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Reactive oxygen species (ROS) play essential roles as a second messenger in various physiological processes in
plants. Due to their oxidative nature, ROS can also be harmful. Thus, the generation and homeostasis of ROS are
tightly controlled by multiple enzymes. Membrane-localized NADPH oxidases are well known to generate ROS
during developmental and stress responses, but the metabolic pathways of the superoxide (02) generated by
them in the apoplast are poorly understood, and the identity of the apoplastic superoxide dismutase (SOD) is
unknown in Arabidopsis. Here, we show that a putative manganese SOD, MSD2 is secreted and possesses a SOD
activity that can be inhibited by nitration at tyrosine 68. The expression of MSD2 in roots is light condition-
dependent, suggesting that MSD2 may act on ROS metabolism in roots during the light-to-dark transition.
Root architecture is governed by ROS distribution that exhibits opposite gradient of HoO2 and 02", which is
indeed altered in etiolated msd2 mutants and accompanied by changes in the onset of differentiation. These
results provide a missing link in our understanding of ROS metabolism and suggest that MSD2 plays a role in root
skotomorphogenesis by regulating ROS distribution, thereby playing a pivotal role in plant growth and
development.

1. Introduction

Plant growth is accompanied by continuous biochemical reactions in
response to environmental stimuli, resulting in redox imbalances.
Reactive oxygen species (ROS), unavoidable metabolic by-products,
play important signaling roles as mediators of metabolic and signaling
processes [1]. ROS are highly reactive and oxidize biological molecules,
causing cellular damage and affecting regulation of gene expression [2].
ROS accumulation and distribution are delicately regulated by complex
reactions catalyzed by enzymes including plasma membrane-bound
NADPH-oxidases (respiratory burst oxidase homolog, RBOH), which
produce the superoxide (027) in the apoplast; and superoxide

dismutases (SODs), which metabolize 02~ to hydrogen peroxide
(H203), the most stable and least cytotoxic ROS [3]. In addition to
serving as antioxidants under different stresses [4,5], SODs are also
involved in developmental processes during plant growth [6,7].

SODs can be classified into one of four types based on their metal
cofactors: Cu/Zn-SOD (copper/zinc), Fe-SOD (iron), Mn-SOD (manga-
nese), and Ni-SOD (nickel), which are not present in eukaryotes other
than the green alga Ostreococcus tauri [8-10]. The Arabidopsis (Arabi-
dopsis thaliana) genome is thought to encode three Cu/Zn-SOD (CSD1,
CSD2, and CSD3), three Fe-SOD (FSD1, FSD2, and FSD3), and one
Mn-SOD (MSD1) enzymes [9]. They localize in different cellular com-
partments: CSD1 and FSD1 localize in the cytosol, CSD2 and FSD1-3 in
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the chloroplast, CSD3 in peroxisomes, and MSD1 in the mitochondria [5,
11,12]. FSD1 also localizes in the nucleus to some extent [11]. SODs
secreted to the extracellular space have not yet been reported in
Arabidopsis.

SOD activity is generally a reflection of gene expression and protein
abundance. However, post-translational modifications (PTMs) are also
critical for SOD activity [13]. Phosphorylation of Ser/Thr residues or Tyr
residues is a typical post-translational protein modification. Phosphor-
ylation on the Ser-38 residue of Cu/Zn-SOD Sodlp in budding yeast
(Saccharomyces cerevisiae) blocks enzymatic activity under hypoxia [14].
The cytoplasmic Mn-SOD of the bacterium Listeria monocytogenes is
phosphorylated on Ser and Thr residues, resulting in a decrease in
enzymatic activity when bacteria reach stationary phase [15]. Nitration
is another extensively studied modification of SODs. Human Cu/Zn-SOD
and Mn-SOD lose most of their enzymatic activity by peroxynitrite
treatment [16,17]. In Arabidopsis, peroxynitrite also inhibits MSD1,
CSD3, and FSD3 activity via tyrosine nitration [18].

The Arabidopsis Mn-SOD, MSD1, localizes in mitochondria and plays
pivotal roles during female gametogenesis and fertilization by regu-
lating local ROS bursts [19]. A recent update to The Arabidopsis Infor-
mation Resource (TAIR) database proposed a new SOD member, MSD2,
which is predicted to be an Mn?*-bound SOD. Unlike other SODs, MSD2
presents a secretory peptide and thus has the potential to be secreted
into the apoplast [1]. MSD2 may therefore act as a component of the
ROS metabolic pathways generated in the apoplast by NADPH oxidase,
which has not been elucidated so far. Here, we investigated the possible
function of MSD2 by characterizing its SOD activity, protein modifica-
tions, and subcellular localization, as well as the expression pattern of
the encoding gene. Our results revealed that MSD2 has SOD activity and
is secreted into the apoplast. MSD2 expression levels were low in the
light but highly induced in the roots of etiolated seedlings. Phenotypic
analysis of msd2 mutant roots indicated that MSD2 modulates ROS
distribution, affecting root architecture in etiolated seedlings. These
results not only elucidate the molecular mechanism of ROS metabolism
during root development and morphogenesis, but also provide insight
that can be broadly applied to extracellular ROS-mediated signaling
pathways.

2. Materials and methods
2.1. Plant materials and growth conditions

The Columbia ecotype of Arabidopsis thaliana was used. T-DNA
insertion mutants msd2-1 (GABI_100HO5) and msd2-2 (SM_3_35975)
were obtained from the ABRC, and cop1-4 [20] was kindly provided by
Dr. Young Hun Song (Seoul National University). Arabidopsis seeds
were surface sterilized, sown on half-strength Murashige and Skoog
(MS) plates (4.4 g/L MS salt, 1 % [w/v] sucrose, pH 5.7, and 0.8 % [w/V]
agar), and stratified for 3 d at 4 °C in the dark. The plates were then
exposed to white light for 6 h to promote germination and subsequently
kept either in darkness (covered with foil paper) or in continuous light in
growth chambers with 60 % relative humidity at 22 °C (16-h-light/8--
h-dark photoperiod, 22 °C day/18 °C night regime).

2.2. Plasmid construction and plant transformation

Gateway cloning technology (Invitrogen) was used to generate all
constructs: pMSD2 (At3g56350):nlsGFP-GUS, pUBQ10:MSD2-mCherry,
and pUBQ10:MSD2ASP-mCherry. Mutagenesis of MSD2/Y68 F was
conducted with the Fast Site-Directed Mutagenesis Kit (cat. n. KM101)
from TianGen. The constructs were introduced into plants by the floral
dip method [21]. In brief, Arabidopsis flowers were dipped into a so-
lution containing Agrobacterium (Agrobacterium tumefaciens, GV3101),
5% (w/v) sucrose, and 0.05 % (v/v) surfactant Silwet L-77 for 2-3 s with
gentle agitation. Dipped plants were kept for 16-24 h in high humidity
conditions. Transformed plants were selected using appropriate
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selection with antibiotics or herbicide. Plasmid constructs and primer
details are given in Table S4.

2.3. Phylogenetic tree analysis and structure prediction

The protein sequences of SODs were obtained from the National
Center for Biotechnological Information (NCBI) database by BLASTP.
Protein sequence details are given in Table S1. Multiple protein align-
ment was performed with Clustal Omega, and the phylogenetic tree was
constructed with MEGA X software using the neighbor-joining method
[22]. For the modeling of the MSD2 structure, the MSD2 protein
sequence (NP_191194.1) was aligned to that of Arabidopsis MSD1 (PDB
code: 4C7U) as template to model MSD2 using SWISS-Model [23].
Predictions of PTM sites for MSD2 were performed with the online tool
MusiteDeep for phosphorylation and ubiquitination [24] and with the
software GPS-YNO2 for Tyr-nitration [25]. PlantCARE was used for in
silico analysis of MSD2 promoter sequences [26], and TBtools was used
for visualization [27].

2.4. Protein extraction and immunoblotting

Five days after germination (DAG), Arabidopsis seedlings were har-
vested and ground with a TissueLyser II (QIAGEN) in liquid nitrogen,
and total protein was extracted using lysis buffer (10 mM Tris-Cl pH 7.5,
150 mM NacCl, 0.5 mM EDTA, 0.5 % [v/v] NP 40, 0.09 % [w/v] sodium
azide). After centrifugation at 13,000 g for 20 min at 4 °C, MSD2-
mCherry was immunoprecipitated with RFP-trap agarose beads (Chro-
motek, cat. n. rtak-20). Immunoblotting of MSD2-mCherry was per-
formed after native-PAGE or SDS-PAGE (12.5 % separating gel and 4 %
stacking gel) with anti-mCherry primary antibody (Invitrogen, cat. n.
M11217) diluted to 1:5,000 in Tris-buffered saline with 0.1 % (v/v)
Tween-20 (TBST) and 5 % (w/v) low-fat dry milk. Tyr-nitration of MSD2
was detected after SDS-PAGE with anti-Nitrotyrosine primary antibody
(Invitrogen, cat. n. A-21285) diluted to 1:3,000 in TBST with 3 % (w/v)
low-fat dry milk. Phosphorylation of MSD2 was detected by anti-
phospho Ser/Thr and anti-phospho Tyr primary antibodies (Abcam,
cat. n. ab117253 and RM111) both diluted to 1:3,000 in TBST with 3 %
(w/v) low-fat dry milk. The secondary antibodies were goat anti-rat
(Invitrogen, cat. n. A10549) and goat anti-rabbit (Invitrogen, cat. n. G-
21234). Signal intensity for each protein band was calculated by ImageJ
software (National Institutes of Health, https://imagej.nih.gov/ij/)
[28]. Contrast and brightness were adjusted in the same manner for all
images. All analyses were performed in three biological replicates, and
statistical significance was evaluated using a one-way analysis of vari-
ance (ANOVA) test.

2.5. SOD activity assay

For in-gel staining of SOD activity, native-PAGE was performed on a
15 % gel at 4°C; the samples were loaded without addition of SDS or
heating [29]. After native-PAGE, the gel was incubated first with
Nitroblue tetrazolium (NBT) (0.1 % [w/v] in distilled water) solution,
followed by incubation in riboflavin (28 pM in phosphate-buffered sa-
line [PBS]) solution, with washes in water in between each step. The gel
was exposed to light with a white-light box for 20 min at room tem-
perature to reveal the white SOD activity bands over the blue back-
ground. For inhibitor treatments, the gel was immersed in 8 mM H;0,
(Fe-SOD and Cu/Zn-SOD inhibitor) for 30 min with shaking at room
temperature before SOD activity staining as above. For inhibition of
Cu/ZnSOD, 8 mM KCN was added to the riboflavin solution during SOD
activity staining in the dark. Peroxynitrite (100 or 200 pM) was added to
the protein extract in the dark for 20 min at room temperature [18]. To
determine the optimum pH of MSD2 activity, SOD activity was
measured in the pH range of 3.0-10.0 using 50 mM sodium citrate (pH
3.0-8.0), Tris-HCl (pH 8.0-9.0), or glycine-NaOH (pH 9.0-11.0) buffers
[30]. SOD isoenzyme activity was measured according to the
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manufacturer’s instructions in the SOD activity assay kit (Abcam, cat. n.
ab65354).

2.6. Subcellular localization, GUS, and ROS staining

For propidium iodide (PI) staining, 5-DAG seedlings were incubated
in the dark in 10 pg/mL PI (Invitrogen, cat. n. P4170) for 10 min and
then rinsed twice with water and observed under a Zeiss LSM 700
confocal microscope (Zeiss, Germany) [31]. For the plasmolysis exper-
iments, 5-DAG seedlings were treated with 0.8 M mannitol [32] with 0.1
% (w/v) Calcofluor white (Sigma-Aldrich, cat. n. 18909) for 30 min. For
FM1-43 staining, 5-DAG seedlings were incubated in the dark with 10
pM FM1-43 (Invitrogen, cat. n. F35355) for 5 min and then rinsed twice
with water. For GUS staining, 3-, 7-, and 11-DAG seedlings were incu-
bated in GUS staining solution (3 mM potassium ferrocyanide, 3 mM
potassium ferricyanide, 1 mM X-Gluc, 1 M NaH5POy4, 1 M NayHPOy, 0.5
M EDTA, pH 8.0) at 37 °C for 6 h. Seedlings were then rinsed with 70 %
(v/v) ethanol for at least 5 min, destained for chlorophyll in clearing
solution (ethanol:acetic acid = 6:1, v/v), and then rinsed with 70 %
(v/v) ethanol and observed under a microscope (Leica, M205FA). To
check ROS distribution, roots from seedlings grown on MS plates for 5
DAG were used. For staining hydrogen peroxide, seedlings were incu-
bated in 5 pM 2-[6-(4'-hydroxy) phenoxy-3H-xanthen-3-on-9-yl] ben-
zoic acid, hydroxyphenyl fluorescein (HPF) staining solution (in 1/2 MS,
pH = 5.8) for 5 min at room temperature. For staining superoxide,
seedlings were incubated in 5 pM dihydroethidium (DHE) staining so-
lution (in 1/2 MS, pH = 5.8) for 30 min at 37 °C. The roots were washed
with 1/2 MS media and imaged by fluorescence microscopy (Leica,
M205FA). The quantitative measurement of ROS staining intensity was
performed as average pixel intensities using ImageJ software [28].

2.7. RT-qPCR analysis of gene expression

Seedlings were harvested at 7 DAG and snap-frozen in liquid nitro-
gen. Total RNA was extracted using an EasyPure Plant RNA Kit
(Transgen, cat. n. ER301-01). The extracted RNA was treated with
RNase-free DNase I. First-strand cDNA was synthesized by reverse
transcription using TransScript One-Step RT-PCR SuperMix (Transgen,
Cat. n. AT411-02), and the obtained cDNAs were used for gene
expression analysis by qPCR. Each qPCR reaction contained 12.5 pL
TransStart Tip Green qPCR SuperMix (Transgen, cat. n. AQ141-01), 0.1
pg cDNA, and 7.5 pmol of each gene-specific primer (Supplementary
Table S1) in a final volume of 25 pL and was performed on a Bio-Rad CFX
96 real-time PCR system. UBQ5 (At3g62250) was used as the reference
gene, and relative gene expression levels were calculated using the
2724CT method. Three independent biological replicates were analyzed.

2.8. Confocal laser scanning microscopy

Transgenic seedlings expressing MSD2-mCherry were used for mi-
croscopy. Confocal laser scanning microscopy images were obtained
using a Zeiss LSM 700 (with Zen SP3 Black edition). The excitation and
detection windows were as follows: PI: 535 nm, 600-630 nm; mCherry:
560 nm, 600-630 nm; and GFP and HPF: 488 nm, 500-530 nm.

2.9. Statistical analysis

All statistical analyses were conducted in GraphPad Prism software
v.8.0.0. One-way ANOVA was performed, and a two-sided t-test was
subsequently used as a multiple-comparison test. Details about the sta-
tistical approaches used can be found in the figure legends. The data are
presented as means =+ standard deviation (SD) where indicated. Each
experiment was repeated at least three times.
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3. Results

3.1. Phylogenetic analysis of Arabidopsis MSD2 in the plant Mn-SOD
family

We built a phylogenetic tree based on protein sequences to investi-
gate the relationship between the putative SOD AtMSD2 and SODs from
various plant species. AtMSD2 was distantly related to other known
Arabidopsis SODs (Fig. 1). AtMSD2 grouped with other MSDs in the MSD
clade rather than in the AtCSD or AtFSD clade. The phylogenetic tree
classified AtMSD2 and AtMSD1 into two distinct subclades, indicating
that they are distantly related.

3.2. Biochemical analysis of the SOD activity of MSD2

We performed in-gel SOD activity assays to assess whether MSD2 has
SOD activity. After separating proteins by native-PAGE, we detected
SOD activity by Nitroblue tetrazolium (NBT) and flavin staining.
Compared to the wild type (WT), we observed additional SOD activity
bands in transgenic seedlings overexpressing MSD2-mCherry (OE).
Immunoblotting with an anti-mCherry antibody confirmed the new
band seen on the native-PAGE gels is MSD2-mCherry (Fig. 2A). The SOD
activity associated with MSD2-mCherry and MSD1 was not affected by
incubation of the gels with potassium cyanide (KCN), an inhibitor of CSD
activity, or HyO9, which inhibits FSDs and CSDs (Fig. 2B). We also tested
the optimum pH for MSD2 activity on MSD2-mCherry immunoprecipi-
tated from OE seedlings: MSD2 activity was strongest at pH 8.0 (Fig. 2C).

3.3. Tyr-nitration induced by peroxynitrite inhibits MSD2 SOD activity

SOD activity is highly regulated through transcriptional regulation of
the encoding gene as well as through PTM [13]. To elucidate the po-
tential effects of PTM on MSD2, we searched the MSD2 protein sequence
for putative PTM sites (Table S2), of which Tyr-68 (Y68) was identified
as the most likely site for nitration (Table S3). To determine if Y68 is a
target residue for nitration, we analyzed the activity center of MSD2.
Modeling of the three-dimensional structure of MSD2 revealed that
residues H60, H108, D197, and H201 form an active pocket around the
manganese cation (Mn3") (Fig. 3A). Alignment of MSD1 (PDB code:
4C7U) as a template showed that although the amino acid residues in the
active pocket are different between MSD1 and MSD2, the underlying
spatial structure is similar. In particular, Y68 in MSD2 completely
overlapped at the same location with Y63 of MSD1, which is targeted by
nitration [18] (Fig. 3B). The distance between the Y68 side chain and the
Mn?* within the active site decreased upon the addition of an -NO,
group at Y68 compared to the unmodified residue (Fig. 3C and D).
Immunoblotting of MSD2-mCherry after immunoprecipitation with an
anti-NO2-Tyr antibody indicated that MSD2-mCherry can undergo
Tyr-nitration induced by peroxynitrite (Fig. 3E). Exogenous application
of peroxynitrite inhibited MSD2 activity in a concentration-dependent
manner, with 100 pM peroxynitrite lowering MSD2 activity by 20 %
and 200 pM peroxynitrite further decreasing MSD2 activity by 40 %
(Fig. 3F). Importantly, mutating Y68 to phenylalanine (F) greatly
limited the inhibitory effects of peroxynitrite (Fig. 3E, F), suggesting that
Y68 of MSD2 is the main target for nitration and inactivation of the
enzyme. We also tested phosphorylation of immunoprecipitated MSD2
from OE seedlings by immunoblotting with anti-Ser/Thr/Tyr-phos an-
tibodies but failed to detect any phosphorylation events (Fig. S1).

3.4. Subcellular localization of MSD2 in Arabidopsis seedlings

MSD2 had a putative signal peptide in its N terminus and was pre-
dicted to be a secreted protein (Fig. S2). To assess the localization of
MSD2 in plants, we examined the fluorescence signals in leaf and root
epidermal cells of 5-DAG seedlings expressing pUBQ10:MSD2-mCherry
or pUBQ10:MSD2ASP-mCherry, in which the potential signal peptide
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Fig. 1. Phylogram of SODs from different plant species.
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Fig. 2. Characterization of MSD2 SOD activity. (A) Immunoblot analysis after native PAGE showing the presence of MSD2-mCherry in 14-day-old OE seedlings. WT,
wild type; OE, pUBQ10:MSD2-mCherry. (B) Visualization of SOD isozymes by native PAGE in the indicated genotypes. KCN (inhibitor of CSD activity) and HyO»
(inhibitor for FSDs and CSDs) were used as specific SOD inhibitors. (C) Quantification of MSD2 SOD activity at various pH conditions in vitro after immunopre-
cipitation. Values represent means =+ standard deviation (SD) of three independent experiments. Asterisks indicate significant differences (t-test, ** P < 0.01; *** P <

0.001; **** P < 0.0001); ns, non-significant.

had been removed. We detected MSD2-mCherry in the apoplast of
epidermal cells. The fluorescence from mCherry remained associated
with the cell wall after plasmolysis, clearly arguing against a plasma
membrane localization for the fusion protein (Fig. 4A, B). Deleting the
putative signal peptide abolished the apoplast localization of MSD2-
mCherry, resulting in the accumulation of MSD2ASP-mCherry in the

cytoplasm (Fig. 4C, D).
3.5. MSD2 expression in roots is regulated by light conditions

To characterize the expression of MSD2 in Arabidopsis, we generated
transgenic plants expressing pMSD2:nlsGFP-GUS. In 3-DAG seedlings,
we observed strong GUS staining at the junction of the hypocotyl and the
root (Fig. 5 A, B) and at the root tip (Fig. 5C). We confirmed the

accumulation of the fusion protein at the root-shoot junction by confocal
observations of the signal from the green fluorescent protein (GFP)
moiety (Fig. 5D). We also detected GFP fluorescence in the vascular
tissue of the root differentiation zone (Fig. 5E) and in root caps cells at
the root tip (Fig. 5G).

We analyzed the cis-elements of the MSD2 promoter to explore the
transcriptional regulation of MSD2 expression using PlantCARE [26].
We determined that the MSD2 promoter region contains cis-acting ele-
ments involved in abscisic acid signaling and responses to light (Fig. 6A).
To investigate light-dependent changes in MSD2 expression, we
compared GUS patterns in seedlings grown in light or dark conditions.
While the spatial GUS pattern did not change significantly when seed-
lings were exposed to light, we observed a dramatic change in signal
intensity in seedlings grown in the dark (Fig. 6B-E). In the roots of
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Fig. 4. Subcellular localization of MSD2-mCherry and MSD2ASP-mCherry in Arabidopsis. (A-D) Confocal microscopy images of Arabidopsis leaf (A, C) and root (B,
D) epidermal cells expressing pUBQ10:MSD2-mCherry (A, B) or expressing pUBQ10:MSD2ASP-mCherry (C, D). Arrowheads indicate the cell wall. Calcofluor white was
used to show the cell wall and FM1-43 was used to show the plasma membrane. Bars = 20 pm (A-D) and 5 pm (magnified view of A and C).
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7-DAG seedlings, GUS signal was restricted to the vascular tissue, but
staining intensity significantly increased in seedlings grown in the dark
compared to light-grown seedlings (Fig. 6B, C). We also noticed higher
MSD2 expression in the lateral roots of 11-DAG plants grown in the dark
relative to light-grown seedlings (Fig. 6D, E). We confirmed that MSD2
expression is much higher in etiolated seedlings compared to
light-grown seedlings by RT-qPCR (Fig. 6F). Photoreceptors are
expressed in roots and contribute to regulating root morphogenesis via
downstream signaling cascades that include the E3 ubiquitin ligase
CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) and the transcription
factor ELONGATED HYPOCOTYLS5 (HY5) [33,34]. As a major repressor,
COP1 regulates the protein stability of photomorphogenesis-promoting
transcription factors, including that of HY5 [35]. To test whether
MSD2 expression was under control of COP1, we measured MSD2
expression in copl-4 mutants. MSD2 expression was equally low in
light-grown WT and cop1-4 seedlings; by contrast, MSD2 expression was
much higher in copI-4 than in the WT in dark-grown seedlings (Fig. 6F),
suggesting that COP1 affects MSD2 expression in the dark.

3.6. MSD2 mediates skotomorphogenesis by modulating ROS distribution

Light conditions have a significant influence on root growth and
architecture, and different developmental programs are turned on
depending on whether a plant grows in darkness (skotomorphogenesis)
or in the presence of light (photomorphogenesis) [36,37]. To test
whether MSD2 plays a role in regulating root skotomorphogenesis, we
obtained two independent T-DNA insertional mutants, msd2-1 and
msd2-2, in which the expression of MSD2 was abolished (Fig. S3). We
compared the root phenotypes of WT and msd2-1 and msd2-2 seedlings
grown in the light or in the dark. The root length of light-grown seed-
lings was much longer than seedlings grown in the dark for both the WT
and the msd2 mutants. Under the dark condition, the root length in the
msd2-1 and msd2-2 mutants was slightly longer than that of the WT,
which was restored by introducing the MSD2 gene in msd2-1 mutants

Plant Science 317 (2022) 111192

Fig. 5. Promoter analysis of MSD2 using the reporter line pMSD2:nlsGFP-GUS. (A-C) GUS staining pattern of a whole seedling. (B) and (C) are magnified views of the
GUS staining pattern in the root-hypocotyl junction region and the root tip, indicated by white squares in (A). (D-F) Confocal microscopy images showing nlsGFP
accumulation in the junction region (D), mature zone (E), and root tip (F, G). (G) is a cross-section image of nlsGFP signal in the root cap. Roots were stained with
propidium iodide to visualize the cell wall (shown in red). nlsGFP is shown in cyan. Bars = 1 mm (A), 500 pm (B-C), and 20 pm (D-G). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 7A). Furthermore, we did notice a clear difference between the WT
and mutants in the starting position of root hairs (Fig. 7B). In
dark-grown seedlings, root hairs started closer to the root tip than in
light-grown seedlings, but both msd2-1 and msd2-2 mutants exhibited a
delay in the onset of root hair formation compared to the WT.

ROS are known to play important roles in root growth [38]. In
particular, the distribution of 02"~ and H,0; are key to distinguishing
the meristem zone from the differentiation zone [39,40]. Since MSD2
possesses SOD activity, which would dismutate 02" to HyO4 (Fig. 2),
and because MSD2 expression was regulated by the light conditions, we
speculated that this delay in root hair formation in dark-grown msd2
seedlings might be related to the regulation of the transition from pro-
liferation to differentiation influenced by 02" and Hy0- distribution. To
test this possibility, we analyzed the size of the meristematic and elon-
gation zones in WT and msd2 mutant seedlings after staining the roots
with propidium iodide (Fig. 7C). The size of the meristematic and
elongation zones did not differ significantly between the WT and msd2 in
light-grown seedlings, but the elongation zone increased in msd2-1 and
msd2-2 mutants compared to the WT in dark-grown seedlings (Fig. 7D,
E). The increased size of the elongation zone in the msd2 mutant
appeared to be caused by an increase in cell number (Fig. 7F). These
results suggest that MSD2, whose expression was induced in dark con-
ditions, participates in skotomorphogenesis by limiting the elongation
zone under dark conditions.

To test whether the effects of MSD2 on morphogenesis in dark con-
ditions were related to the distribution of ROS, we determined the ROS
distribution in roots using 3'-(p-hydroxyphenyl) fluorescein (HPF) to
detect HyO9, and dihydroethidium (DHE) to detect 02" [40]. Consistent
with previous studies [39,40], we detected opposing gradients of HPF
fluorescence and DHE fluorescence in the WT. HPF fluorescence was
strong in the elongation zone and weak in the meristem zone (Fig. 8A,
B), whereas DHE fluorescence was strong in the meristem zone and weak
in the elongation zone (Fig. 8C, D). No significant differences could be
found in light-grown msd2 mutant seedlings, whereas in dark-grown
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Fig. 6. MSD2 expression is regulated by light. (A) The
. MSD2 promoter harbors cis-elements involved in light

AT3G56350

I Cis-acting element involved in
the ABA response

in light response

Relative expression level m

I Cis-acting element involved

50 bp and abscisic acid (ABA) responses. (B, C) GUS staining
in 7-DAG seedlings grown in the light (B) or in the dark
(C). (D, E) GUS pattern in the lateral root of 11-DAG
seedlings grown in the light (D) or in the dark (E).
(F) RT-qPCR analysis of MSD2 expression in the WT
and copl-4 in light-grown and dark-grown seedlings.
Expression levels were normalized to UBQ5
(At3g62250) and expressed relative to light-grown WT.
Bars = 50 bp (A) and 200 pm (B, C, D, E). Values are
means + SD of three independent experiments. Aster-
isks indicate significant differences (t-test, **** P <
0.0001).

Dark

Light Dark Light Dark

seedlings, we observed a difference in ROS distribution between the WT
and the msd2 mutants (Fig. 8). HPF fluorescence in dark-grown msd2
mutants was very low, and there was no clear gradient between meri-
stem zone and elongation zone (Fig. 8B), but the DHE fluorescence in the
elongation zone was stronger than that in the WT (Fig. 8D), showing that
the opposing gradients of HoO5 and 02"~ were altered in msd2 mutants.
These results suggest that MSD2 contributes to ROS distribution in
dark-grown seedlings, thereby controlling the transition between pro-
liferation and differentiation.

4. Discussion

Among the various ROS-generating machineries, membrane-
localized NADPH oxidases have been well studied; key mechanisms
regulating their activity and downstream signaling processes are well
known [41]. However, how the superoxide generated in the apoplast by
NADPH oxidases is delivered into the cell to activate signaling cascades
and how specificity is achieved remain unclear. One of the major bar-
riers to our understanding is that the extracellular SOD in Arabidopsis
had not been identified. Here, we propose that MSD2 acts as an extra-
cellular SOD, focusing on its role in root morphogenesis.

MSD2 is annotated in TAIR as a member of the Mn-SOD family, but
no experimental evidence supports its SOD activity. Here, we experi-
mentally demonstrated that MSD2 has SOD activity and, like MSD1,
MSD2 activity was highly resistant to Cu/Zn-SOD or Fe-SOD specific
inhibitors (Fig. 2), suggesting that their active centers both incorporate

WT

cop1-4

Mn?" in the binding pocket. We supported this hypothesis by comparing
the three-dimensional structures of Arabidopsis MSD1 and MSD2: They
were highly similar, especially around the Mn?* activity pocket (Fig. 3).
The spatial position of the nitrated residue Y63 in MSD1 [18,42]
matched that of Y68 in MSD2 and supported its high nitration proba-
bility. MSD2 activity was indeed regulated by nitration (Fig.3 E, F),
which provides clues to the extracellular regulatory mechanism of
MSD2, although the mechanism of NO synthesis in plants is still not well
elucidated.

Notably, MSD1 and MSD2 differed in their subcellular locations.
MSD1 localizes to mitochondria [9], whereas MSD2 appeared to be a
secreted protein accumulating in the cell wall (Fig. 4). MSD2 might be
involved in the metabolism of apoplast ROS under certain conditions.
Our promoter analysis in seedlings revealed that MSD2 is expressed in
the junction region of the root and the hypocotyl, the stele of the root
mature zone, and the root cap (Fig. 5). These results suggested that
MSD2 expression is highly specific both in space and time and may
reflect a critical role at particular growth and developmental stages.
Previous studies show the requirement of extracellular SOD in specific
cellular processes such as lignin deposition in the Casparian strip for-
mation and floral organ abscission zone development [43,44].
Peroxidase-dependent lignin polymerization requires extracellular
hydrogen peroxide, and cell type-specific lignin deposition is totally
abolished in both cell types after treatment with diethyldithiocarbamate
(DDC), a Cu/Zn-SOD inhibitor, suggesting critical roles of extracellular
SOD in lignin polymerization. However, since DDC does not affect
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Fig. 7. Root phenotypes of the msd2 mutants. (A, B) Quantification of root length (A) and initiation sites of root hairs (B) of 5-DAG seedlings grown in the light or in
the dark. (C) Confocal microscopy images of 5-DAG roots of the WT and the msd2 mutant stained with propidium iodide. The end of the meristematic zone (white
arrowheads) and the end of the elongation zone (green arrowheads) are indicated. (D-F) Mean length of the meristematic zone (D), the elongation zone (E), and mean
cortex cell number (F) in the elongation zone of WT and msd2 seedlings. pUBQ10:MSD2-mCherry was introduced in msd2-1 mutants (MSD20X/msd2-1). Bars = 100
pm. Values represent means + SD of three independent experiments. Asterisks indicate significant differences (t-test, * P < 0.05, ** P < 0.01, *** P < 0.001). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. ROS distribution in the WT and msd2 mutants. (A) Roots of 7-DAG seedlings were stained with hydroxyphenyl fluorescein (HPF). (B) Quantification of HPF
fluorescence intensity shown in (A). (C) Roots of 7-DAG seedlings were stained with dihydroethidium (DHE). (D) Quantification of DHE fluorescence intensity shown
in (C). pUBQ10:MSD2-mCherry was introduced in msd2-1 mutants (MSD20X/msd2-1). Asterisks indicate significant differences (t-test, * P < 0.05, ** P < 0.01). MZ,

meristem zone; EZ, elongation zone. Bars = 100 pm.

Mn-SOD, it is unlikely that MSD2 contributes to lignin formation. To
understand the effects of ROS metabolism mediated by MSD2 on plant
development, more in-depth functional studies focusing on the tissues in
which MSD2 is expressed are needed. Analysis of the MSD2 promoter
sequence showed the presence of cis-acting elements responding to ABA
in addition to those involved in light responses (Fig. 6A). ROS were
reported to mediate ABA signaling [45]. Analyzing the effects of ABA on
MSD2 expression and the effect of MSD2 on the ABA signaling pathway

would be a good starting point to study the relationship between envi-
ronmental stress and MSD2-mediated ROS.

During growth, plant development is greatly affected by light, even
underground. Light can penetrate several centimeters below the soil
surface, and photoreceptors and their associated signal transduction
pathways are active in plant roots [46]. Light influences root growth,
lateral root formation, and root hair formation, as well as root gravi-
tropic responses, thus guiding the root architecture and growth direction
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[33]. We discovered that MSD2 expression is elevated in etiolated
seedlings (Fig. 6), suggesting that MSD2 may contribute to ROS meta-
bolism in roots during the light-to-dark transition (Fig. 8). Crosstalk
between ROS and light signal pathways was previously reported during
leaf development in Arabidopsis [47]. Exogenously applied HyO, pro-
moted the establishment of leaves even in the dark, which was accom-
panied by higher expression of light-responsive genes and a suppression
of the inhibitory effects imposed on photomorphogenesis. Little is
known about how H,0; contributes to root development, which re-
sponds differently to light and darkness. As the spatial distribution of
O,— and H30- strongly influences the spatial transition from prolifera-
tion to differentiation in the root [39,40], increased expression of MSD2
in the dark may act as an important mediator linking light conditions to
root morphogenesis. Phenotypic analysis supported this notion, as the
size of the elongation zone was altered in the msd2 mutant (Fig. 7), along
with an altered ROS distribution (Fig. 8). HyO, can modulate auxin
contents and distribution by affecting the expression of auxin biosyn-
thesis and polar transport genes [48,49]. It remains to be determined
whether and, if so, how altered ROS metabolism by MSD2 might affect
auxin flux.

Light activates photoreceptors and their downstream signaling
pathways to converge on the master regulators COP1 and HY5. COP1
mediates HY5 degradation in the dark, whereas light blocks the inter-
action of COP1 with HY5, consequently promoting the accumulation of
HY5 and the transcriptional activation of its downstream target genes
[36]. Light and dark conditions also alter phytohormone responses, as
light facilitates auxin transport from the shoot apex to the root [37],
while darkness induces the expression of phytohormone biosynthesis
and signaling-related genes for ethylene and gibberellic acid, which
regulate skotomorphogenic development [50]. Analysis of MSD2
expression in a copl1-4 mutant allele showed that COP1 negatively reg-
ulates MSD2 expression in the dark but had no effect on MSD2 expres-
sion in the light (Fig. 6F). COP1 functions together with SUPPRESSOR
OF PHYTOCHROME A-105 1 (SPA1) and related SPA proteins in
proteasome-mediated degradation of proteins in response to light
exposure. However, a COP1-independent role for SPA proteins was
recently suggested [51]. In addition, the rapid light-induced degrada-
tion of PHYTOCHROME INTERACTING FACTORS3 (PIF3) was shown to
take place in a COP1-independent manner [52]. Future studies investi-
gating the mechanisms regulating the turnover of MSD2 under various
light conditions will provide clues to elucidate COP1-independent
pathways that have not yet been identified.

5. Conclusion

Although it has been suggested that an extracellular SOD may be
involved in various signaling pathways [53,54], its molecular identity
had not yet been elucidated in Arabidopsis. We provide experimental
evidence that MSD2, which was suggested to be a putative secreted SOD
based on sequence homology, possesses SOD activity and is secreted into
the extracellular space. Characteristics of MSD2, such as its expression in
specific tissues or its regulation by light, suggest that it may play an
important role in specific signaling processes accompanying ROS
metabolism. We propose that the distribution of ROS is in part regulated
by MSD2 in roots where it is important to spatially maintain the dis-
tribution of different types of ROS [55]. MSD2 expression is differen-
tially affected by light conditions and consequently contributes to root
growth in the dark. These findings not only offer a new component
regulating ROS metabolism, but also provide a link between environ-
mental stimuli, ROS metabolism, and plant growth, which can be now
further dissected by in-depth studies of the mechanisms of these multi-
faceted ROS signaling pathways.
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