raw sequencing reads were cleaned using Illumiprocessor (version 2.0.9 [1]), and
the cleaned data were mapped to the reference sequence of B. subtilis (NC_000964.3 [2])
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using BWA (version 0.7.5 [3]), SAMtools (version 1.3.1 [4]), and Picard-tools (version 1.119
[5]). The candidate mutation sites were identified using GATK Haplotype Caller (version
3.4 or 4.1.8 [6]), Pindel (version 0.2.4 [7]), and BreakDancer (version 1.4.5 [8]) algorithms.
The average depth of coverage was at least 30 fold, and more than 99.8% of the genome
was covered a minimum of 10 times. Candidate mutation sites detected in more than two
independent samples were excluded as false positives or background mutations existing
in our lab strain. The candidate mutation sites were considered as unique and fixed mu-
tations if allele frequencies (AF; proportion of mutant reads at a site) were higher than
80% and, for all the other samples, if the AFs were lower than 5%. All candidate mutations
were confirmed with Integrative Genomics Viewer (IGV, version 2.8.13 [9]). The detected
mutations were classified into seven categories (see [10,11]): single-base substitution
(SBS), single-base deletion (-1), single-base insertion (+1), deletion of two or more base
pairs (Del > 2 bp), insertion of two or more base pairs (Ins > 2 bp), complex type (Complex),
and structural variant (SV). The complex category represents more than two SBS, insertion
and/or deletions separated by fewer than 10 bp, and they were considered to have resulted
from a single mutation event whereas SV represents inversion and translocation, which
may involve deletion and/or duplication at the junction sites. The junction points and
overall structure of SVs were confirmed with IGV. If two SVs, unconnected via their junc-
tion points, were observed in the same sample, they were regarded as independent mu-
tation events. The reliability of our mutation detection method was validated by PCR and
Sanger sequencing [10,11].
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Figure S1. Relationship between surviving fraction and total mutation frequency (the
sum of all types of mutations). The data points represent mean + standard error of sur-
vived colonies obtained from experiments listed in Table S1.
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Figure S2. Spectra of single-base substitutions. The data for 2-MeV Hz* and 1-MeV H* are from
Experiment III listed in Table S1.
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inversion < BS2923, H1_1-6)
H2_4-7)
SV with three major junctions
Inversion e 2
; : <> (BS21032,
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; ; < (H252)
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: e 1 4
IRESISION S igh (H2_3-8) | (H142, H1_1-2,
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SV with five major junctions
Inversion & L e o 1
. <+ (H144)
translocation ———)=p-
Total no. of SV events 7/85 11/55 2/30
/ Total no. of colonies examined | (8.2%) (20.0%) (6.6%)

Figure S3. Schematic representation of the predicted overall structure of SVs. The deletions > 1 kb
associated with SVs are also given. The SV detected in H1_2-7 are not included because we failed

to predict the overall structure.
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Table S1. Frequency of each mutation type.

iv- i Del 1
Fluence Fluence Dose Sl{rvw No. of SBS -1 ¢ 1 s Complex SV Total
Beam  Exp. ing analyzed 22bp 22 bp
(p/cm?) (atm/cm?)  (Gy) ; . . . .
Fraction  colonies Mutation frequency (x 108 / bp) (Percent to total in each experiment)
54.6+8.6 10732 107+32 24416 12+12
I 5x100 1x101 6032  0.045 20 d d 795+115
(68.7%) (13.4%) (13.4%) n m (3.0%) (1.5%) *
712+7.0 87424 95+22 0.8+08 0.8+0.9 24413
LI 100 1x101 2 . d 3+7.
2MeV He >x10 <10 6052 0.056 30 (76.3%) (9.3%) (10.2%) (0.8%) (0.8%) " (2.5%) 933+7.6
50.8+6.2 47+19 95+2.5 14409 61422 2.0+1.1
11 100 1x101 2 04 746+7.
510 x10m 603 0.046 3 (68.2%) (6.4%) (12.7%) nd (1.8%) (8.2%) Q2.7%) 679
368+7.8 24+16 83+3.1 36+19 36+19 47+28
I 5x100 5x100 3016  0.097 20 d 50.3+104
* ) (62.0%) (4.0%) (14.0%) (6.0%) o (6.0%) (8.0%)
1 MeV H*
705+ 8.6 149+38 142426 27+13 54+17
M 1x10"  1x101 2 052 107.8+11.1
x10 x10m 603 005 3 (65.8%) (13.9%) (13.3%) nd nd (2.5%) (5.1%) 078
482468 55+1.9 55+1.9 32+15 16411
A0keVH* 11 2x100 2x100 24 094 d d 10+7.
340 ke *10 x10 00 009 30 (75.3%) (8.6%) (8.6%) (4.9%) o n (2.5%) 64.0£78
Mock I 0 0 0 1 20 4728 nd nd nd nd nd nd 47+28
(100.0%) LEs

Mutation frequency represents the number of mutation events divided by the length of the reference genome (4,215,606 bp); the values are mean + standard errors of
survived colonies. nd: not detected.
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Table S2. Distribution of deletion size.

Deletion size (bp) 2-MeV Hz* 1-MeV H* 340-keV H*
1 27 (44%) 26 (48%) 7 (50%)
2-9 22 (36%) 20 (37%) 4 (29%)
10-99 7 (11%) 4 (7%) 0 (0%)
>100 6 (6%) 4 (7%) 3 (21%)
Total no. of deletions 62 54 14
Total no. of colonies g5 55 30

Examined

Data for 1-MeV H* and 2-MeV H:* are the sum of two and three independent experiments, respec-
tively, and the data for the 340-keV H* is from single experiments listed in Table S1.

Table S3. Predicted SVs.

Sample  Approx. position of the rejoined Predicted
Beam Exp. . .
name sites on the reference genome Alteration *
1,211,380
I H252 2,365,590 Tandem inversion
2,519,790
391,350 Inversion
BS21032 Del (391,350-397,190) . .
3,082,740 with 5.8-kb deletion
II 1,212,290 . . .
BS2823 1,364,960 Simple inversion
3,691,560 . . .
2 MeV H: BS2923 3,948,320 Simple inversion
2,154,090 Inversion
H2_1-5 Del (3,052,800-3,053,830) . .
3,054,120 with 1.0-kb deletion
608,580 .
3,795,680 ©
561,550 . . .
H2_4-7 1,955,970 Simple inversion
56,100 . . .
Hi121 4110210 Simple inversion
1,044,880 . . .
H142 3,602,660 Simple inversion
1,199,850 .
: 2,162,040 tInvei'smr;&
2,990,510 ranslocation
495,920
2,778,110 Inversion &
H144 2,332,070 .
1 MeV H 2 621,020 translocation
3,132,560
2,374,350 Inversion &
H1_1-2 2,374,440 o ; | Oﬁ .
2,374,670 ansiocatio
1,305,440 . . .
111 H1_1-6 3,123,000 Simple inversion
964,420 Inversion &
H1_1-8 1,153,710 . v ; © p
3,429,390 ranslocation
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1,151,990
3,461,620
H1_2-2 Del (3,461,620-3,462,120)
Del (3,462,350-3,462,520)
3,462,650
428,980
3,708,560
Del (4,118,190-4,121,530)

Inversion &
translocation

Inversion &

HL_2-5 Del (4,121,6204,122,140) it;rggsf;??nﬁ .
Del (4,122,340-4,122,970) W ' e
4,122,970
575,060
Del (575,060-624,640) -
H1 2-7 624,640 Unclear
625,300
989,230 Inversion &
H1_3-2 3,220,260 translocation
3,888,460
1,704,680
1,711,610 Inversion &
HI_4-5 2,997,950 translocation
3,188,050
2,148,200 : ; ;
BS1434 3,687,940 Simple inversion
340keVH" I 3(1)5151228 Inversion &
’ nversion
BS1435 1,244,420 translocation
2,080,110

* Approximate deletion sizes are indicated for those predicted structural alterations involving
deletions larger than 1 kb.

** Overall structure is unclear because the sequence reads at least at one of the junction sites, for
which the positions are not shown in this table, were mapped to multiple locations on the genome
because of the redundancy in the reference sequence.
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