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Abstract

Heavy-ion beam (HIB) irradiation has been widely used in microbial mutation breeding. However, a global cellular response to
such radiation remains mostly uncharacterised. In this study, we used transcriptomics to analyse the damage repair response in
Saccharomyces cerevisiae following a semi-lethal HIB irradiation (80 Gy), which induced a significant number of DNA double-
strand breaks. Our analysis of differentially expressed genes (DEGs) from 50 to 150 min post-irradiation revealed that upregu-
lated genes were significantly enriched for gene ontology and Kyoto encyclopaedia of genes and genomes terms related to
damage repair response. Based on the number of DEGs, their annotation, and their relative expression, we established that the
peak of the damage repair response occurred 75 min post-irradiation. Moreover, we exploited the data from our recent study on
X-ray irradiation-induced repair to compare the transcriptional patterns induced by semi-lethal HIB and X-ray irradiations.
Although these two radiations have different properties, we found a significant overlap (> 50%) for the DEGs associated with
five typical DNA repair pathways and, in both cases, identified homologous recombination repair (HRR) as the predominant
repair pathway. Nevertheless, when we compared the relative enrichment of the five DNA repair pathways at the key time point
of the repair process, we found that the relative enrichment of HRR was higher after HIB irradiation than after X-ray irradiation.
Additionally, the peak stage of HRR following HIB irradiation was ahead of that following X-ray irradiation. Since mutations
occur during the DNA repair process, uncovering detailed repair characteristics should further the understanding of the associated
mutagenesis features.
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Introduction

Charged particle radiation is a significant form of space radi-
ation (Dietze et al. 2013). « and 3 particles, protons, and
heavy ions are typical charged particles in charged particle
radiation (Dietze et al. 2013; Kennedy et al. 2006; Lu et al.
2017). Among them, heavy-ion beam (HIB) irradiation has
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often used as an intuitive indicator of the biological effects
induced by different types of ionising radiation (Dai et al.
2019; Li et al. 2008). Usually, X-rays of 250 KeV are used
as standard, and the RBE of a particular type of ionising radi-
ation is determined as the ratio between the absorbed dose of
X-rays causing a specific biological effect and the absorbed
dose of another ionising radiation required to obtain the same
biological effect. As a typical high-LET ionising radiation,
HIB irradiation customarily shows high RBE (Kubo et al.
2016; Li et al. 2008), inducing radiation damage to biomole-
cules and triggering the corresponding repair pathways in
damaged cells, such as the DNA damage (Chen et al. 2018)
and oxidative stress responses (Suman et al. 2018). The bal-
ance between radiation-induced injuries and their repair by
cellular systems will determine the cell fate, namely survival,
mutation, and death (Tanaka et al. 2010). Importantly, HIB
irradiation of living organisms is widely applied to the fields
of mutation breeding (Li et al. 2018; Zhang et al. 2018a) and
radiotherapy (Mohamad et al. 2018), while the cellular re-
sponse to HIB irradiation and repair of resulting damage are
gaining more and more attention as is evident by the growing
number of related studies (Liu et al. 2019a; Suman et al. 2018;
Zhang et al. 2018b).

Recent investigations have shed light on the action mode of
specific biomolecules involved in the cellular repair of HIB-
induced lesions and uncovered unreported biomarkers (He
et al. 2018, 2019; Li et al. 2016; Yoshimoto et al. 2015).
However, due to technical limitations (e.g., throughput or
speed), it remains challenging to describe HIB-induced chang-
es at the global cellular level, in particular in studies focusing
on specific bioactive molecules. Moreover, there is a relative
lack of information regarding time-dependent effects. Indeed,
the cellular repair pathways dealing with ionising radiation-
induced damage are highly dynamic processes (Guo et al.
2019c; Zhang et al. 2018b). During the damage response peak
period, changes in the number and extent of active biomole-
cules are more important than during its initiation and attenu-
ation phases. Therefore, studies combining these two dimen-
sions (i.e., examining changes at the global cellular level in a
time-dependent manner) will provide a more comprehensive
picture of the HIB irradiation-induced damage repair
response.

Saccharomyces cerevisiae combines characteristics of mi-
croorganisms and eukaryotic cells. Its genetic background is
well characterised (Engel et al. 2016; Guo et al. 2019a; Wang
and Gao 2019), and gene functions have been thoroughly
studied (Lang et al. 2018; Wong et al. 2019). Therefore, in
this study, we aimed to compare the transcriptome of
S. cerevisiae cells at consecutive time points post-HIB irradi-
ation to examine changes in transcriptional patterns and deter-
mine key time points in the repair processes. This approach
led to the identification of relevant differentially expressed
genes (DEGs), providing a set of biomarker candidates for
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HIB irradiation. Importantly, using transcriptomics data from
a previous study, the horizontal comparison of the repair pro-
cesses induced by HIB and X-ray irradiations during the dam-
age response peak period revealed further characteristics of
HIB irradiation.

In mutation breeding, the mutations are derived from the
DNA damage repair process (Guo et al. 2019a; Hagiwara et al.
2019; Matuo et al. 2018). Different types of DNA damage, in
terms of both form and degree, elicit different DNA damage
responses. Compared with simple DNA lesions, the probabil-
ity of repair errors is higher with more complex DNA lesions
(Guo et al. 2019a; Hagiwara et al. 2019; Matuo et al. 2006,
2018), which increases the chances of introducing mutations
(Hagiwara et al. 2019; Matuo et al. 2006, 2018). Therefore,
characterising the DNA damage response induced by HIB
irradiation should provide valuable insights into its associated
mutagenesis features. Recently, a genome-wide view on HIB
irradiation-induced mutations has been presented based on
whole-genome re-sequencing of mutants established by HIB
irradiation mutagenesis (Du et al. 2017; Guo et al. 2019a). In
this study, we uncovered essential molecular features of HIB
irradiation-induced mutagenesis from a different perspective
that of damage repair response.

Materials and methods
Cell culture and irradiation

The diploid S. cerevisiae strain BY4743 (MATa/ov his3A1/
his3AI leu2 A0/leu2 AO lys2 AO/LYS2 metl SAO/METIS
ura3 AO/ura3 A0), accession number ATCC 4040005, was
purchased from the American Type Culture Collection
(Manassas, VA, USA). The BY4743 strain results from a cross
between the BY4741 and BY4742 strains, which are both
derivatives of the S288C strain (Fisk et al. 2006). Cell suspen-
sion in the exponential growth phase was dispensed into Petri
dishes of approximately 35 mm in diameter to obtain a sample
with a thickness of approximately 2.5 mm.

For HIB irradiation, we used a carbon ion beam supplied
by the Heavy Ion Research Facility in Lanzhou (HIRFL),
Institute of Modern Physics of the Chinese Academy of
Sciences (Guo et al. 2019a; Xia et al. 2016). Irradiations were
performed with an energy of 80 MeV/u and a dose rate of
40 Gy/min. Before reaching the sample, the ions passed
through 50-um stainless steel windows, 20-um Mylar film
(DuPont, Wilmington, DE, USA), and 1.3 m of air, resulting
in a final energy of approximately 76.37 MeV/u. In water, ions
travelled approximately 16 mm and the depth of the Bragg
peak was approximately 15.5 mm. Therefore, the sample was
penetrated by the plateau region of the dose depth distribution
curve, and the LET was approximately 40-50 KeV/um.
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Additionally, the beam spot had a diameter of 40 mm to ensure
complete coverage of the dish.

S. cerevisiae BY4743 cells were first irradiated with 20, 40,
60, 80, 100, and 120 Gy, and the plate count method was used
to determine cell survival fraction for each irradiation dose, as
previously described (Guo et al. 2019a). Briefly, for each
dose, three samples were irradiated, and then five plates per
sample were scored for the cell survival fraction.

In subsequent analyses, the samples were irradiated with a
semi-lethal dose of HIB irradiation (80 Gy) extracted from the
dose-survival curve. Post-irradiation, cells were cultured un-
der optimal conditions (30 °C and 200 rpm with fresh yeast
extract-peptone-dextrose (YEPD) medium feeding) for the in-
dicated time.

Detection of DNA double-strand breaks

One-hour post-HIB irradiation with a semi-lethal dose
(80 Gy), the formation of histone H2A phosphorylated on
serine 129 (y-H2A) foci, a marker for double strand-breaks
(DSBs), was detected using indirect immunofluorescence mi-
croscopy, as previously described (Guo et al. 2019c¢). Briefly,
cells were fixed in 4% paraformaldehyde (Solarbio, Beijing,
China) and, following cell wall removal using a yeast lytic
enzyme (Solarbio), transferred onto poly-lysine (cat. no.
R1020; Solarbio) coated slides. Next, the cell membrane
was permeabilised, and non-specific binding sites were
blocked by incubating cells for 30 min with blocking buffer
(1.5% bovine serum albumin, 0.5% Tween 20, 0.1% Triton
X-100 in phosphate-buffered saline; Solarbio). Then, cells
were sequentially incubated with primary (anti~y-H2A; cat.
no. ab15083, Abcam, Cambridge, UK) and secondary
(Alexa Fluor 488-conjugated; cat. no. SA00006-2,
Proteintech, Chicago, IL, USA) antibodies. Finally, RNA
was degraded using 0.5 mg/mL RNase A (Solarbio), and
nuclear DNA was counterstained with 200 pg/mL propidium
iodide (Solarbio).

RNA-sequencing

Cells cultured under optimal conditions were harvested by
centrifugation at 35, 60, 85, and 135 min post-HIB irradiation
with a semi-lethal dose (80 Gy). Cell processing required ap-
proximately 15 min, and cells were flash-frozen in liquid ni-
trogen approximately 50, 75, 100, and 150 min post-irradia-
tion. For each time point, three test samples and three control
samples were collected, and a total of 24 samples were used
for RNA extraction and sequencing. First, total RNA was
extracted from each sample using the Spin Column Yeast
Total RNA Purification Kit (Sangon Biotech, Shanghai,
China) following the manufacturer’s recommendations. The
total RNA samples and their agarose gel electrophoretogram
were analysed using a Nanodrop 2000 (Thermo Fisher

Scientific, Waltham, MA, USA) and Agilent 2100
Bioanalyzer (Agilent, Palo Alto, CA, USA), respectively.
All sequenced samples were generated from high-quality
RNA samples (RNA integrity number>9.0; OD260/
0OD280> 1.7 and OD260/0D230 > 2). Sequencing and pro-
cessing of raw data were mainly performed by Biomarker
Technologies (Beijing, China) as previously described (Liu
et al. 2019a). In brief, paired-end libraries were sequenced
using the HiSeq X Ten platform (Illumina, San Diego, CA,
USA). Clean data (clean reads) were obtained by removing
from the raw data reads containing adapters or poly-N and
low-quality reads. The clean data for each sample was >
5.16 Gb, and the magnitude of clean reads per sample was
10”. The Q30 base percentage for each sample was at least
89.75%. Mapped reads accounted for approximately 93.83—
95.19% of the clean reads. High-quality RNA and corre-
sponding sequencing data ensure the reliability of the relative
gene expression data calculated in this study. Finally, for each
time point, the fragments per kilobase million (FPKM) value
for each gene was calculated.

Transcriptome analysis and real-time quantitative
reverse transcription-polymerase chain reaction
verification

For each time point, the relative fold change (FC) in the ex-
pression of each gene and the corresponding p value were
calculated according to the triplicate FPKM values obtained
both for the irradiation and control groups. The resulting p-
values were adjusted as g-values using Benjamini and
Hochberg’s approach for controlling the false discovery rate
(FDR), which was performed using the “p.adjust” function of
the R “fdrtool” package (Strimmer 2008). Differentially
expressed genes (DEGs) were defined by g-values <0.05
and FC>1.50 or<0.67. These two thresholds ensured that
the identified DEGs showed a significant difference from both
a statistical and quantitative perspective and the number of
DEGs remained within the optimal range (> 10? and < 10° )
for each test.

Gene ontology (GO) terms and Kyoto encyclopaedia of
genes and genomes (KEGG) pathways enrichment analyses
were performed using the BioMarker cloud platform (http:/
www.biocloud.net/), in which the corresponding R
programming language modules were integrated online
(Ginestet 2011; Yan et al. 2019a, b; Young et al. 2010; Yu
et al. 2012). The p values for GO terms and KEGG pathways
enrichment were calculated based on the hypergeometric dis-
tribution model, and correction for FDR was performed using
the “p.adjust” function of the R “fdrtool” package (Strimmer
2008). The resulting g-values were used to determine the sig-
nificance of the enrichment, and the relative enrichment factor
was used to indicate the importance of the enrichment. The
relative enrichment factor was calculated as follows:
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relative enrichment factor = ((A%z’(/))’ where M is the total
number of genes annotated with a specific term, m is the
number of DEGs in M, N is the total number of genes anno-
tated with a term, and n is the number of DEGs in N.

A subset of DEGs was selected and subjected to RT-qPCR
to confirm the RNA-seq data as previously described (Guo
et al. 2019c). Selected genes and corresponding primers data
are provided in Supplementary Table S1.

Transcriptome data for X-ray-irradiated S. cerevisiae

The X-ray-irradiated S. cerevisiae BY 4743 transcriptome data
used for comparison with HIB-irradiated S. cerevisiae
BY4743 come from our previous report (Guo et al. 2019¢).
Briefly, the X-ray radiation dose used was the semi-lethal dose
(60 Gy). Samples were collected 60, 120, and 180 min post-
irradiation and flash-frozen in liquid nitrogen approximately
75, 135, and 195 min post-irradiation. The samples from the
X-ray irradiation group underwent the same RNA purifica-
tion, sequencing, and raw data processing as those described
for the HIB irradiation group. Based on the number of DEGs,
their annotation, and their relative expression, it was
established that, among the investigated time points, the key
time point for X-ray radiation-induced damage repair in
S. cerevisiae BY4743 was 75 min post-irradiation.
Importantly, the X-ray irradiation-induced DEGs collected
for this study were based the same FC and FDR thresholds
used to identify HIB irradiation-induced DEGs.

Changes in the transcriptome of S. cerevisiae induced by
X-ray and HIB irradiations could be compared with high con-
fidence due to the use of the same cell type (S. cerevisiae strain
BY4743), irradiation dose (semi-lethal), post-irradiation time
point (75 min), sequencing platform (Illumina HiSeq X Ten),
standards for DEG identification, and study strategy in the two
studies.

Availability of supporting data

The raw sequence data obtained by transcriptome sequencing
have been deposited in the Genome Sequence Archive (Wang
et al. 2017) in BIG Data Center (Zhang et al. 2019), Beijing
Institute of Genomics (BIG), Chinese Academy of Sciences,
under the accession number CRA002023 and are publicly
accessible at http://bigd.big.ac.cn/gsa.

Results
Induction of radiation injury by HIB irradiation

We first examined S. cerevisiae susceptibility to HIB irradia-
tion doses ranging from 0 to 120 Gy (Fig. 1). As the radiation
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dose increase, cell survival gradually decreased to approxi-
mately 25% at 120 Gy. The multi-target single-hit and
linear-quadratic models were used to fit the dose-survival
curve for S. cerevisiae in response to HIB irradiation (Fig.
1). These two models are particularly well suited to examine
survival in a variety of cell models exposed to high-LET ra-
diations (Brenner 2008; Hall and Giaccia 2006). The fitted
equations were survival fraction=1— (1 — ¢ %0136 D)1.3352)

for the multi-target single-hit model and survival fraction =

— — =5 2 . .
(0004276814610 xD%) 1 the linear-quadratic model.

Importantly, the determination coefficients were 0.9654 and
0.9920, respectively, indicating that the fitted functions accu-
rately described S. cerevisiae survival in response to HIB ir-
radiation. Based on the parameters of the obtained models, the
semi-lethal dose, corresponding to a theoretical survival frac-
tion of 50%, was 74.44 and 74.27 Gy, respectively. Since
80 Gy was the closest experimental dose to the predicted
semi-lethal dose, the treatment group receiving 80 Gy of
HIB irradiation was considered as the semi-lethal dose group,
with a survival fraction of approximately 48%.

We next examined YH2A foci formation as a readout for
DNA damage. While YH2A foci were not observed in the
non-irradiated group, 1 h after a semi-lethal HIB irradiation
(80 Gy), YH2A foci were detected across the whole observa-
tion field in the irradiated group (Fig. 2). This observation
indicated that the frequency of DSBs was low in cells cultured
under normal conditions, whereas a semi-lethal HIB irradia-
tion could induce a large number of DSBs.

GO terms and KEGG pathways enrichment analysis

We next performed GO annotation and enrichment analysis.
The significantly enriched (¢ < 0.05) secondary GO terms for
each time points after HIB irradiation are listed in Figs. 3 and 4
for all upregulated and downregulated DEGs, respectively.
These GO terms were classified into three primary GO cate-
gories: biological process, cellular component, and molecular
function. Importantly, for upregulated DEGs, detoxification,
response to stress, and antioxidant were the three most signif-
icantly enriched damage repair-related GO terms. In stark con-
trast, there was no significantly enriched damage repair-
related GO term for the downregulated DEGs. Considering
the relative enrichment factors, damage repair-related GO
terms were the predominant terms at 50 and 75 min
(Fig. 3a, b).

We also performed a KEGG pathways enrichment analysis
following KEGG annotation of all upregulated and downreg-
ulated DEGs. The significantly enriched KEGG pathways (g
<0.05) are shown in Fig. 5. Remarkably, upregulated DEGs
were significantly enriched in typical DNA damage repair
pathways (Fig. 5A): homologous recombination repair
(HRR), mismatch repair (MR), non-homologous end joining
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Fig. 1 Dose-survival curve for
S. cerevisiae following HIB
irradiation. The relationship
between the surviving fraction
and radiation dose was fitted
using the multi-target single-hit
model (R%=0.9654) (a) and the
linear-quadratic model
(R%=0.9920) (b)
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(NHEJ), base excision repair (BER), and nucleotide excision
repair (NER). All five DNA damage repair pathways were
significantly enriched at 75 min post-irradiation (Fig. SA).
Importantly, HRR, MR, and NHEJ pathways were significant-
ly enriched at all investigated time points (Fig. SA).
Considering the relative enrichment factors, HRR was always
the most enriched pathway, followed by MR and NHEJ. In
contrast, downregulated DEGs were not significantly enriched
in KEGG pathways related to damage repair (Fig. 5B).

Dynamics changes in the number and relative
expression of potential damage repair-related DEGs
following HIB irradiation

As a stress, HIB irradiation inhibits normal physiological
and biochemical reactions in the cell (Hall and Giaccia
20006), and downregulation of gene expression is usually
interpreted as an inhibition reaction. Importantly, for each
investigated time point, downregulated genes accounted
for more than 60% of the DEGs. Conversely, genes that
are upregulated in response to stress conditions often play
an active role in resisting these adverse conditions. In
agreement with these general observations, after HIB ir-
radiation, damage repair-related GO terms and KEGG
pathways were only enriched for upregulated genes and
not downregulated ones (Figs. 3, 4, and 5). Indeed, few
downregulated genes were damage repair-related genes

Fig. 2 Indirect
immunofluorescence microscopy
observation of DSBs induced by a
semi-lethal dose of HIB radiations
in S. cerevisiae. The presence of
YH2A foci was used as a marker
for DSBs

0.01 L L
40 60 B0 100 120 0 20 40 60 80

Dose (Gy)

100 120
Dose (Gy)

according to their GO and KEGG annotations and their
function description in the Saccharomyces genome data-
base (SGD).

To further analyse the dynamics of damage repair-related
genes following HIB irradiation, all the genes that were up-
regulated for at least one investigated time point were collect-
ed and aggregated (set 1). Then, based on the GO and KEGG
annotations and function description in the SGD, all the dam-
age repair-related genes present in set 1 were collected (set 2).
Within set 2, the upregulated damage-related genes selected
based on their GO and KEGG annotations were collected to
generate set 3 and 4, respectively. The genes contained in each
of the four sets are listed in a dedicated column in supplemen-
tary Sheet 1. For each investigated time point, the number of
DEGs in each one of the four sets of genes is shown in Fig. 6.
Notably, the number of DEGs in the four sets of genes peaked
at 75 min post-irradiation. Between 75 and 100 min, the num-
ber of DEGs in each set of genes remained constant or started
to decrease, while between 100 and 150 min the number of
DEGs decreased in all four sets of genes. Importantly, more
than 25% of the genes present in each set were differentially
expressed at all investigated time points (Fig. 6), supporting
the idea that these genes play an active role in the repair pro-
cess of radiation injury induced by HIB irradiation.

Interestingly, heatmaps showed that within each set the
relative gene expression of most of the DEGs peaked at
75 min post-irradiation and was higher than that at 50, 100,
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Fig. 3 GO terms enrichment for genes upregulated during S. cerevisiae damage repair response induced by HIB irradiation. Significantly enriched GO
terms (¢ < 0.05) at 50 (a), 75 (b), 100 (c), and 150 (d) min post-irradiation are shown

and 150 min post-irradiation (Fig. 7A). For each set of genes,  each set of genes analysed, gene expression first increased and

information related to the structure of the gene expression data
used to generate the heatmaps is presented in the form of a box
plot (Fig. 7B). Collectively, these data suggested that within
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then decreased in the time range investigated (50-150 min
post-irradiation), with a peak expression value observed at
75 min post-irradiation.
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Fig. 5 KEGG pathways enrichment for DEGs during S. cerevisiae
damage repair response induced by HIB irradiation. A and B represent
the upregulated and downregulated genes, respectively. Significantly

Moreover, according to the current knowledge on genes
function in S. cerevisiae, the relationship between the four sets
of genes analysed and damage repair ranged from loose to
tight and from comprehensive to precise. Based on the number
and relative gene expression of damage repair-related DEGs,
75 min appeared to be the key time point for the repair of
damage caused by a semi-lethal HIB irradiation in
S. cerevisiae.

To confirm the results of our transcriptome analysis, we also
used RT-qPCR to determine the FC in gene expression of genes
involved in typical DNA repair pathways (Supplementary
Table S2). Furthermore, a linear correlation analysis of the tran-
scriptome and RT-qPCR data demonstrated the reliability of the
transcriptome analysis with a coefficient of determination of
approximately 0.9 (Supplementary Fig. S1).
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Enrichment in DNA repair pathways-related DEGs
in response to HIB and X-ray irradiations

Our transcriptome analysis established that 75 min post-
irradiation was the peak time point for the repair of damage
induced by a semi-lethal HIB irradiation in S. cerevisiae
BY4743. Our previous study, using a similar approach and
sequencing platform, showed that 75 min post-irradiation
was also the key time point for the repair of damage induced
by semi-lethal X-ray irradiation in S. cerevisiae (Guo et al.
2019c). Specifically, among all the time points examined,
the relative enrichment in KEGG and GO items related to
damage repair and the number of DEGs related to damage
repair and their expression levels were highest at 75 min
post-irradiation. This similarity in the timeframe of the
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damage repair response following HIB and X-ray irradiations
prompted us to compare further the transcriptome changes
occurring during these two processes. HRR, MR, NER,
BER, and NHEJ are typical DNA damage repair pathways
in eukaryotic systems, and the relevant genes, proteins, and
their interactions are well characterised. Therefore, we select-
ed these five DNA damage repair pathways to compare the
changes in transcriptional patterns in response to semi-lethal
HIB and X-ray irradiations (Figs. 8 and 9).

At 75 min post-irradiation, HIB and X-ray irradiation both
induced upregulation of 11 genes involved in typical DNA
damage repair pathways (Fig. 7Ad and 8). Notably, six
DEGs were upregulated in response to both types of radiation,
while the other five DEGs were specific to one of the radia-
tions (Fig. 8). Next, we further compared the relative enrich-
ment of these 11 DEGs in the five damage repair pathways in
response to HIB and X-ray irradiations (Fig. 9). Remarkably,
HRR was the most significantly enriched DNA damage repair
pathway for both HIB and X-ray irradiations. Similarly, the
importance of the enrichment for the different pathways was
the same for both types of radiation (HRR > MR > BER >
NHEJ > NER). Considering the relative enrichment factors,
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HRR was the predominant DNA damage repair pathway in
both HIB and X-ray irradiation-induced responses. The main
differences were that the relative enrichment of HRR and
NHEJ was higher in response to HIB irradiation compared
with X-ray irradiation, while the relative enrichment of MR,
BER, and NER was higher in response to X-ray irradiation
compared with HIB irradiation (Fig. 9).

Potential differentially expressed protein subunits
in the HRR pathway in response to HIB and X-ray
irradiations

Since HRR was the most enriched DNA repair pathway dur-
ing the response to HIB and X-ray irradiations, we investigat-
ed whether, at the transcriptional level, proteins involved in
the HRR pathway and induced by the two types of radiations
were differentially expressed. At 75 min post-irradiation, the
upregulated protein subunits involved in the HRR pathway
were RPA, Rad51, Rad54, Rad52, and Top3 (Fig. 10).
Among these, the mRNA levels of RPA, Rad51, and Rad54
increased in response to both HIB and X-ray irradiation, while
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Fig. 7 Dynamics of gene
expression following HIB
irradiation. Heatmaps (A)
showing the relative gene
expression of DEGs at the
indicated post-irradiation time
points. The data were normalised
by row. Four sets of DEGs
corresponding to all upregulated
genes (a), upregulated damage
repair-related genes based on their
GO and KEGG annotations and
function description in the SGD
(b), and upregulated damage
repair-related genes based on their
GO (¢), and KEGG (d) annotation
were examined. The genes
corresponding to rows (from top
to bottom) of four heatmaps were
respectively listed in four
columns in Supplemental Sheet 1.
Statistical information on the
original data used to generate the
heatmaps presented in B.
Boxplots in panels a, b, ¢, and d
of B correspond to the heatmaps
in panels a, b, ¢, and d of A,
respectively
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the mRNA levels of Rad52 and Top3 only increased in re-

sponse to HIB irradiation.

Overall, at 75 min post-irradiation, the protein nodes cor-
responding to upregulated genes in the HRR pathway were
more abundant in response to HIB irradiation than in response
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to X-ray irradiation (Fig. 10). We also collected and compared
all the differentially expressed protein nodes in the HRR path-
way at 75 min and subsequent post-irradiation time points
(Supplementary Fig. S2). When we examined the time points
beyond 75 min post-irradiation, we found that, from an
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HIB

Fig. 8 Venn diagram showing the DEGs involved in five typical DNA
repair pathways at 75 min after HIB and X-ray irradiation

integrated perspective including all the investigated time
points, the differentially expressed protein nodes were similar
in HIB and X-ray irradiation-induced responses. These find-
ings suggested that for the differentially expressed protein
nodes in the HRR pathway, the differences observed between
the two types of radiation at 75 min post-irradiation were
likely due to time-dependent effects rather than the inherent
properties of the radiations.

Discussion

In this study, we used S. cerevisiae as a model to perform
transcriptome analyses and describe the response induced by
HIB irradiation at the global cellular level. Importantly, the
collection of samples at short time point intervals of post-
irradiation further expanded the dimension of our investiga-
tions. Among the four investigated time points (50, 75, 100,
and 150 min) after a semi-lethal HIB irradiation, 75 min post-
irradiation appeared to be the peak time point for the damage
repair response in S. cerevisiae, as evidenced by the dynamic
changes observed in the number and relative expression of
DEGs related to damage repair. From 50 to 150 min post-
irradiation, the damage repair response in S. cerevisiae first
increased and then decreased. This observation indicated that
our data provided a relatively comprehensive timeline of the
damage repair response at the global cellular level, which

included three distinct phases: initiation, peak, and attenua-
tion. Considering the depth of our analyses of the time-
dependent and radiobiological effects of HIB irradiation at
the global cellular level, we believe that this study accurately
characterised the key time point for the HIB radiation-induced
damage repair response in S. cerevisiae.

In the practice of radiation-based mutation breeding, the
irradiation dose is mainly selected by controlling the survival
fraction. Accordingly, we used semi-lethal HIB and X-ray
irradiations to compare their damage repair characteristics.
The semi-lethal doses for HIB and X-ray irradiations were
80 and 60 Gy, respectively, and the corresponding survival
fractions were 48 and 52%, respectively. Although the surviv-
al fractions were slightly different, the intersection of the two
was 100% relative to the HIB irradiation group and 92.31%
relative to the X-ray irradiation group. Therefore, it seems
reasonable to consider that this variable was effectively con-
trolled and the observed difference was not affecting the com-
parison between HIB and X-ray irradiations.

It is worth noting that the radiation dose required for semi-
lethal HIB irradiation was higher than that for semi-lethal X-
ray irradiation. However, this observation is in line with pre-
vious studies reporting that, within a defined survival fraction
range, the same lethal effect in S. cerevisiae requires a higher
dose of heavy-ion radiations than gamma radiations (typical
low-LET radiations) (Matuo et al. 2006, 2018). We believe
that the following three points could explain this phenome-
non. (1) HIB irradiation has an inverted dose depth distribu-
tion curve (Dai et al. 2019; Hagiwara et al. 2019). Indeed, an
extended flat plateau region precedes a sharp peak region at
the end of the track of charged ion, and they correspond to low
and high relative dose distribution, respectively. HIB-based
mutation breeding at the HIRFL is usually carried out in a flat
region to ensure the uniformity of the exposed population
(Guo et al. 2019a; Li et al. 2018). Compared with the peak
region, the RBE of the plateau region is significantly de-
creased (Dai et al. 2019). (2) S. cerevisiae was irradiated while
in the log phase of acrobic culture. X-rays are low-LET radi-
ations and have a high oxygen enhancement ratio. Therefore,
the radiosensitivity of the cells irradiated under aerobic

Fig. 9 Relative enrichment for a b
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. .. . Gene number
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Fig. 10 HRR protein subunits differentially expressed in response to HIB (a) and X-ray (b) irradiation. The highlighted nodes indicated that the protein

subunits were encoded by DEGs involved in the HRR pathway

conditions is multiple times that of those irradiate under hyp-
oxic conditions. In contrast, heavy-ion radiations are high-
LET radiations and have no apparent oxygen enhancement
effect (Hall and Giaccia 2006). (3) In this study, the dose rate
of HIB radiation is about 40 Gy/min, which is higher than
6 Gy/min for X-ray irradiation. It means that, under the
semi-lethal effect, HIB and X-ray irradiation treatments take
about 2 and 10 min, respectively. Due to the cell cycle arrest
induced by the radiations (Guo et al. 2018, 2019c¢), a signifi-
cantly prolonged irradiation time (10 min vs. 2 min) was in-
clined causing more accumulation of cells in G2/M phase
during irradiation process. In some cell lines, an inverse
dose-rate effect (i.e., reducing the dose rate increases the pro-
portion of cells killed) is evident owing to the accumulation of
cells in G2/M phase, which is a sensitive phase of the cycle
(Hall and Giaccia 2006). Although we have reduced the tem-
perature of the irradiation environment as much as possible to
avoid this effect, the accumulation of cells in G2/M phase
resulting from the prolonged irradiation time may inevitably
increase the cells’ sensitivity to X-ray radiation to some extent.

Biomarkers related to the damage repair response in-
duced by HIB irradiation are of great value for studies on

@ Springer

radioprotection (Liu et al. 2019b; Song et al. 2015) and
heavy-ion radiotherapy (Chen et al. 2019; Liu et al.
2019a; Mortezaee et al. 2019; Oeck et al. 2017). For the
cell, HIB irradiation is an adverse environmental stress. In
this context, downregulation and upregulation of gene ex-
pression are parts of a cellular defence mechanism. In this
study, the range of candidate biomarkers for the HIB-
induced damage repair response was not restricted to
genes involved in typical DNA damage repair pathways
but also expanded to annotated damage repair-related
genes and all upregulated genes. Importantly, almost all
the damage repair-related DEGs identified in this study
were also part of the upregulated gene set. We also
showed that GO terms and KEGG pathways related to
damage repair were significantly enriched in the upregu-
lated gene set. Finally, the pattern of time-dependent
changes in the relative gene expression of DEGs was sim-
ilar in the upregulated, annotated damage repair-related,
and typical DNA damage repair pathway sets of genes.
Therefore, we believe that all upregulated genes should be
considered as potential biomarkers for the response to
HIB irradiation and further examined in future studies.
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HIB irradiation exhibits inherent properties that are quite
different from those of conventional X-ray irradiation (Guo
etal. 2019b). However, to the best of our knowledge, potential
differences in the cellular response and concomitant changes
in the transcriptional pattern during the damage repair process-
es induced by different types of radiations have not been in-
vestigated. Therefore, we used data from our previous study to
explore the differences and similarities in the transcriptional
pattern induced by HIB and X-ray irradiations, using the same
radiation dose (semi-lethal), post-irradiation time point, se-
quencing platform, and cell model (S. cerevisiae BY4743).
We found that 75 min post-irradiation was a key time point
during the repair process of both HIB- and X-ray-induced
damage, making this comparison highly representative.

Most remarkably, 50% of the DEGs related to typical DNA
damage repair pathways were upregulated following HIB and
X-ray irradiations, showing substantial overlap in the response
elicited by the two types of radiation. Furthermore, we found
that HRR was the predominant repair pathway for both HIB-
and X-ray-induced DNA damage. A series of studies on DNA
topology, biochemistry of the enzymes, and the corresponding
dynamics involved in HRR pathway have presented a relative-
ly detailed process of HRR, which consists in the following
steps: recognition and processing of the DNA damage sites,
strand invasion, D-loop formation, and repair synthesis (Cao
et al. 2013; Li et al. 2019; Wright et al. 2018). The repair
synthesis was realised via one of the HR sub-pathways, main-
ly including double Holliday junction (DHJ) pathway,
synthesis-dependent strand annealing (SDSA), and break-
induced replication (BIR) (Li et al. 2019). In the DHJ sub-
pathway, capture of the second end by the D-loop generates a
DHJ intermediate that is subsequently dissolved by DNA
helicase or resolved by nucleases, producing non-crossover
or crossover products. In SDSA, the newly synthesised strand
is displaced from the D-loop and anneals to the end on the
other side of the DSBs, producing non-crossovers. In contrast,
BIR repairs one-end DSBs by copying the sequence up to the
end of the template chromosome, resulting in translocation or
loss of heterozygosity. Based on the reported molecular mech-
anism of HRR (Cao et al. 2013; Wright et al. 2018), the func-
tions of the differentially expressed HRR proteins are the fol-
lowing: (1) Rad52 binds to and protects 3’ single-stranded
DNA ends from degradation, and then recruits RPA to form
a stable single-stranded precursor. (2) RPA bound to 3’ single-
stranded DNA is exchanged for Rad51, the core protein in
HRR strand invasion step, which forms a nucleofilament com-
plex, and Rad51 catalytic activity drives the search for a ho-
mologous DNA repair template and the subsequent DNA
strand pairing and exchange. (3) Rad54 can stimulate the ac-
tivity of Rad51. (4) Top3 can promote branch migration and
the subsequent resolution of D-loop and Holliday junction.

Nevertheless, at 75 min post-irradiation, the relative enrich-
ment for the HRR pathway was higher after HIB irradiation than

after X-ray irradiation. At 75 min post-irradiation, upregulated
protein nodes in the HRR pathway were also more abundant in
response to HIB irradiation than in response to X-ray irradiation.
In contrast, when we performed combined comparisons at 75 min
post-irradiation and subsequent time points, we did not find dif-
ferences between HIB and X-ray irradiations for potentially up-
regulated protein subunits in the HRR pathway. Collectively,
these findings suggested that, under similar conditions, the peak
of HRR induced by X-ray irradiation was delayed relative to that
induced by HIB irradiation, indicating that HIB irradiation in-
duced the HRR pathway more timely than X-ray irradiation. At
75 min post-irradiation, Rad52 and Top3 were the unique poten-
tially upregulated protein subunits following HIB irradiation (rel-
ative to X-ray irradiation), and they both play essential roles in the
dynamics process of HRR. Indeed, yeast Rad52 mediates the
replacement of RPA with Rad51 in a mechanism where ssDNA
wraps around Rad52, destabilizing the RPA—ssDNA interaction
while promoting Rad51 binding through physical interaction be-
tween RadS1 and Rad52, and yeast Top3 works in D-loop dis-
ruption and Holliday junction dissolution as part of the Sgsl-
Top3-Rmil complex (Wright et al. 2018). Compared with the
relative enrichment of HRR, that of the MR, NER, and BER
pathways was lower after HIB irradiation than after X-ray irradi-
ation. These findings were consistent with the characteristics of
HIB irradiation, which customarily cause more complex DNA
lesions (such as clustered DSBs) than other conventional radia-
tions (Hagiwara et al. 2019; Liu et al. 2018), and the role of HRR
as the primary DSB repair pathway in S. cerevisiae (Hefferin and
Tomkinson 2005; Matuo et al. 2006). Meanwhile, we have con-
sidered the enhanced HRR as a compensatory response to more
DSBs. Compared with other types of DNA lesions such as single-
strand breaks and nucleotide or base damage, DSBs are more
challenging to repair and thus more likely to cause mutations
(Cao et al. 2013). Therefore, our comparison of the damage repair
responses induced by HIB and conventional X-ray irradiations
provided insights into the molecular basis of the high mutagenic-
ity associated with HIB irradiation.
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