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Abstract
Plants utilize various mechanisms to cope with environmental stresses, which often
threaten genome integrity. In Arabidopsis, DNA double-strand breaks (DSBs) reduce
root meristem size in a SOG1-dependant manner. SOG1 is a key transcription factor
controlling the response to DNA damage. However, the underlying mechanism remains
largely unknown. In this study, we found that treatment with the DSB inducer zeocin
increased the accumulation of H2O2 in root tips. Chromatin immunoprecipitation
analysis revealed that SOG1 directly binds to the promoter of FMO1, which encodes a
flavin-containing monooxygenase and is associated with the production of reactive
oxygen species (ROS), H2O2 in particular. Indeed, zeocin induced the expression of
FMO1 in a SOG1-dependent manner, and neither the sog1 nor the fmo1 knockout
mutant exhibited higher H2O2 accumulation in root tips. Consequently, both sog1 and
fmo1 could tolerate exposure to zeocin, in terms of root growth and the maintenance of
the meristem size. However, transgenic plants overexpressing FMO1 also accumulated
H2O2 in response to zeocin exposure, suggesting that other ROS-synthesis genes are
also involved in the regulation of ROS production. We conclude that SOG1-mediated
regulation of ROS homeostasis plays a key role in the reduction of root meristem size
under DNA stress conditions.
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Introduction
DNA damage induces gene mutations when the DNA repair system does not function
properly. Thus, the regulatory mechanisms underlying the DNA damage response are an
important part of maintaining genome integrity during plant development (Harper &
Elledge 2007). DNA lesions are sensed by the sensor kinases ATM (ataxia telangiectasia
mutated), and ATR (ATM and Rad3-related), which are activated by DNA double- and
single-strand breaks, respectively (Riballo et al. 2004; Shiotani & Zou 2009). In
mammals, CHK1 and CHK2 kinases are the downstream targets of ATM/ATR, and
reduce cyclin-dependent kinases (CDK) activities in multiple ways; for example, they
phosphorylate and stabilize the p53 transcription factor, which then induces the
expression of the CDK inhibitor p21 (Riley et al. 2008). Reduction of CDK activities
delays or arrests cell cycle progression, and allows cells to perform DNA repair prior to
replication or mitosis (Zhou & Elldge 2000). Plants also possess ATM and ATR (Garcia
et al. 2003; Culligan et al. 2004), but not downstream regulators such as CHK1, CHK2,
and p53. Instead, the plant-specific transcription factor SOG1 (suppressor of gamma
response 1) was identified in Arabidopsis, and is shown to play a major role in the DNA
damage response downstream of ATM and ATR (Yoshiyama et al. 2009). The sog1-1
mutant is tolerant of genotoxic stresses that cause DNA double-strand breaks (DSBs)
because of its inability to arrest the cell cycle upon DNA damage (Yoshiyama et al.
2009; Adachi et al. 2011). We have recently reported that ATM directly phosphorylates
and activates SOG1, inducing the downstream genes that trigger cell cycle arrest, DNA
repair, cell death, and DNA polyploidization (Yoshiyama et al. 2013; Adachi et al.

3

2011). In fact, the genes coding for the CDK inhibitors SMR5 and SMR7 were found to
be the direct targets of SOG1 (Yi et al. 2014).
In plants, DNA damage is caused by various stresses, such as high levels of
aluminum or boron and pathogen infection (Nezames et al. 2012; Sakamoto et al. 2011;
Yan et al. 2013). Reactive oxygen species (ROS), which are inevitable by-products of
oxidative metabolism, redox-cycling events, and Fenton reactions, also cause DNA
damage (Tanaka et al. 2006; Roldán-Arjona et al. 2009). Plasma membrane-localized
NADPH oxidase produces superoxide (O2•–) from molecular oxygen by using NADPH
as an electron donor (Reeves et al. 2002). Arabidopsis has 10 genes for Atrboh
(Arabidopsis thaliana respiratory burst oxidase homologues), all of them orthologues of
the transmembrane subunit of mammalian NADPH oxidase (Foreman et al. 2003).
Pathogen attack is known to activate Atrboh D and Atrboh F, and generate a high level
of ROS via an oxidative burst, causing hypersensitive cell death (Torres et al. 2002;
Mur et al. 2005). O2•– is transformed into H2O2 by superoxide dismutase (SOD), which
is more stable than other ROS (Kovtun et al. 2000).
Although ROS injure cellular components such as DNA, they are also associated
with the control of plant growth and development. For example, localized ROS
production is observed at the apex of growing root hairs and pollen tubes, and are
essential for tip growth (Takeda et al. 2008; Potocky et al. 2007). It is also known that
ROS homeostasis is important for controlling root growth; namely, O2•– accumulates in
the meristematic zone (MZ), while H2O2 accumulates in the elongation/differentiation
zone (EDZ) (Dunand et al. 2007; Tsukagoshi et al. 2010). In Arabidopsis, the
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transcription factor UPB1 suppresses the expression of peroxidase, which reduces H2O2
molecules to water at the boundary between the MZ and the EDZ. It has been suggested
that UPB1 is involved in H2O2 accumulation in the EDZ, and controls O2•– and H2O2
distribution, thus affecting meristem size and root growth (Tsukagoshi et al. 2010).
Previously we reported that, in Arabidopsis, DSBs induce the early onset of
endoreplication, in which DNA replication is repeated independently of mitosis or
cytokinesis (Adachi et al. 2011). The transition from mitosis to endoreplication is
accompanied by a rapid increase in cell size, and thus defines the boundary between the
MZ and the EDZ in roots (Takatsuka & Umeda 2014). Indeed, DSBs cause
meristematic cells to enter the EDZ, resulting in a reduction of meristem size (Adachi et
al. 2011). We found that this phenomenon is a programmed response involving the
SOG1-dependent signaling pathway, but how SOG1 regulates this transition to
endoreplication in response to DNA damage remains unknown. As ROS distribution is
important for the regulation of root meristem size, enzymes controlling ROS
homeostasis are possible downstream targets of SOG1. In this study, we found that
SOG1 directly induces the expression of FMO1, which encodes one of the
flavin-containing monooxygenases of Arabidopsis. Our results showed that
DSB-induced expression of FMO1 leads to increased accumulation of H2O2 in the root
tip, resulting in the reduction of meristem size and root growth inhibition. We propose
that de novo ROS production is one of the major responses to DSBs mediated by the
key transcription factor SOG1.
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Results
DSBs promote H2O2 accumulation in the EDZ of Arabidopsis roots
To examine whether ROS homeostasis is affected by DNA damage in the root tip, we
measured the levels of H2O2 and O2•– in Arabidopsis roots treated with the radiomimetic
reagent zeocin, which induces DSBs (Berdy, 1980). Distribution of H2O2 and O2•– was
visualized by staining tissues with the fluorescent indicators BES-H2O2-Ac and
dihydroethidium (DHE), respectively (Maeda et al. 2004; Owusu-Ansah et al. 2009). In
wild-type roots, the BES-H2O2-Ac fluorescence was detected in the EDZ, especially in
the epidermis and the vasculature, but was very faint in the MZ, as reported previously
(Tsukagoshi et al. 2010) (Fig. 1A). We found that 24 hr of treatment with 2 µM zeocin
increased the fluorescence intensity in the EDZ, and expanded the fluorescent region
into the apical region (Fig. 1A, C). On the other hand, the DHE fluorescence was
observed in the MZ and the EDZ (Tsukagoshi et al. 2010), and was reduced by zeocin
treatment (Fig. 1B, D), indicating the presence of reciprocal H2O2 and O2•– responses to
DSBs. To identify the programmed response to DNA damage, we then observed the root
tip of the sog1-1 mutant, in which most of the events triggered by DSB-activated ATM
are suppressed (Yoshiyama et al. 2009; 2013). Although the DHE fluorescence was
reduced by zeocin treatment in a manner similar to that seen in the wild-type, the
BES-H2O2-Ac fluorescence did not increase (Fig. 1). These results indicate that DSBs
promote H2O2 accumulation in the EDZ in a SOG1-dependent manner, thereby reducing
root meristem size.
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SOG1 directly controls the expression of FMO1-encoding flavin-containing
monooxygenase
The above results suggested that SOG1 controls H2O2 production in response to DNA
damage, so we searched the Arabidopsis microarray database for genes involved in
ROS synthesis whose expression levels are affected by DSBs. We found that FMO1
(AGI code: AT1G19250) encoding flavin-containing monooxygenase and two putative
glutathione-S-transferase (GST) genes (AT1G74590 and AT1G78340) are highly
induced by g irradiation, and that the induction is suppressed in atm-1 and sog1-1
mutants (Culligan et al. 2006; Yoshiyama et al. 2009). However, this suppression was
not observed in the atr mutant (Culligan et al. 2006), suggesting that the ATM–SOG1
pathway controls FMO1 and GST expressions in response to DSBs. Mishina & Zeier
(2006) reported that ROS and salicylic acid synthesis induced by pathogen infection
was suppressed in the fmo1 mutant, supporting the involvement of FMO1 in ROS
homeostasis. We therefore focused on FMO1 and monitored FMO1 expression via
quantitative RT-PCR, after treatment with 2 µM zeocin. The transcript level rapidly
became elevated and reached its maximum after 12 hr; subsequently, expression rates
decreased, and at 48 hr, returned to the same level as that detected prior to zeocin
treatment (Fig. 2A). We found that, in sog1-1, zeocin-induced FMO1 expression was
not observed during these 48 hr (Fig. 2A), demonstrating that FMO1 is induced by
DSBs via the SOG1-mediated pathway.
We then tested whether SOG1 directly regulates FMO1 expression. We used the
transgenic line expressing pSOG1::SOG1-MYC, which can rescue sog1-1 plants with
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2013).

Chromatin

immunoprecipitation (ChIP) was conducted using the anti-MYC antibody, and three
genomic regions were amplified by PCR; namely, the 5’-promoter region (P1), the
region around the transcription start site (P2), and the 3’-noncoding region (P3) (Fig.
2B). We found that the P2 region was highly enriched by ChIP when seedlings were
treated with 2 µM zeocin for 24 hr (Fig. 2B). This indicates that DSB-activated SOG1
directly binds to the FMO1 promoter and induces its expression.

The fmo1 mutant is tolerant of DSBs
To reveal the function of FMO1 in DNA damage response, we used the fmo1 mutant
with a T-DNA insertion in the 4th exon (Mishina & Zeier 2006). We measured root
growth under DNA stress conditions: seedling grown on an MS medium for 5 days were
transferred onto a medium containing 2 µM zeocin, and root length was measured for 6
days. There was no significant difference between the wild-type, fmo1 and sog1-1 in the
absence of zeocin (Fig. 3A, B). However, when seedlings were treated with 2 µM
zeocin, fmo1 and sog1-1 roots grew constantly, whereas in the wild-type, root growth
was inhibited and almost stopped after 5 days (Fig. 3A, B).This result supports the idea
that SOG1-controlled FMO1 is involved in the inhibition of root growth in response to
DSBs.
We also quantified root meristem size by counting the number of cortex cells
between the quiescent center and the first elongated cell. We previously reported that
zeocin treatment induces the early onset of endoreplication, thus promoting the
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transition from cell division to cell elongation, and consequently restricting meristem
size (Adachi et al. 2011; Takahashi et al. 2013). While the treatment of wild-type roots
with 2 µM zeocin reduced meristem size by 42%, only a reduction of 19% and 11% was
observed in fmo1 and sog1-1, respectively (Fig. 3C, D). Lower sensitivity to zeocin as
exhibited by root meristem size was also described previously (Adachi et al. 2011).
These results indicate that FMO1 is associated with controlling meristem size under
DNA stress conditions.

FMO1 is required for alteration of H2O2 distribution upon DNA damage
To examine the spatial expression pattern of FMO1, we introduced the
pFMO1::FMO1-GFP construct, which carries the 1.5 kb promoter and the coding
region of FMO1, into the fmo1 mutant. As shown in Figure S1A, the zeocin response in
terms of root growth inhibition was recovered via expression of the transgene in fmo1,
suggesting the functionality of the FMO1-GFP fusion protein. We found that, before
starting zeocin treatment, GFP fluorescence was faintly observed in the vascular tissue
of the EDZ (Fig. 4A). After 12 hr of zeocin treatment, fluorescence was detected in the
epidermis of the MZ and the lateral root cap, and its expression in the vasculature
spread to the MZ. Increased expression was observed over the MZ and EDZ afterwards
(Fig. 4A, B). SOG1 is expressed in the MZ, and phosphorylated and activated upon
DNA damage (Yoshiyama et al. 2013), supporting the idea that SOG1 induces the
FMO1 expression in the MZ after zeocin treatment. To test whether zeocin-induced
expression of FMO1 correlates with alteration in ROS distribution, we monitored the
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H2O2 level after transferring seedlings onto a zeocin-containing medium. In the
wild-type, the BES-H2O2-Ac fluorescence was detected only in the vasculature of the
EDZ, but after 6 hr of zeocin treatment, the fluorescence intensity significantly
increased and spread to the MZ (Fig. 4C, D). This is consistent with the
above-mentioned result of the FMO1-GFP expression analysis. On the other hand, only
a small increase in BES-H2O2-Ac fluorescence was observed in zeocin-treated fmo1
after 48 hr (Fig. 4C, D). As expected, expression of FMO1-GFP rescued the impairment
in H2O2 accumulation in zeocin-treated fmo1 (Fig. S1B, C). These results suggest that
the DSB-induced expression of FMO1 is responsible for H2O2 accumulation, and
changes in the distribution of H2O2 in the root tip.

Higher H2O2 accumulation in FMO1-overexpressing plants
To further understand the functional relevance of FMO1 to the DNA damage response,
we utilized transgenic lines overexpressing FMO1 under the control of the 35S
promoter (Koch et al. 2006). Semiquantitative RT-PCR showed that FMO1 was highly
expressed in the transgenic plants compared to expression levels in the wild-type,
irrespective of the presence of zeocin (Fig. 5A). We found that FMO1 overexpression
delayed root growth in the absence of zeocin (Fig. 5B, C). This is probably due to
higher levels of H2O2 accumulation, because BES-H2O2-Ac fluorescence was detected
not only in the EDZ but also in the MZ; indeed, fluorescence intensity increased in the
root tip (Fig. 5D, E). When plants were germinated on a medium containing 2 µM
zeocin, root growth was arrested earlier in the transgenic line; namely, wild-type roots
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stopped growing after 5-6 days, whereas 35S:FMO1 roots stopped growing after 4 days
(Fig. 5B, C). In the root tip of 35S:FMO1 treated with zeocin, we observed the dramatic
accumulation of H2O2 compared to that in the non-treated control (Fig. 5D, E). This
indicates that DSBs still promote H2O2 accumulation when FMO1 is overexpressed.
These results suggest that SOG1 has other target(s) that promote H2O2 accumulation
together with FMO1, and alter ROS homeostasis in roots under DNA stress conditions.

Discussion
Previous studies indicated that Arabidopsis FMO1 is involved in the response to
pathogen attack (Koch et al. 2006). In this study, we revealed a distinct function of
FMO1 involved in the control of root meristem size under DNA stress conditions. Our
data demonstrated that FMO1 is a direct target of SOG1, and is thus induced by the
presence of damaged DNA. The fmo1 mutant was tolerant of DSBs in terms of their
effects on its root growth and meristem size; this phenotype was accompanied by a loss
of DSB-induced H2O2 accumulation in the root tip. These results indicate that FMO1 is
involved in the de novo synthesis of H2O2 downstream of SOG1, and is thereby
involved in restricting root meristem size in response to DNA damage. Although
transgenic plants overexpressing FMO1 still exhibited the zeocin response, our data for
the fmo1 mutant clearly indicates that FMO1 functions as one of the major regulators
governing H2O2 production under DNA stress conditions.
FMO1 is one of the flavin-containing monooxygenases (FMOs) which oxidize
molecular oxygen using NADPH as an electron donor and FAD as a cofactor (Hines et
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al. 1994). Koch et al. (2006) reported that FMO1 expression was elevated in response to
pathogen attack, and that the fmo1 mutant exhibited enhanced susceptibility to
pathogens. It is known that pathogen infection induces an oxidative burst and the
production of ROS, which then trigger the expression of protective genes such as
glutathione S-transferase 1 (GST1), and trigger the hypersensitive response (Zeier et al.
2004). Indeed, no induction of GST1 was observed in fmo1 (Koch et al. 2006),
indicating that FMO1 is required for ROS production in the hypersensitive response.
Siddens et al. (2014) have recently reported that the expression of mammalian FMOs in
insect cells led to the accumulation of H2O2 upon the addition of NADPH. This suggests
that FMOs catalyze the synthesis of O2•–, which is rapidly converted into more stable
ROS such as H2O2, when a sufficient amount of SOD is present in the cells (Tynes et al.
1986). In Arabidopsis roots, O2•– and H2O2 preferentially accumulate in the MZ and the
EDZ, respectively (Dunand et al. 2007). This study demonstrated that, under normal
growth conditions, FMO1 is faintly expressed in the vasculature of the EDZ, whereas
zeocin treatment increased its expression and expanded the expression domain into the
MZ. Therefore, it is likely that the DSB-induced expression of FMO1 contributes to
H2O2 accumulation in the EDZ rather than O2•– accumulation in the MZ, altering ROS
homeostasis and reducing meristem size.
We previously showed that DSBs induce the early onset of endoreplication in
Arabidopsis, and accelerate the transition from cell division to cell elongation (cell
differentiation), thus reducing root meristem size (Adachi et al. 2011). Although this
DNA damage response is dependent on SOG1, the underlying mechanisms were largely
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unknown. Our microarray analysis using samples from Arabidopsis suspension cells
revealed that zeocin up-regulated the expression of negative regulators of CDK activity,
such as CCS52A1, WEE1, and the CDK inhibitors SIM, SMR1, and SMR5 (Adachi et al.
2011). Moreover, many genes coding for cyclin A and B were down-regulated upon
zeocin treatment. This observation is consistent with the currently accepted model of the
onset of endoreplication; namely, when mitotic CDK activity is suppressed and never
reaches the level necessary for progression from the G2 to the M phase, only DNA
licensing and replication is repeated, leading to endoreplication (De Veylder et al. 2011).
While Yi et al. (2014) recently reported that SOG1 directly induces the expression of
SMR5 and SMR7; SOG1 may also control other cell cycle-related genes by inducing
FMO1. The previous report demonstrated that the oxidative stress caused by excess
H2O2 suppressed expression of several cell cycle-related genes such as CYCB1;1 and
CYCB1;2 in the MZ (Tsukagoshi et al. 2012). This suggests that FMO1 is required for
the de novo synthesis of ROS in response to DNA damage, which then down-regulate
the expression of mitotic cyclin genes and promote the onset of endoreplication. The
effect of ROS on cell cycle progression and cell fate has also been described in yeast
and mammals (Muller 1991; Ranjan et al. 2006; Menon et al. 2003). On the other hand,
it is also possible that ROS is involved in rapid cell elongation in the EDZ. In
Arabidopsis rhd2 mutants defective in the NADPH oxidase Atrboh C gene, root hairs
burst at the transition to tip growth (Monshausen et al. 2007). Root hair bursting was
also enhanced by scavenging ROS molecules in root tissue, suggesting that ROS
production is associated with cell wall properties, which need to be properly controlled
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during cell elongation (Monshausen et al. 2007).
The microarray data showed that the FMO1 expression is under the control of
ATM and SOG1, but not ATR, under DNA stress conditions (Culligan et al. 2006;
Yoshiyama et al. 2009). This is consistent with our previous result indicating that
endoreplication is induced by DSBs, but not directly by DNA replication stress (Adachi
et al. 2011). In this study, we revealed that SOG1-mediated control of ROS homeostasis
plays an important role in reducing root meristem size (Figure S2). Upon DSB
induction, SOG1 is phosphorylated and activated by ATM. FMO1 expression is then
induced by SOG1, and H2O2 is accumulated in the EDZ of roots. Increased levels of
H2O2 alter the expression of cell cycle-related genes and cell wall rigidity, thus
promoting the onset of endoreplication and cell elongation. Consequently, meristem size
is reduced, and root growth is delayed or arrested. Previous studies showed that
Arabidopsis plants treated with salicylic acid exhibited a higher somatic recombination
frequency (Lucht et al. 2002) and DNA damage response activation as a part of plant
immune responses (Yan et al. 2013). Conversely, DNA-damaging agents, such as
actinomycin D and mitomycin C, induce pathogenesis-related gene expression (Choi et
al. 2001), as well as the expression of RAD51D and BRCA2, which function in DNA
repair and control gene expression in response to pathogen infection (Wang et al. 2010).
Considering these observations, SOG1-mediated control of FMO1 may also be involved
in immune responses. Further studies will reveal how external stresses induce DNA
damage and affect ROS homeostasis, and how plants cope with environmental stresses
by controlling organ growth and utilizing defense systems.
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Experimental procedures
Plant materials and growth conditions
The mutant and transgenic lines were previously described: fmo1 (Mishina & Zeier
2006), 35S::FMO1 (Koch et al. 2006), sog1-1 (Yoshiyama et al. 2009), and
pSOG1::SOG1-MYC (Yoshiyama et al. 2013). Plants were grown in Murashige and
Skoog (MS) medium [0.5 x MS salts, 0.5 g/L 2-(N-morpholino) ethanesulfonic acid
(MES), 1% (w/v) sucrose, and 0.4% phytoagar (pH 5.7)] under long-day conditions (16
hr light, 8 hr dark) at 22 °C.

ROS staining and microscopic observation
H2O2 and O2•– were visualized by staining tissues with BES-H2O2-Ac (Wako) and
dihydroethidium (DHE) (Wako), respectively (Tsukagoshi et al. 2010). Plants were
incubated in a liquid MS medium containing 5 µM BES-H2O2-Ac or 30 µM DHE for
30 min in the dark. After washing with an MS medium three times, fluorescent images
were taken using a confocal laser scanning microscope (FV1000, Olympus), with a
detection range of 485-515 nm for BES-H2O2-Ac and 510-550 nm for DHE. The
fluorescence intensity was measured in the region 600 µm from the root tip using the
Plot Profile function of the ImageJ software (Schneider et al. 2012).

RT-PCR
Total RNA was extracted from Arabidopsis roots using an RNeasy Plant Mini Kit
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(QIAGEN). First-strand cDNAs were prepared from total RNA using the Superscript II
First-Strand Synthesis System (Invitrogen), according to the manufacturer’s instructions.
Quantitative PCR was performed using a THUNDERBIRD SYBR qPCR Mix
(TOYOBO) with 100 nM primers and 0.1 µg of first-strand cDNA. PCR reactions were
conducted using the LightCycler 480 Real-Time PCR System (Roche) according to the
following conditions: 95 °C for 5 min; 45 cycles at 95 °C for 10 sec, at 60 °C for 10 sec,
and at 72 °C for 15 sec. ACTIN2 (At3g18780) was used as a reference gene. Primer
sequences are listed in Table S1.

Chromatin immunoprecipitation
A ChIP experiment was performed as previously described (Saleh et al. 2008), with
minor modifications. Using 1.5 g of 10-day-old pSOG1::SOG1-MYC roots, chromatin
bound to SOG1 proteins was precipitated using the anti-MYC antibody (Santa Cruz
Biotechnology). Primers for real-time quantitative PCR were designed to amplify DNA
fragments of 100 to 200 bp (Table S1).

Expression analysis of FMO1
The FMO1 genomic fragment, which carries an 1.5 kb promoter region upstream of the
transcription start site and the coding region, was amplified via PCR with the primers
listed in Table S1, and subcloned into the modified pGWB4 vector (Nakagawa et al.
2009) to generate a binary vector harboring the fusion construct with GFP
(pFMO1::FMO1-GFP). The construct was introduced into the fmo1 mutant, and the
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resulting transgenic lines were observed with a confocal laser scanning microscope. To
visualize cell outlines, seedlings were stained with 0.1 mg/ml propidium iodide (PI),
according to the method described by Truernit & Haseloff (2008), with minor
modifications.

Measurement of root meristem size
Roots were stained with 0.1 mg/ml PI and observed with a confocal laser scanning
microscope. The number of cortex cells between the quiescent center and the first
elongated cell was counted (Perilli et al. 2010).
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Figure legends
Figure 1. ROS distribution in the root tip.
(A and B) Fluorescence images of root tips stained with BES-H2O2-Ac (A) or DHE (B).
Five-day-old seedlings of the wild-type and sog1-1 were transferred onto a medium
with or without 2 µM zeocin, and grown for 24 hr. Bars = 100 µm. (C and D)
Fluorescence intensity observed in (A) and (B), respectively. Black and grey bars
indicate the values of samples treated without or with zeocin, respectively. Values
shown are relative to the wild-type grown in the absence of zeocin. Data are presented
as mean ± SD (n = 10). Significant differences from the control grown in the absence of
zeocin were determined by Student’s t-test: *, P < 0.05.

Figure 2. SOG1 directly controls FMO1 expression.
(A) FMO1 expression after zeocin treatment. Five-day-old seedlings of the wild-type
and sog1-1 were treated with 2 µM zeocin for the lengths of time indicated. Transcript
levels were measured via qRT-PCR and normalized to that of ACTIN2. The expression
levels are given as relative values, with that for plants prior to zeocin treatment set to 1.
Data are presented as mean ± SD (n = 3). (B) ChIP-PCR analysis. The genomic
structure of FMO1 is shown; open and black boxes indicate non-coding and coding
regions, respectively, and the arrow represents the transcription start site. Transgenic
plants harboring pSOG1::SOG1-MYC were treated with or without 2 µM zeocin for 24
hr, and ChIP was conducted using anti-MYC antibodies. The genomic fragments
amplified by qPCR are shown in the schematic diagram (P1, P2, and P3). Black and
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grey bars indicate the values of samples treated without or with zeocin, respectively.
Values relative to the non-treated control are represented as mean ± SD (n = 3).
Significant differences from the non-treated control were determined by Student’s t-test:
*, P < 0.05.

Figure 3. The fmo1 mutant is tolerant to zeocin.
(A) Wild-type, fmo1 and sog1-1 seedlings grown in the absence or presence of zeocin.
Five-day-old seedlings were transferred onto a medium with or without 2 µM zeocin
and grown for 6 days. Bar = 1 cm. (B) Root growth of seedlings is shown in (A). Data
are presented as mean ± SD (n = 30). Significant differences from the wild-type were
determined by Student’s t-test: *, P < 0.05. (C) Root tips of the wild-type, fmo1, and
sog1-1. Six-day-old seedlings were treated with or without 2 µM zeocin for 24 hr, and
root tips were made observable via staining with propidium iodide. Blue and white
arrowheads indicate the QC and the first elongated cell in the cortex cell file,
respectively. Bar = 100 µm. (D) Cortex cell number in the meristematic zone of the
seedlings is shown in (C). Black and grey bars indicate the cell numbers of samples
treated without or with zeocin, respectively. Data are presented as mean ± SD (n = 30).
Significant differences from the non-treated control were determined by Student’s t-test:
*, P < 0.05.

Figure 4. FMO1 controls H2O2 accumulation under DNA stress conditions.
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(A) FMO1 expression in response to zeocin. Five-day-old seedlings harboring
pFMO1::FMO1-GFP were transferred onto a medium containing 2 µM zeocin, and
grown for the time periods indicated. Bar = 100 µm. (B) GFP fluorescence intensity
observed in (A). The fluorescence intensities are indicated as relative values, with those
of plants prior to zeocin treatment set to 1. Data are presented as mean ± SD (n = 10).
(C) H2O2 accumulation in response to zeocin. Five-day-old seedlings of wild-type and
fmo1 were transferred onto a medium containing 2 µM zeocin, and grown for the time
periods indicated. Then, the seedlings were stained with BES-H2O2-Ac. Bar = 100 µm.
(D) Fluorescence intensity is presented in (C). The fluorescence intensities are
presented as relative values, with that for the wild-type before zeocin treatment set to 1.
Data are presented as mean ± SD (n = 10). Significant differences from plants prior to
zeocin treatment were determined by Student’s t-test: *, P < 0.05.

Figure 5. Phenotype of FMO1-overexpressing plants.
(A) RT-PCR analysis of FMO1. Five-day-old seedlings of the wild-type and
35S::FMO1 were transferred onto a medium with or without 2 µM zeocin, and grown
for 24 hr. Total RNA was extracted from roots and subjected to RT-PCR. ACTIN2 was
used as a control. (B) Seedlings of the wild-type and 35S::FMO1. Five-day-old
seedlings were transferred onto a medium with or without 2 µM zeocin, and grown for 6
days. Bar = 1 cm. (C) Root growth of the wild-type and 35S::FMO1. Five-day-old
seedlings were transferred onto a medium with or without 2 µM zeocin, and root length
was measured for 6 days. Data are presented as mean ± SD (n = 30). Significant
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differences from the wild-type were determined by Student’s t-test: *, P < 0.05. (D)
H2O2 accumulation in the wild-type and 35S::FMO1. Five-day-old seedlings were
transferred onto a medium with or without 2 µM zeocin, and grown for 24 hr. Then, the
seedlings were stained with BES-H2O2-Ac. Bar = 100 µm. (E) Fluorescence intensity
presented in (D). Black and grey bars indicate the values of samples treated without or
with zeocin, respectively. The fluorescence intensities are indicated as relative values,
with that for the non-treated wild-type set to 1. Data are presented as mean ± SD (n =
10). Bars with different letters differ significantly from each other (P < 0.05).
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Supporting information
Figure S1. Root phenotype of fmo1 harboring pFMO1::FMO1-GFP.
Figure S2 Model for the control of root meristem size under DNA stress conditions.
Table S1. Primers used for cloning, RT-PCR and ChIP assay.
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Table S1. Primers used for cloning, RT-PCR and ChIP assay
Cloning
FMO1

5’- AAAAAGCAGGCTCCATGGCTTCTAACTATGATAAG -3’
5’- TGTACAAAGTGGCAGCAGTCATATCTTCTTT -3’

pFMO1::FMO1 5’- AAAAAGCAGGCTCCAGTTCAAGAACCTGACAG -3’
5’- TGTACAAAGTGGCAGCAGTCATATCTTCTTT -3’
RT-PCR
FMO1

5’- TAAGGTCTTACCCGGCAGGACTGAT -3’
5’- CTGATGAGGTTTGAGCAACTGAACC -3’

ACTIN2

5’- GGCTCCTCTTAACCCAAAGGC -3’
5’- CACACCATCACCAGAATCCAGC -3’

ChIP assay
P1

5’- CGGAAAAACAAACATTTTCCCG -3’
5’- GGATAGTTGTTTATCGAGAAAT -3’

P2

5’- CGCTTGCAGAAATTTCCTCACA -3’
5’- GCTAGAGAGAAGAGATTAATG -3’

P3

5’- CGTTAGAAAGCTCTCGGAAAAA -3’
5’- CGAGAGCTTTCTAACGTTTAAG -3’
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Figure S1. Root phenotype of fmo1 harboring pFMO1::FMO1-GFP.
(A) Five-day-old seedlings of the wild-type, fmo1, and fmo1 harboring pFMO1::FMO1-GFP were
transferred onto a medium with or without 2 !M zeocin, and root length was measured for 6 days. Data
are presented as mean ± SD (n = 30). Significant differences from the wild-type were determined by
Student’s t-test: *, P < 0.05. (B) Five-day-old fmo1 seedlings harboring pFMO1::FMO1-GFP were
transferred onto a medium with or without 2 !M zeocin, and grown for 24 hr. Then, the seedlings were
stained with BES-H2O2-Ac. Bar = 100 !m. (C) Fluorescence intensity presented in (B). The
fluorescence intensities are indicated as relative values, with those of non-treated plants set to 1. Data are
presented as mean ± SD (n = 10). The significant difference from the non-treated control was determined
by Student’s t-test: *, P < 0.05.
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Figure S2. Model for the control of root meristem size under DNA stress conditions.
SOG1 induces the expression of FMO1 and other ROS-synthesis genes, leading to the
increased accumulation of H2O2. As a result, the balance of H2O2/O2•– changes, and the
root meristem size is reduced. EDZ, elongation/differentiation zone; MZ, meristematic
zone.
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