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Abstract

Mutagens and oxidative agents damage biomolecules, such as DNA; therefore, detecting

genotoxic and oxidative chemicals is crucial for maintaining human health. To address this,

we have developed several types of yeast-based reporter assays designed to detect DNA

damage and oxidative stress. This study aimed to develop a novel yeast-based assay using

a codon-optimized stable or unstable NanoLuc luciferase (yNluc and yNluCP) gene linked

to a DNA damage- or oxidative stress-responsive promoter, enabling convenient sensing

genotoxicity or oxidative stress, respectively. End-point luciferase assays using yeasts with

a chromosomally integrated RNR3 promoter (PRNR3)-driven yNluc gene exhibited high lev-

els of chemiluminescence via NanoLuc luciferase and higher fold induction by hydroxyurea

than a multi-copy plasmid-based assay. Additionally, the integrated reporter system

detected genotoxicity caused by four different types of chemicals. Oxidants (hydrogen per-

oxide, tert-butyl hydroperoxide, and menadione) were successfully detected through tran-

sient expressions of luciferase activity in real-time luciferase assay using yeasts with a

chromosomally integrated TRX2 promoter (PTRX2)-linked yNlucCP gene. However, the

luciferase activity was gradually induced in yeasts with a multi-copy reporter plasmid, and

their expression profiles were notably distinct from those observed in chromosomally inte-

grated yeasts. The responses of yNlucCP gene against three oxidative chemicals, but not

diamide and zinc oxide suspension, were observed using chromosomally integrated

reporter yeasts. Given that yeast cells with chromosomally integrated PRNR3-linked yNluc

and PTRX2-linked yNlucCP genes express strong chemiluminescence signals and are eas-

ily maintained and handled without restrictive nutrient medium, these yeast strains with

NanoLuc reporters may prove useful for screening potential genotoxic and oxidative

chemicals.

Introduction

DNA damage caused by mutagenic chemicals increases the risk of cancer by causing genetic

mutations in humans [1]. Oxidative damage is constantly generated by cellular metabolism-
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derived reactive oxygen species (ROS) and/or environmental oxidative chemicals [2]. Endoge-

nous ROS and exogenous oxidants damage cellular molecules, such as DNA, leading to cellular

dysfunction and genetic mutations; additionally, they are implicated in carcinogenesis, neuro-

degenerative diseases, cardiovascular diseases, inflammation, and aging [3]. Bioassays have

been developed to assess potential genotoxic and oxidative chemicals. To access potential gen-

otoxicity in eukaryotes, Saccharomyces cerevisiae-based reporter assays have been developed

using reporter genes linked to several DNA damage-inducible promoters, including RNR2
[4,5], RNR3 [5–9], RAD54 [4,6,10], RAD51 [11], HUG1 [9,12], PLM2, and DIN7 [13]. The

transcriptional induction of these genes is governed by the activation of the DNA damage

checkpoint pathway in response to DNA damage caused by mutagens [14]. The budding yeast

S. cerevisiae is an eukaryote like humans that can be easily manipulated; therefore, yeast-based

reporter assays are suitable for assessing the potential genotoxicity in mammals [15]. However,

oxidative damage in animals has been evaluated by measuring the amounts of oxidized bio-

molecules, such as 8-hydroxy-2-deoxyguanosine, in urine and blood samples [16]. Yu et al.

conducted a yeast-based assay for sensing oxidative stress using a redox-sensitive GFP [17].

Several oxidative stress-inducible genes, including TRX2 and CTT1 have been identified by

genome-wide gene expression analyses in yeast [18–22]. However, only a few studies using

yeast-based reporter assays with an oxidative stress-inducible reporter gene have been reported

so far [23–26]. Dolz-Edo et al. [23] investigated the transcriptional expression of a destabilized

luciferase reporter gene linked to four oxidative stress–responsive promoters (GRE2, CTT1,

SOD2, and CCP1) in yeast strains following exposure to hydrogen peroxide and menadione.

They observed concentration-dependent transient expressions induced by these oxidants.

Lewinska et al. [25] and Jayaraman et al. [24] developed yeast reporter strains with YHB1 and

TRX2 promoter-linked gfp genes and observed GFP expression caused by nitric oxide donors

and two oxidants (hydrogen peroxide and diamide), respectively.

Previously, we developed a novel yeast-based assay system using both a sensor and an

Escherichia coli lacZ-reporter plasmid, which could detect low concentrations of genotoxic

agents more efficiently than conventional reporter systems [5]. In addition, yeast-based assays

for genotoxicity using reporter plasmids carrying the Cypridina noctiluca secretory luciferase

[8], GFP, and firefly luciferase [26] genes linked to the ribonucleotide reductase subunit 3 gene

promoter (PRNR3) have been successfully used to detect chemical genotoxicity. In addition,

we developed a novel yeast-based assay for detecting oxidative agents using a reporter gene

encoding unstable firefly luciferase containing the CL1 and proline-glutamate-serine-threo-

nine-rich (PEST) protein destabilizing sequence, linked to the thioredoxin 2 gene promoter

(PTRX2) [26]. Many oxidative stress-responsive genes are regulated by transcription factors,

such as Yap1p [27], and transiently expressed during 100 min after oxidant treatment [23].

Therefore, the system used in our aforementioned study was based on detecting the transient

expression of luciferase caused by oxidative agents using the real-time luciferase assay with

yeasts and a multi-copy plasmid carrying a PTRX2-linked destabilized luciferase gene.

However, although genotoxicants and oxidative agents were detected using these plasmid-

based reporter assays, one issue remained unresolved. A nutrient-selective medium was

required to maintain the plasmids in the yeast during the culture and assay, making the assay

time-consuming and inconvenient. In the present study, we generated yeast cells carrying a

chromosomally integrated reporter gene using CRISPR/Cas9. The luminescence intensity in

the chromosomal integration reporter assay is expected to decrease considerably due to the

presence of a single copy of the reporter gene; therefore, a codon-optimized NanoLuc lucifer-

ase (yNluc) was used as a reporter to resolve this issue. NanoLuc luciferase is an engineered

luciferase originating from the deep-sea shrimp Oplophorus gracilirostris [28]. It catalyzes the

commercialized substrate Nano-Glo1 and produces a signal approximately 150-fold brighter
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than firefly luciferase in an ATP-independent manner [29]. Masser et al. first reported the

development of a yeast-based reporter assay using yNluc and its usefulness [30]; this was fol-

lowed by the development of a yeast-based estrogen sensor by Cevenini et al. using NanoLuc

[31].

Thus, the current study aimed to compensate for the decreased luminescence in the assay

using a chromosomally integrated reporter yeast by virtue of its strong luminescence.

Materials and methods

Chemicals

Methyl methanesulfonate (MMS), hydroxyurea (HU), mitomycin C (MMC), tert-butyl hydro-

peroxide (t-BHP), menadione, diamide, and zinc oxide were purchased from Sigma-Aldrich

Inc. (St. Louis, MO). Camptothecin (CPT) and hydrogen peroxide (H2O2) were obtained from

FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan), and phleomycin (Phl) was purchased

from InvivoGen (Hong Kong). CPT and menadione were dissolved in dimethyl sulfoxide

(Sigma-Aldrich Inc.) and diluted with distilled water. Zinc oxide does not dissolve completely

in water; therefore, a sonicated zinc oxide suspension (0.32 g/L) was serially diluted in distilled

water.

Strains

The S. cerevisiae strains prepared and used in this study are shown in Table 1. Yeast cells were

grown at 30˚C in yeast-peptone-dextrose (YPD) medium containing 1% yeast extract, 2% pep-

tone, and 2% glucose [32]. Those with luciferase reporter plasmids were maintained and cul-

tured in synthetic dextrose minimal (SD) medium without histidine (ForMedium,

Hunstanton, UK).

Preparations of yNluc reporter plasmids

Two types of yNluc reporter plasmids (pESC-HISΔGAL1/10-PRNR3-yNluc and pESC-HISΔ-
GAL1/10-PTRX2-yNlucCP) derived from the multi-copy plasmid vector pESC-HIS (Agilent,

Santa Clara, CA) were prepared to detect the genotoxicity and oxidative stress, respectively

(Table 2). The yNluc and yNlucCP genes encode a codon-optimized Nluc and an unstable

Nluc with the CL1 and PEST protein destabilizing sequence, respectively. Both DNAs were

prepared by polymerase chain reaction (PCR) using the KOD FX Neo DNA polymerase

(Toyobo, Tokyo), the primer sets (yNluc-5’-F and pESChis2DSma-yNlucend-IFR for yNluc
gene, and yNluc-5’-F and pESChis2DSma-yNlucPEST-IFR for yNlucCP gene) (S1 Table), and

the yNluc-pUC57-Amp plasmid DNA (Azenta Life Sciences, South Plainfield, NJ) containing

a synthesized yNlucCP gene as a template (S1 Fig). The promoter fragments of RNR3 and

TRX2 were amplified from yeast genomic DNA (BY4741) using KOD FX Neo, the primer set

(pESChis2DSma-RNR3P-IFF and RNR3P-yNluc25-R for RNR3 and pESChis2DSma-

TRX2P500-IFF and TRX2P500-yNluc25-R for TRX2), and the promoter-containing plasmid

Table 1. The yeast strains used in this study.

Strains Genotype Source

BY4741 MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0 Invitrogen

IMX672 MATa, ura3-52, trp1-289, leu2-3,112, his3Δ, can1Δ::cas9-natNT2 EUROSCRAF

BY4741-PRNR3-yNluc MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, can1Δ:: PRNR3-yNluc This study

BY4741-PTRX2-yNlucCP MATa, his3-Δ1, leu2-Δ0, met15-Δ0, ura3-Δ0, can1Δ:: PTRX2-yNlucCP This study

https://doi.org/10.1371/journal.pone.0294571.t001
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DNA (pESC-HISΔGAL1/10-PRNR3-luc2 and pESC-HISΔGAL1/10-PTRX2-luc2CP for RNR3
and TRX2, respectively). PRNR3 and PTRX2 fragments were connected to yNluc and yNlucCP
DNAs by PCR using the primer sets (pESChis2DSma-RNR3P-IFF and pESChis2DSma-yNlu-

cend-IFR, and pESChis2DSma-TRX2P500-IFF and pESChis2DSma-yNlucPEST-IFR, respec-

tively) and then cloned into the Sma I site of the pESC-HISΔGAL1/10 plasmid using the In-

Fusion HD cloning kit (Takara, Osaka). The resultant pESC-HISΔGAL1/10-PRNR3-yNluc and

pESC-HISΔGAL1/10-PTRX2-yNlucCP were used for the genotoxicity and oxidative stress

assays, respectively. The nucleotide sequences of the cloned DNAs, along with their flanking

regions in the recombinant plasmids, were determined in both directions using a BigDye1

Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific Inc., Waltham, MA) and an

automated DNA sequencer (Applied Biosystems model 3130xl Genetic Analyzer) by Macro-

gen Japan (Tokyo, Japan). The sequence data were assembled and analyzed using the ATGC

and Genetyx software (version 13, Genetyx Co., Tokyo). The oligo DNAs used in this study

were synthesized by FASMAC (Atsugi, Japan) and Integrated DNA Technologies (Coralville,

IO).

Preparation of chromosomally integrated reporter strains

Two BY4741-derived yeast strains carrying a chromosomally integrated PRNR3-yNluc and
PTRX2-luc2CP gene (BY4741-PRNR3-yNluc and BY4741-PTRX2-yNlucCP) were prepared by

replacing CAN1 with CRISPR/Cas9 (Table 1), as described by Mans et al. [33]. We used

CRISPR/Cas9 for chromosomal integration of the reporter construct instead of classical geno-

mic integration because of the high efficiency of integrations at the correct loci and the capabil-

ity to perform multiple chromosomal integrations without any restrictions regarding the

number of nutrient-selective genes. In brief, yeast cells with the Cas9-expression plasmid

pRS415-LEU-Cas9 were co-transformed by the CAN1-gRNA expression plasmid pMEL10 and

the promoter-linked reporter DNA with 5’- and 3’-flanking sequences of CAN1 at each end.

The resultant LEU+- and HIS+-transformants were investigated by colony PCR using allele-

specific primer sets (S1 Table) with KOD FX Neo polymerase to confirm the integration of the

promoter-linked reporter gene at the CAN1 locus on chromosome V (S2 Table). The DNAs

for integration were prepared by amplifying the PRNR3-yNluc and PTRX2-luc2CP DNAs from

Table 2. The plasmids used in this study.

Plasmid Description

pRS415-LEU-Cas9 A pRS415 plasmid containing cas9 expression cassette DNA at Sma I site

pMEL10 An RNA expression plasmid with URA3 marker and guide RNA (gRNA) for

CAN1 gene, which was generated by Mans et al. [33] and obtained from

EUROSCARF

yNluc-pUC57-Amp A pUC57 plasmid containing a codon-optimized yNanolucCP gene, which was

synthesized by Azenta Life Sciences (GENEWIZ) based on the nucleotide

sequence of pCA955 kindly provided by Prof. Andréasson (Stockholm University)

[30]

pESC-HISΔGAL1/10 A GAL1/10 promoter-removed derivative of the pESC-HIS vector [26]

pESC-HISΔGAL1/
10-PRNR3-luc2

pESC-HISΔGAL1/10 with a RNR3 promoter-linked luc2 gene [26]

pESC-HISΔGAL1/
10-PTRX2-luc2CP

pESC-HISΔGAL1/10 with a TRX2 promoter-linked luc2CP gene [26]

pESC-HISΔGAL1/
10-PRNR3-yNluc

A multi-copy yNluc reporter plasmid driven by RNR3 promoter, prepared in this

study

pESC-HISΔGAL1/
10-PTRX2-yNlucCP

A multi-copy unstable yNlucCP reporter plasmid driven by TRX2 promoter,

prepared in this study

https://doi.org/10.1371/journal.pone.0294571.t002
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pESC-HISΔGAL1/10-PRNR3-yNluc and pESC-HISΔGAL1/10-PTRX2-yNlucCP, respectively,

using KOD FX Neo with the primer set (TADH1-5F2-25CAN1-Rtail and TCYC1-3R3-

25CAN1-Ftail). The 5’- and 3’-flanking DNAs were prepared by PCR using KOD FX Neo and

the primer sets (5’-CAN1-F and 5-CAN1-R_5F2_30tail, and 3-CAN1-F_3R3_30tail and 3’-

CAN1-R), respectively. Purified promoter-reporter DNA and 5’-flanking DNA were con-

nected by PCR using the primer set (5’-CAN1-F and TCYC1-3R3-25CAN1-Ftail). The resul-

tant DNAs were further connected with 3’-flanking DNA by PCR using the 5’-CAN1-F and 3’-

CAN1-R primer set to generate the promoter-linked reporter DNA with the 5’- and 3’- CAN1-
flanking sequences.

Yeast transformation

Yeast cells were transformed with pESC-HIS-derived reporter plasmids using a lithium acetate

protocol modified by Gietz et al. [34]. The transformants were selected on SD agar plates with-

out histidine (ForMedium), and independent colonies were streaked onto a fresh selection of

agar plates before use. For gene integration, the yeast cells were first transformed by the

Cas9-expression plasmid pRS415-LEU-Cas9 with the LEU2marker. Then, the LEU+-transfor-

mants were co-transformed by the CAN1-gRNA expression plasmid pMEL10 with the HIS3
marker and a promoter-linked reporter gene fragment as described above. The integrated

strains were selected on SD agar plates without leucine and histidine.

End-point luciferase assay for genotoxicity

Yeast cells with pESC-HISΔGAL1/10-PRNR3-yNluc were grown on SD agar plates without his-

tidine and cultured with 10 mL of histidine-free SD medium in a 50 mL conical tube at 30˚C

with continuous shaking for 24 h. Yeast cells with chromosomally integrated PRNR3-yNluc
gene (BY4741-PRNR3-yNluc) were cultured in 10 mL of the YPD medium. The cells were col-

lected by centrifugation to remove the growth medium and suspended in YPD medium at an

absorbance of 600 nm (OD600) of approximately 1.0. Subsequently, 100 μL of the yeast suspen-

sions were placed in a 96-well white plate (Coster, No. 3912) in triplicates, and the tested

chemicals were added at the indicated concentrations. The yeast cells in the microplate were

incubated at 30˚C for 24 h under saturated humidity in a Tupperware. Next, a 100 μL-aliquot

of the diluted cell suspension was transferred into a new 96-well white plate containing 10 μL

of 100-fold-diluted Nano-Glo1 Luciferase Assay Substrate (Promega, Madison, WI). After 30

min, the A600 and chemiluminescence intensity were measured using a multimode plate reader

(Tecan Infinite M1000, Männedorf, Switzerland). The luciferase activity is shown in arbitrary

units defined as the luminescence (counts) in 1 s normalized by the A600. The fold induction

was calculated as the ratio of the luciferase activity in the presence and absence of each test

chemical. In this study, we investigated the responses of a chromosomally integrated
PRNR3-yNluc gene following exposure to four different types of genotoxic chemicals: methyl

methanesulfonate (MMS), an alkylating agent, Phyleomycin (Phl) that induces DNA double-

strand breaks, mitomycin C (MMC) causing DNA strand cross-links, and camptothecin

(CPT), a DNA topoisomerase I inhibitor that breaks replication forks.

Real-time luciferase assay for oxidative stress

Yeast cells with pESC-HISΔGAL1/10-PTRX2-luc2CP and chromosomally integrated
PTRX2-luc2CP gene (BY4741-PTRX2-luc2CP) were pre-cultured and cultured in a microtiter

plate without chemicals as described in the previous section. A 100 μL-aliquot of the diluted

cell suspension was transferred into a new 96-well white plate containing 10 μL of 100-fold-

diluted Nano-Glo1 Luciferase Assay Substrate, and oxidative chemicals were quickly added at
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the indicated concentrations. At time zero, the A600 and chemiluminescence intensity were

measured in a multimode plate reader, and the luminescence intensity was subsequently deter-

mined every 10 min until 1 h and 20 min at 28˚C. The normalized luciferase activity is shown

in arbitrary units, as described in the previous section. The relative maximal activity was

defined as the percentage of the highest peak luciferase activity at each concentration divided

by the highest peak activity among all the concentrations tested. The results were plotted

against the concentrations of the oxidative agents.

Statistical analysis

A two-tailed paired Student’s t-test using the T.TEST function in Microsoft Excel was

employed for the statistical analysis. A p-value of less than 0.01 was considered statistically

significant.

Results

Detection of genotoxicity using yeast strains carrying an RNR3 promoter-

linked yNluc gene on a multi-copy plasmid and a chromosome

Two types of reporter yeast strains carrying a multi-copy plasmid with a PRNR3-linked yNluc
gene and a chromosomally integrated reporter gene were generated, and the response of the

yNluc gene in two yeast reporter strains in the presence of hydroxyurea (HU) was investigated.

The luminescence intensity in yeasts with the reporter plasmid was more than 10-fold higher

than that in the chromosomally integrated reporter yeasts (Fig 1A and 1B, S3 Table). However,

significantly higher fold inductions were observed in the chromosomally integrated reporter

strain treated with HU than those in the plasmid-based reporter strain (Fig 1C, S4 Table).

Based on this observation, we investigated the responses of a chromosomally integrated
PRNR3-yNluc gene after exposure to four different types of genotoxic chemicals (MMS, Phl,

MMC, and CPT). The luciferase activities (Fig 2A–2C, S5 Table) and fold inductions (Fig 2E–

2G) were increased after treatment with MMS, Ph1, and MMC in a dose-dependent manner.

Fig 1. Response of PRNR3-linked yNluc gene in two reporter strains after hydroxyurea (HU) treatment. The luciferase-derived luminescence in yeast cells

carrying a multi-copy reporter plasmid (A) and a chromosomally integrated reporter gene (B) were measured after exposure to various concentrations of HU

for 24 h. The luminescence intensities were normalized using the A600 value and plotted against the HU concentrations with the standard deviations. The fold

inductions in two yeast strains are shown in (C). * Statistically significant (p< 0.01, Student’s t-test). The raw dataset for Fig 1 and statistical analysis are shown

in S3 and S4 Tables, respectively.

https://doi.org/10.1371/journal.pone.0294571.g001
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In particular, yeast cells treated with MMS exhibited 100-fold inductions (Fig 2E). Conversely,

CPT treatment did not cause a strong induction in luciferase activity in the reporter yeast cells

(Fig 2D).

Detection of oxidative stress using yeast strains carrying a TRX2 promoter-

linked yNlucCP gene on a multi-copy plasmid and a chromosome

We generated two yeast-based reporter assays using PTRX2-linked unstable yNluc gene

(yNlucCP) on a multi-copy plasmid and a chromosome V (CAN1 locus) and investigated the

response of the reporter gene in two strains treated with three oxidative chemicals: hydrogen

peroxide (H2O2), tert-butyl hydroperoxide (t-BHP), and menadione. The maximal lumines-

cence intensity in yeasts with a reporter plasmid was approximately 4.5-fold higher than the

peak activity in a chromosomally integrated reporter yeast in the presence of 0.2 mM H2O2 (Fig

3A and 3B, S6 Table). Interestingly, the resultant induction profiles of the luciferase activity

were different in the two reporter strains: the luciferase activity gradually increased in yeasts

containing a plasmid with the same reporter gene (Fig 3A), whereas transient peaks of yNlucCP

were detected in the chromosomally integrated reporter yeasts at 20 min after H2O2 addition

(Fig 3B), as observed in our previous study [26]. The highest peak of fold induction was found

in yeasts with a chromosomally integrated reporter gene in the presence of 0.2 mM H2O2 (Fig

3C). The “relative maximal activity” of luciferase was defined as the percentage of the highest

peak activity at a tested concentration divided by the highest peak activity observed in the exper-

iment in order to determine the induced levels of luciferase against the concentration of the oxi-

dants. As shown in Fig 3D, luciferase induction occurred in a concentration-dependent manner

up to 0.2 mM H2O2; the induction level decreased at a high concentration of 0.4 mM H2O2.

Similar results were obtained from the assay using t-BHP (Fig 4, S7 Table). The luciferase

peaks were not observed in the plasmid-based yeast reporter strain upto 100 min after treat-

ment (Fig 4A). However, in the chromosomal integration reporter strain, transient peaks were

found at 30–40 min after adding t-BHP (Fig 4B). Interestingly, the expression profile of lucifer-

ase at the highest concentration of t-BHP (3.6 mM) was different from those observed at other

concentrations: Despite the presence of a peak around 30–40 min after treatment, the activity

demonstrated a continuous increased in the presence of t-BHP even after 50 min after the cul-

ture period (Fig 4B). The relative maximal activity plateaued at 0.6 mM based on the induction

peaks of the expression response caused by t-BHP (Fig 4D). Consistent observations were

obtained from the assays using menadione-treated reporter yeasts (Fig 5, S8 Table). The

expression of luciferase was gradually increased in yeasts with a reporter plasmid (Fig 5A), and

transient peaks of luciferase expression were consistently observed in yeasts with an integrated

reporter gene (Fig 5B). Luciferase activity measured until 200 min after menadione treatment

indicating high levels of activity when the concentration of menadione was high (0.1 mM) in

the chromosomally integrated reporter strain (Fig 5B). However, in the plasmid-based

reporter assay, the levels of luciferase expression reached a plateau at 70–150 min; the plateau

level increased when treated with 0.025 mM menadione and reached its maximum at 0.05

mM, followed by a decrease at 0.1 mM (Fig 5A). Menadione treatment clearly induced the

expression of an integrated reporter gene as shown by the fold induction and relative maximal

activity in this (Fig 5C and 5D) and another assay (Fig 5E and 5F).

Response of a chromosomally integrated PTRX2-yNlucCP gene after

treatment with three oxidative chemicals

Finally, we tried to detect the potential for oxidative stress caused by diamide and zinc oxide

using yeast cells with an integrated PTRX2-yNlucCP gene. Although diamide is known to cause
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Fig 2. Nluc activity and fold induction in genotoxicant-treated yeast cells with a chromosomally integrated
PRNR3-yNluc gene. The luminescence intensity was normalized by the cell density and fold induction in the

integrated reporter yeasts after exposure to the indicated concentrations of methyl methanesulfonate (MMS) (A, E),

phleomycin (Phl) (B, F), mitomycin C (MMC) (C, G), and camptothecin (CPT) (D, H). The raw dataset for Fig 2 is

shown in S5 Table.

https://doi.org/10.1371/journal.pone.0294571.g002
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oxidative stress, we failed to detect oxidative stress in our previous study [26]. Zinc oxide

nanoparticles have been suggested to cause oxidative stress in animals [35]. In the present

study, a typical transient expression of luciferase was found in reporter yeast cells exposed to t-
BHP as a positive control in luciferase activity (Fig 6A, S9 Table) and fold induction (Fig 6B).

The results of the relative maximal activity indicated luciferase induction with t-BHP (Fig 6C).

However, the luciferase activities in yeast cells exposed to diamide (Fig 6D) and zinc oxide sus-

pension (Fig 6G) were >20-fold lower than that in the t-BHP-treated cells. Although weak,

luciferase peaks were found even in the absence of test chemicals. No increase in fold induc-

tion was observed, and the relative maximal activity did not show any chemical-mediated

induction of unstable NanoLuc luciferase with diamide (Fig 6E and 6F) and zinc oxide suspen-

sion (Fig 6H and 6I).

Fig 3. Response of PTRX2-yNlucCP gene in yeast after exposure to hydrogen peroxide (H2O2). The luminescence

intensities in yeast cells carrying a multi-copy reporter plasmid (A) and a chromosomally integrated reporter gene (B)

were measured in the presence of H2O2; the normalized intensity is shown with the standard deviations. (C) Fold

inductions calculated from the activity of a panel (B) were plotted against the culture period. (D) The relative maximal

luciferase activity was calculated as the percentage of each peak activity divided by the highest peak activity and plotted

against the concentrations as shown in panel b with the standard deviations. The raw dataset for Fig 3 is shown in S6

Table.

https://doi.org/10.1371/journal.pone.0294571.g003
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Discussion

Detection of genotoxicity using yeast strains carrying a chromosomally

integrated RNR3 promoter-linked yNluc gene

In this study, we used a codon-optimized NanoLuc luciferase (yNluc) that produces strong

luminescence as a reporter in yeast-based assays and a DNA damage-inducible promoter

(PRNR3) to detect genotoxic chemicals. First, we investigated the response of a reporter gene

with HU in two reporter systems: PRNR3-linked yNluc gene on a multi-copy plasmid and inte-

grated at the CAN1 locus. As shown in Fig 1, high levels of luminescence intensity were

observed in yeasts with a single copy of the reporter gene. Furthermore, a higher fold induc-

tion was observed in yeasts with an integrated reporter gene than in yeasts containing a

reporter plasmid. While 103–105 counts normalized by A600 were observed as luciferase activ-

ity induced by MMS in the assay using yeasts with a chromosomally integrated PRNR3-firefly

luciferase (luc2) gene [26], 105–108 order of normalized counts was obtained in the MMS-

treated yeast cells carrying an integrated PRNR3-yNluc gene (Fig 2). Yeasts with an integrated

reporter gene can be cultured and maintained in a non-selective medium; hence, they are suit-

able for genotoxicity assays compared to plasmid-based reporter assays. The assay using this

reporter strain successfully detected four different types of DNA damage caused by chemicals:

alkylated base damage (MMS), DNA strand breaks (Phl), DNA strand cross-links (MMC), and

replication fork arrest (CPT) (Fig 2). The fold inductions observed in the assays with MMS

Fig 4. Response of a chromosomally integrated PTRX2-yNlucCP gene in yeast after exposure to tert-butyl

hydroperoxide (t-BHP). The luminescence intensities in yeast cells carrying a multi-copy reporter plasmid (A) and a

chromosomally integrated reporter gene (B) were measured in the presence of the indicated concentrations of t-BHP.

(C) Fold inductions calculated from the activity of a panel (B) are plotted against the culture period. (D) The relative

maximal activities in yeasts treated with the indicated concentrations of t-BHP were calculated from the activity of a

panel (B) and plotted against the concentrations with the standard deviations. The raw dataset for Fig 4 is shown in S7

Table.

https://doi.org/10.1371/journal.pone.0294571.g004
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and MMC are more than 10- and 2-fold higher than those in our previous study, which used a

reporter plasmid with a PRNR3-linked secretory luciferase gene [8]; nonetheless, the fold

inductions in the system with Phl, HU, and CPT in the current study are almost comparable to

the observations of our previous study [8]. Despite testing only five chemicals, our reporter

Fig 5. Response of a chromosomally integrated PTRX2-yNlucCP gene in yeast exposed to menadione. The

luminescence intensities in yeast cells carrying a multi-copy reporter plasmid (A) and a chromosomally integrated

reporter gene (B) were measured in the presence of the indicated concentrations of menadione. (C) The fold

inductions were calculated by the activity of a panel (B) during the culture period. (D) The relative maximal activities

in yeasts treated with the indicated concentration of menadione were determined by the activity of a panel (B) and

plotted against the concentrations with the standard deviations. (E) and (F) Fold induction and relative maximal

activity plots, respectively, obtained from another experiment. The raw dataset for Fig 5 is shown in S8 Table.

https://doi.org/10.1371/journal.pone.0294571.g005
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assays cover the Ames-positive compounds (Table 3). Regarding the detectable concentrations

of these chemicals, the lowest effective concentrations (LECs) in our yNluc reporter assay are

comparable or slightly improved compared with the LECs in our previous assays [5,8,26],

which used different reporters, as well as the yeast-based GreenScreen assay with a PRAD54-

linked gfp reporter gene [36].

These findings suggest that yeast strains carrying an integrated PRNR3-yNluc gene can be

used as an alternative to the currently used yeast-based genotoxicity assays, which employ a

Fig 6. Response of a chromosomally integrated PTRX2-yNlucCP gene in yeast cells treated with three chemicals.

Normalized luciferase activities (A, D, G), fold inductions (B, E, H), and relative maximal activities (C, F, I) in yeasts

after exposure to t-BHP (A–C), diamide (D–F), and zinc oxide suspension (G–I). The raw dataset for Fig 6 is shown in

S9 Table.

https://doi.org/10.1371/journal.pone.0294571.g006
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reporter plasmid. In the future, using DNA repair-deficient mutants as hosts can make this

genotoxicity assay more sensitive against low concentrations of genotoxicants, as shown in

several studies [9,12,38], including ours [8,26].

Detection of oxidative chemicals by yeast strains carrying a TRX2
promoter-linked yNlucCP gene

In our previous study, we developed a yeast-based assay using a multi-copy plasmid carrying a
PTRX2-driven unstable firefly luciferase (luc2CP) gene and detected oxidative stress via the

transient expression of luciferase activity 60–90 min after treatment with the oxidants [26].

However, in the current study, the results of the assay using a multi-copy plasmid with the
PTRX2-yNlucCP gene were different from those reported previously [26]. Nluc activities after

treatment with oxidants gradually increased during the culture period without transient peaks

of activity (Figs 3A, 4A and 5A). The reason for these discrepant observations between assays

using a plasmid-based reporter with destabilized firefly and NanoLuc luciferases remains

unknown.

Yeast cells carrying a chromosomally integrated PTRX2-yNlucCP gene effectively sensed

three representative oxidants (H2O2, t-BHP, and menadione) but not diamide and zinc oxide

(Figs 3–6). These results from four oxidants, except for zinc oxide, are consistent with our pre-

vious observations in the assay with a Luc2CP reporter [26]. Additionally, the maximal levels

of luciferase induction in each assay (5–15 fold induction) are comparable to those in our pre-

vious study (3–10) [26]. High levels of luminescence intensity derived from unstable NanoLuc

luciferase (NlucCP) contribute to the transient expression in assays using yeasts with a single

copy of the chromosomally integrated reporter gene. We summarized the detectable concen-

trations in this reporter system compared with our previous system, which used yeast strains

Table 3. Detectable concentrations of genotoxic chemicals compared with our previous systems and other systems.

Promoter-reporter

constructs in yeast or a

bacterial assay for

detecting genotoxicity

Exposure

period for

endpoint assay

Genotoxic chemicals tested Reference

Methylmethane sulfonate

(MMS)

Hydroxyurea

(HU)

Phleomycin

(Phl)

Mitomycin C

(MMC)

Camptothecin

(CPT)

PRNR3-yNluc gene

integrated at the CAN1
locus

8 h 0.0025%−0.05% (w/v)a

(0.0005%−0.05%)b
5−50 mM (2.5

−50 mM)

0.3−10 μg/mL

(0.3−10 μg/mL)

0.01−1 mM (0.01

−1 mM); Low

FIc

5−80 μg/mL (5

−100 μg/mL); Low

FI

Present

study

PRNR3- Cypridina luc gene

on a single copy plasmid

6, 24 h 0.0025%−0.1% (0.0025%

−0.1%) (peak at 0.01% and

decrease at >0.01%)

10−100 mM (3

−100 mM)

0.3−10 μg/mL

(0.3−10 μg/mL)

0.3−1 mM (0.03

−1 mM) (at 24

h); Low FI

10−120 μg/mL (10

−120 μg/mL) (at 6

h); low FI

Ochi et al.

[8]

PRNR3-lacZ gene in a

multicopy plasmid

6 h 0.0025%−0.1% (0.0025%

−0.1%) (peak at 0.02%)

Not tested Not tested Not tested Not detected at 5

−160 μg/mL

Ichikawa

and Eki [5]
PRNR3-luc2 gene on a

multicopy plasmid

6, 24 h 0.0025%−0.02% (0.001%

−0.02%)

Not tested Not tested Not tested Not tested Suzuki et al.

[26]
PRAD54-gfp gene in a

multicopy plasmid

(GreenScreen assay)

16−20 h

(overnight)

1.02 μg/mL (0.0001%)

(LEC)d
593 μg/mL (7.8

mM) (LEC)

12.5 μg/mL

(LEC)

200 μg/mL (0.6

mM) (LEC)

Not tested Cahill et al.

[36]

Ames test − Yese Yes Not found Yes Not found Madia et al.

[37]

aRange of detectable concentrations
brange of tested concentrations
clow FI: Low fold induction
dLEC: Lowest effective concentrations detected in the GreenScreen assay
eYes: Ames positive.

https://doi.org/10.1371/journal.pone.0294571.t003
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with a Luc2CP reporter on a multicopy plasmid, and the yeast-based assay using a catalase 1

(CTT1) promoter–driven unstable luciferase gene developed by other researchers [23]

(Table 4). In essence, the detectable oxidants and the range of oxidant concentrations are com-

parable in our real-time luciferase assays with reporter yeasts, Specifically, hydrogen peroxide,

t-BHP, and menadione can be detected, but diamide cannot. Additionally, the reporter assay

using yeasts with an oxidative stress–responsive CTT1 promoter–linked luciferase gene was

able to detect>100 μM hydrogen peroxide, as well as>30 μM menadione [23]. Furthermore,

the recombinant yeast strain BioS-OS1/2, featuring an oxidative stress–inducible GFP

reporter, detected 0.3 mM H2O2 [24]. The question arises as to what concentrations of oxi-

dants should be detectable in the assay. Previous studies revealed the 50% effective concentra-

tions (EC50) of hydrogen peroxide that caused toxicity (viability, cell death, or apoptosis) in

mammalian cells: EC50 values of 100 and 500 μM in mouse endothelial cell lines [39],

<100 μM in rat neuronal B50 cells [40], 1 mM in human neuroblastoma SH-SY5Y cells [41],

and 30–500 μM (depending on the exposure duration) in rat C6 glioma cells [42]. It has been

reported that adverse effects in neurons were induced by 12−500 μM hydrogen peroxide [43],

and 25−50 μM hydrogen peroxide led to apoptosis in human Jurkat T-lymphocytes [44]. Our

reporter assays can detect 30−50 μM hydrogen peroxide at the lowest concentrations covering

the EC50 values mentioned above. However, these assays are currently unable to effectively

detect lower concentrations of hydrogen peroxide at levels <10 μM. In the future, further

improvements in the reporter assays may be necessary, including using yeast strains with dis-

rupted genes involved in cell permeability to enhance sensitivity to oxidants.

In this study, we observed a new finding in the assay for oxidative stress. High levels of lucif-

erase activities increased or tailed after the peak in the assays with t-BHP and menadione (Figs

4B and 5B). The oxidant-triggered transcriptional induction of yeast genes, including TRX2,

which encodes most antioxidants and components of the cellular thiol-reducing pathway, is

regulated by a leucine zipper transcription factor Yap1p [27,45,46]. Under oxidative stress-free

conditions, Yap1p localizes in the cytoplasm due to rapid transport by the nuclear export

receptor Crm1p. Oxidative stress causes redox-dependent conformational changes via intra-

molecular bond formations of the cysteine residues at the C- and N-terminus regions in

Yap1p, thereby avoiding interactions between Yap1p and Crm1p. The resultant nuclear accu-

mulation of Yap1p activates the transcription of the oxidative stress-responsive genes [47].

The transient activation of the TRX2 promoter by oxidants may be caused by the rapid recov-

ery of the redox state of Yap1p via the overlapped antioxidants and the redox regulation sys-

tems. Based on this idea, the phenomena described above were likely caused by a delayed

recovery of the redox state of Yap1p due to the excess amounts of oxidants; these phenomena

Table 4. Detectable concentrations of oxidants in three reporter systems.

Oxidant tested PTRX2-yNlucCP gene integrated at the CAN1
locus

PTRX2-luc2CP gene in a multicopy plasmid

[26]

PCTT1-lucCP gene in a single-copy plasmid

[23]

H2O2 0.05−0.4 mMa (0.05−0.4 mM)b 0.03−0.1 mM (0.01−0.4 mM) 0.1−0.8 mM (0.025−2 mM)

t-BHP 0.2−3.6 mM (0.2−3.6 mM) 0.03−3.6 mM (0.003−3.6 mM) Not tested

Menadione 0.025−0.1 mM (0.001−0.1 mM) 0.025−0.1 mM (0.01−1 mM) 0.03−0.17 mM (0.02−0.17 mM)

Diamide Not detected (0.5−4 mM) Not detected (0.01−5 mM) Not tested

Diethyl maleate Not tested Not detected (0.1−10 mM) Not tested

Saturated ZnO

suspension

Not detected (1/8−no dilution) Not tested Not tested

aRange of detectable concentrations
brange of tested concentrations.

https://doi.org/10.1371/journal.pone.0294571.t004
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were commonly observed in the presence of high concentrations of the oxidants (3.6 mM t-
BHP in Fig 4B, and 0.1 mM menadione in Fig 5B).

Oxidative stress with diamide and zinc oxide was poorly detected in the current study (Fig

6). H2O2, t-BHP, and menadione are producers of ROS in vivo, whereas diamide causes oxida-

tive stress via the oxidation of the sulfhydryl groups in glutathione. The different levels of lucif-

erase induction observed in the two groups of oxidants could be their distinct mechanisms of

action. Zinc oxide nanoparticles are widely used in industrial applications, including cosmet-

ics; however, recent studies show that zinc oxide nanoparticles induce oxidative stress via ROS

production in zebrafish [48] and human hepatic cells [49]. Although oxidative stress was not

detected in our yeast-based reporter assay using the zinc oxide suspension, further tests are

required to confirm the findings using different types of zinc oxide nanoparticles. The reporter

system used in the current study was based on transient expression caused by oxidative stress,

which is measured by the real-time reporter assay using yeasts with a stress-responsible pro-

moter-linked destabilized reporter gene. The transient expression of the yeast genes is caused

by environmental or chemical stress [23,50]. Therefore, similar yeast-based reporter systems

have been developed; for example, for the selective detection of drugs [51]. Using an unstable

NanoLuc luciferase as a reporter could improve these yeast-based real-time assays by virtue of

the high levels of luminescence intensity.

Conclusion

In this study, yeast-based assays were developed for detecting chemically-induced genotoxicity

and oxidative stress using NanoLuc luciferase as a reporter. Despite the use of a single copy of

the reporter gene, the assays using yeasts with chromosomally integrated RNR3- and TRX2
promoter-driven stable and unstable Nluc gene successfully assessed the genotoxicity and oxi-

dative stress, respectively, more effectively than the reporter plasmid-based assays. Integrated

reporter strains are easily maintained in a non-selective medium; therefore, reporter assays

with these strains can be used as a convenient tool for screening potential genotoxic or oxida-

tive chemicals.
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The authors thank Prof. Andréasson (Stockholm University) for providing the nucleotide

sequence of pCA955 plasmid, Shogo Matsunobu, Shintaro Tochikawa, Kosuke Yamamoto

and other members of the laboratory for technical support and discussions.

Author Contributions

Data curation: Toshihiko Eki.

Formal analysis: Minami Shichinohe, Shun Ohkawa, Toshihiko Eki.

Investigation: Minami Shichinohe, Shun Ohkawa.

Methodology: Minami Shichinohe.

Project administration: Yuu Hirose, Toshihiko Eki.

Supervision: Toshihiko Eki.

Visualization: Toshihiko Eki.

Writing – original draft: Toshihiko Eki.

Writing – review & editing: Yuu Hirose, Toshihiko Eki.

References
1. Friedberg EC, Walker GC, Siede W, Wood RD, Schultz RA, Ellenberger T. DNA Repair and Mutagene-

sis 2nd Edition. Washington, DC.: American Society for Microbiology Press; 2005.

2. Ames BN, Shigenaga MK, Hagen TM. Oxidants, antioxidants, and the degenerative diseases of aging.

Proc Natl Acad Sci U S A. 1993; 90(17):7915–22. https://doi.org/10.1073/pnas.90.17.7915 PMID:

8367443; PubMed Central PMCID: PMC47258.

3. Cooke MS, Evans MD, Dizdaroglu M, Lunec J. Oxidative DNA damage: mechanisms, mutation, and

disease. FASEB J. 2003; 17(10):1195–214. https://doi.org/10.1096/fj.02-0752rev PMID: 12832285.

4. Afanassiev V, Sefton M, Anantachaiyong T, Barker G, Walmsley R, Wölfl S. Application of yeast cells

transformed with GFP expression constructs containing the RAD54 or RNR2 promoter as a test for the

genotoxic potential of chemical substances. Mutat Res. 2000; 464(2):297–308. https://doi.org/10.1016/

s1383-5718(99)00209-0 PMID: 10648917.

5. Ichikawa K, Eki T. A novel yeast-based reporter assay system for the sensitive detection of genotoxic

agents mediated by a DNA damage-inducible LexA-GAL4 protein. J Biochem. 2006; 139(1):105–12.

Epub 2006/01/24. https://doi.org/10.1093/jb/mvj011 PMID: 16428325.

6. Boronat S, Pina B. Development of RNR3- and RAD54-GUS reporters for testing genotoxicity in Sac-

charomyces cerevisiae. Anal Bioanal Chem. 2006; 386(6):1625–32. Epub 2006/09/28. https://doi.org/

10.1007/s00216-006-0751-4 PMID: 17004060.

7. Jia X, Zhu Y, Xiao W. A stable and sensitive genotoxic testing system based on DNA damage induced

gene expression in Saccharomyces cerevisiae. Mutat Res. 2002; 519(1–2):83–92. https://doi.org/10.

1016/s1383-5718(02)00129-8 PMID: 12160894.

8. Ochi Y, Sugawara H, Iwami M, Tanaka M, Eki T. Sensitive detection of chemical-induced genotoxicity

by the Cypridina secretory luciferase reporter assay, using DNA repair-deficient strains of Saccharomy-

ces cerevisiae. Yeast. 2011; 28(4):265–78. https://doi.org/10.1002/yea.1837 PMID: 21456053.

PLOS ONE Yeast-based genotoxicity and oxidative stress reporter assay using NanoLuc luciferase

PLOS ONE | https://doi.org/10.1371/journal.pone.0294571 November 22, 2023 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294571.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294571.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294571.s010
https://doi.org/10.1073/pnas.90.17.7915
http://www.ncbi.nlm.nih.gov/pubmed/8367443
https://doi.org/10.1096/fj.02-0752rev
http://www.ncbi.nlm.nih.gov/pubmed/12832285
https://doi.org/10.1016/s1383-5718%2899%2900209-0
https://doi.org/10.1016/s1383-5718%2899%2900209-0
http://www.ncbi.nlm.nih.gov/pubmed/10648917
https://doi.org/10.1093/jb/mvj011
http://www.ncbi.nlm.nih.gov/pubmed/16428325
https://doi.org/10.1007/s00216-006-0751-4
https://doi.org/10.1007/s00216-006-0751-4
http://www.ncbi.nlm.nih.gov/pubmed/17004060
https://doi.org/10.1016/s1383-5718%2802%2900129-8
https://doi.org/10.1016/s1383-5718%2802%2900129-8
http://www.ncbi.nlm.nih.gov/pubmed/12160894
https://doi.org/10.1002/yea.1837
http://www.ncbi.nlm.nih.gov/pubmed/21456053
https://doi.org/10.1371/journal.pone.0294571


9. Wei T, Zhang C, Xu X, Hanna M, Zhang X, Wang Y, et al. Construction and evaluation of two biosensors

based on yeast transcriptional response to genotoxic chemicals. Biosens Bioelectron. 2013; 44:138–

45. https://doi.org/10.1016/j.bios.2013.01.029 PMID: 23416315.

10. Walmsley RM, Billinton N, Heyer WD. Green fluorescent protein as a reporter for the DNA damage-

induced gene RAD54 in Saccharomyces cerevisiae. Yeast. 1997; 13(16):1535–45. https://doi.org/10.

1002/(SICI)1097-0061(199712)13:16<1535::AID-YEA221>3.0.CO;2–2 PMID: 9509573.

11. Liu X, Kramer JA, Swaffield JC, Hu Y, Chai G, Wilson AG. Development of a highthroughput yeast-

based assay for detection of metabolically activated genotoxins. Mutat Res. 2008; 653(1–2):63–9.

Epub 2008/05/20. https://doi.org/10.1016/j.mrgentox.2008.03.006 PMID: 18485802.

12. Benton MG, Glasser NR, Palecek SP. Deletion of MAG1 and MRE11 enhances the sensitivity of the

Saccharomyces cerevisiae HUG1P-GFP promoter-reporter construct to genotoxicity. Biosens Bioelec-

tron. 2008; 24(4):736–41. Epub 2008/08/12. https://doi.org/10.1016/j.bios.2008.06.033 PMID:

18693109.

13. Bui VN, Nguyen TT, Bettarel Y, Nguyen TH, Pham TL, Hoang TY, et al. Genotoxicity of chemical com-

pounds identification and assessment by yeast cells transformed with GFP reporter constructs regu-

lated by the PLM2 or DIN7 promoter. Int J Toxicol. 2015; 34(1):31–43. https://doi.org/10.1177/

1091581814566870 PMID: 25691521.

14. Elledge SJ, Zhou Z, Allen JB, Navas TA. DNA damage and cell cycle regulation of ribonucleotide reduc-

tase. Bioessays. 1993; 15(5):333–9. https://doi.org/10.1002/bies.950150507 PMID: 8343143.

15. Eki T. Yeast-based genotoxicity tests for assessing DNA alterations and DNA stress responses: a 40-

year overview. Appl Microbiol Biotechnol. 2018; 102(6):2493–507. Epub 20180208. https://doi.org/10.

1007/s00253-018-8783-1 PMID: 29423630.

16. Kasai H. Analysis of a form of oxidative DNA damage, 8-hydroxy-2’-deoxyguanosine, as a marker of

cellular oxidative stress during carcinogenesis. Mutat Res. 1997; 387(3):147–63. https://doi.org/10.

1016/s1383-5742(97)00035-5 PMID: 9439711

17. Yu S, Qin W, Zhuang G, Zhang X, Chen G, Liu W. Monitoring oxidative stress and DNA damage

induced by heavy metals in yeast expressing a redox-sensitive green fluorescent protein. Curr Micro-

biol. 2009; 58(5):504–10. https://doi.org/10.1007/s00284-008-9354-y PMID: 19184609.

18. Berry DB, Gasch AP. Stress-activated genomic expression changes serve a preparative role for

impending stress in yeast. Mol Biol Cell. 2008; 19(11):4580–7. https://doi.org/10.1091/mbc.e07-07-

0680 PMID: 18753408; PubMed Central PMCID: PMC2575158.

19. Gasch AP, Werner-Washburne M. The genomics of yeast responses to environmental stress and star-

vation. Funct Integr Genomics. 2002; 2(4–5):181–92. https://doi.org/10.1007/s10142-002-0058-2

PMID: 12192591.

20. Molina-Navarro MM, Castells-Roca L, Belli G, Garcia-Martinez J, Marin-Navarro J, Moreno J, et al.

Comprehensive transcriptional analysis of the oxidative response in yeast. J Biol Chem. 2008; 283

(26):17908–18. https://doi.org/10.1074/jbc.M800295200 PMID: 18424442.

21. O’Doherty PJ, Lyons V, Higgins VJ, Rogers PJ, Bailey TD, Wu MJ. Transcriptomic insights into the

molecular response of Saccharomyces cerevisiae to linoleic acid hydroperoxide. Free Radic Res. 2013;

47(12):1054–65. https://doi.org/10.3109/10715762.2013.849344 PMID: 24074273.

22. Sha W, Martins AM, Laubenbacher R, Mendes P, Shulaev V. The genome-wide early temporal

response of Saccharomyces cerevisiae to oxidative stress induced by cumene hydroperoxide. PLoS

One. 2013; 8(9):e74939. https://doi.org/10.1371/journal.pone.0074939 PMID: 24073228; PubMed

Central PMCID: PMC3779239.

23. Dolz-Edo L, Rienzo A, Poveda-Huertes D, Pascual-Ahuir A, Proft M. Deciphering dynamic dose

responses of natural promoters and single cis elements upon osmotic and oxidative stress in yeast. Mol

Cell Biol. 2013; 33(11):2228–40. Epub 20130325. https://doi.org/10.1128/MCB.00240-13 PMID:

23530054; PubMed Central PMCID: PMC3648068.

24. Jayaraman M, Radhika V, Bamne MN, Ramos R, Briggs R, Dhanasekaran DN. Engineered Saccharo-

myces cerevisiae strain BioS-OS1/2, for the detection of oxidative stress. Biotechnol Prog. 2005; 21

(5):1373–9. https://doi.org/10.1021/bp050104j PMID: 16209540.

25. Lewinska A, Grzelak A, Bartosz G. Application of a YHB1-GFP reporter to detect nitrosative stress in

yeast. Redox Rep. 2008; 13(4):161–71. https://doi.org/10.1179/135100008X259268 PMID: 18647486.

26. Suzuki H, Sakabe T, Hirose Y, Eki T. Development and evaluation of yeast-based GFP and luciferase

reporter assays for chemical-induced genotoxicity and oxidative damage. Appl Microbiol Biotechnol.

2017; 101(2):659–71. Epub 20161021. https://doi.org/10.1007/s00253-016-7911-z PMID: 27766356.

27. Lee J, Godon C, Lagniel G, Spector D, Garin J, Labarre J, et al. Yap1 and Skn7 control two specialized

oxidative stress response regulons in yeast. J Biol Chem. 1999; 274(23):16040–6. https://doi.org/10.

1074/jbc.274.23.16040 PMID: 10347154.

PLOS ONE Yeast-based genotoxicity and oxidative stress reporter assay using NanoLuc luciferase

PLOS ONE | https://doi.org/10.1371/journal.pone.0294571 November 22, 2023 17 / 19

https://doi.org/10.1016/j.bios.2013.01.029
http://www.ncbi.nlm.nih.gov/pubmed/23416315
https://doi.org/10.1002/%28SICI%291097-0061%28199712%2913%3A16%26lt%3B1535%3A%3AAID-YEA221%26gt%3B3.0.CO%3B2%26%23x2013%3B2
https://doi.org/10.1002/%28SICI%291097-0061%28199712%2913%3A16%26lt%3B1535%3A%3AAID-YEA221%26gt%3B3.0.CO%3B2%26%23x2013%3B2
http://www.ncbi.nlm.nih.gov/pubmed/9509573
https://doi.org/10.1016/j.mrgentox.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18485802
https://doi.org/10.1016/j.bios.2008.06.033
http://www.ncbi.nlm.nih.gov/pubmed/18693109
https://doi.org/10.1177/1091581814566870
https://doi.org/10.1177/1091581814566870
http://www.ncbi.nlm.nih.gov/pubmed/25691521
https://doi.org/10.1002/bies.950150507
http://www.ncbi.nlm.nih.gov/pubmed/8343143
https://doi.org/10.1007/s00253-018-8783-1
https://doi.org/10.1007/s00253-018-8783-1
http://www.ncbi.nlm.nih.gov/pubmed/29423630
https://doi.org/10.1016/s1383-5742%2897%2900035-5
https://doi.org/10.1016/s1383-5742%2897%2900035-5
http://www.ncbi.nlm.nih.gov/pubmed/9439711
https://doi.org/10.1007/s00284-008-9354-y
http://www.ncbi.nlm.nih.gov/pubmed/19184609
https://doi.org/10.1091/mbc.e07-07-0680
https://doi.org/10.1091/mbc.e07-07-0680
http://www.ncbi.nlm.nih.gov/pubmed/18753408
https://doi.org/10.1007/s10142-002-0058-2
http://www.ncbi.nlm.nih.gov/pubmed/12192591
https://doi.org/10.1074/jbc.M800295200
http://www.ncbi.nlm.nih.gov/pubmed/18424442
https://doi.org/10.3109/10715762.2013.849344
http://www.ncbi.nlm.nih.gov/pubmed/24074273
https://doi.org/10.1371/journal.pone.0074939
http://www.ncbi.nlm.nih.gov/pubmed/24073228
https://doi.org/10.1128/MCB.00240-13
http://www.ncbi.nlm.nih.gov/pubmed/23530054
https://doi.org/10.1021/bp050104j
http://www.ncbi.nlm.nih.gov/pubmed/16209540
https://doi.org/10.1179/135100008X259268
http://www.ncbi.nlm.nih.gov/pubmed/18647486
https://doi.org/10.1007/s00253-016-7911-z
http://www.ncbi.nlm.nih.gov/pubmed/27766356
https://doi.org/10.1074/jbc.274.23.16040
https://doi.org/10.1074/jbc.274.23.16040
http://www.ncbi.nlm.nih.gov/pubmed/10347154
https://doi.org/10.1371/journal.pone.0294571


28. Inouye S, Watanabe K, Nakamura H, Shimomura O. Secretional luciferase of the luminous shrimp

Oplophorus gracilirostris: cDNA cloning of a novel imidazopyrazinone luciferase. FEBS Lett. 2000; 481

(1):19–25. https://doi.org/10.1016/s0014-5793(00)01963-3 PMID: 10984608.

29. Hall MP, Unch J, Binkowski BF, Valley MP, Butler BL, Wood MG, et al. Engineered luciferase reporter

from a deep sea shrimp utilizing a novel imidazopyrazinone substrate. ACS Chem Biol. 2012; 7

(11):1848–57. Epub 20120830. https://doi.org/10.1021/cb3002478 PMID: 22894855; PubMed Central

PMCID: PMC3501149.
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51. Vanacloig-Pedros E, Lozano-Pérez C, Alarcón B, Pascual-Ahuir A, Proft M. Live-cell assays reveal

selectivity and sensitivity of the multidrug response in budding yeast. J Biol Chem. 2019; 294

(35):12933–46. Epub 20190711. https://doi.org/10.1074/jbc.RA119.009291 PMID: 31296662; PubMed

Central PMCID: PMC6721934.

PLOS ONE Yeast-based genotoxicity and oxidative stress reporter assay using NanoLuc luciferase

PLOS ONE | https://doi.org/10.1371/journal.pone.0294571 November 22, 2023 19 / 19

https://doi.org/10.1091/mbc.11.12.4241
http://www.ncbi.nlm.nih.gov/pubmed/11102521
https://doi.org/10.1128/MCB.21.18.6139-6150.2001
http://www.ncbi.nlm.nih.gov/pubmed/11509657
https://doi.org/10.3390/ijms21113838
http://www.ncbi.nlm.nih.gov/pubmed/32481628
https://doi.org/10.3390/ijms23126724
http://www.ncbi.nlm.nih.gov/pubmed/35743165
https://doi.org/10.1016/j.bbagrm.2019.02.009
https://doi.org/10.1016/j.bbagrm.2019.02.009
http://www.ncbi.nlm.nih.gov/pubmed/30836134
https://doi.org/10.1074/jbc.RA119.009291
http://www.ncbi.nlm.nih.gov/pubmed/31296662
https://doi.org/10.1371/journal.pone.0294571

