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It is well established that an abnormal tetrahydrofolate (THF) cycle causes the accumulation of hydrogen peroxide (H2O2) and
leaf senescence, however, the molecular mechanism underlying this relationship remains largely unknown. Here, we reported a
novel rice tetrahydrofolate cycle mutant, which exhibited H2O2 accumulation and early leaf senescence phenotypes. Map-based
cloning revealed that HPA1 encodes a tetrahydrofolate deformylase, and its deficiency led to the accumulation of tetra-
hydrofolate, 5-formyl tetrahydrofolate and 10-formyl tetrahydrofolate, in contrast, a decrease in 5,10-methenyl-tetrahydrofolate.
The expression of tetrahydrofolate cycle-associated genes encoding serine hydroxymethyl transferase, glycine decarboxylase
and 5-formyl tetrahydrofolate cycloligase was significantly down-regulated. In addition, the accumulation of H2O2 in hpa1 was
not caused by elevated glycolate oxidation. Proteomics and enzyme activity analyses further revealed that mitochondria oxi-
dative phosphorylation complex I and complex V were differentially expressed in hpa1, which was consistent with the H2O2

accumulation in hpa1. In a further feeding assay with exogenous glutathione (GSH), a non-enzymatic antioxidant that consumes
H2O2, the H2O2 accumulation and leaf senescence phenotypes of hpa1were obviously compensated. Taken together, our findings
suggest that the accumulation of H2O2 in hpa1 may be mediated by an altered folate status and redox homeostasis, subsequently
triggering leaf senescence.
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INTRODUCTION

Leaf senescence is a complex and highly regulated process
under the control of a highly regulated genetic program (Lim
et al., 2007). Different from animals and unicellular organ-
isms, leaf senescence in plants requires highly integrative
processes involving cell death with nutrient recycling and
storage (Koyama, 2018). Although leaf senescence is an age-
dependent process, it can be triggered prematurely by in-
ternal and external factors (Quirino et al., 2000).
Over the past decades, with the help of genetic and

“omics” technologies, leaf senescence has been understood
more and more deeply (Kim et al., 2016). During senescence,
the most significant change is chloroplast abnormality and
chlorophyll degradation (Leng et al., 2017a). Other orga-
nelles including peroxisomes also undergo biochemical
changes during senescence (Vicentini and Matile, 1993).
Recently, several key regulatory factors have been identified
during leaf senescence. The regulatory factors include
chromatin-modifying factors, transcription regulators, re-
ceptors, hormone signaling components and regulators of
metabolism, suggesting that leaf senescence is controlled
through multiple layers and pathways (Woo et al., 2013; Kim
et al., 2016; Kim et al., 2018).
For grain crops, leaf senescence affects grain yield and

quality leading to nutrient loss, incomplete filling, etc.
(Schippers et al., 2015). At present, more than 130 leaf se-
nescence-associated genes (SAGs) have been identified in
rice. According to metabolic pathway analyses, these SAGs
can be divided into different categories (Wang et al., 2019),
such as chloroplast degradation (Kusaba et al., 2007; Morita
et al., 2009; Tang et al., 2011; Rong et al., 2013; Yamatani et
al., 2013; Yang et al., 2016; Rao et al., 2019), hormone and
transcriptional regulatory factors (Chen et al., 2013; Liang et
al., 2014; Rao et al., 2015; Mao et al., 2017; Huang et al.,
2019; Kang et al., 2019; Kim et al., 2019; Piao et al., 2019;
Sakuraba et al., 2020), and energy metabolism pathways
(Huang et al., 2007; Zhang et al., 2017a). Therefore, the
overall process of leaf senescence is controlled through the
spatial and chronological controls of genes by hormone and
other signaling pathways, transcription factors, and epige-
netic modifiers of DNA and chromatin.
Upon environmental stress, the earliest responses of plant

cells under stress are to generate reactive oxygen species
(ROS). To date, it has been accepted that H2O2 plays an
important role in plant programmed cell death (PCD) and
senescence (Zentgraf et al., 2012; Wang et al., 2013). H2O2, a
ROS generated in many biological systems under conditions
of stress, is a toxic by-product. When high concentrations of
H2O2 accumulate, it causes irreversible damage to cells,
leading to plant senescence (Vavilala et al., 2015; Wang et
al., 2017). In plants, H2O2 is a signaling molecule that
mediates various physiological and biochemical processes to

respond to a variety of biotic and abiotic stresses (Li et al.,
2017; Niu and Liao, 2016; Tian et al., 2018). Therefore, a
finely tuned balance between ROS production and scaven-
ging is crucial for plant growth and development. ROS status
is tightly controlled by sophisticated and highly complex
antioxidant systems. The enzymes involved in plant H2O2

production include the glycolate oxidation enzyme (GLO),
oxalate oxidase (OXO), flavin-containing polyamine oxidase
(PAO), and cell wall peroxidases (Chen et al., 2016a;
Kaurilind et al., 2015; Petrov et al., 2015). The GLO-cata-
lyzed glycolate oxidation in the peroxisome has been sug-
gested to play a major role in H2O2 generation (Foyer and
Noctor, 2009; Kangasjärvi et al., 2012; Zhang et al., 2017b),
which is synergistically enhanced by salicylic acid (Zhang et
al., 2016). Furthermore, the content of H2O2 in an Arabi-
dopsis glo mutant was lower than that in the wild-type (WT)
(Rojas et al., 2012). However, researchers are curious why
GLO overexpression in rice is not responsive to antioxidant
reactions (Cui et al., 2016). OXO converts oxalic acid and O2

to H2O2 and CO2, accordingly, transgenic rice plants over-
expressing OsOXO4 exhibit high H2O2 levels (Karmakar et
al., 2016).
Flavin-containing PAOs are H2O2-producing enzymes that

participate in the oxidative response to the protein phos-
phatase inhibitor cantharidin, which regulates coleorhiza-
limited seed germination in Zea mays and rice (Chen et al.,
2016a; Cona et al., 2006). NADPH oxidase regulates in-
tracellular H2O2 levels through the conversion of superoxide
to H2O2 by superoxide dismutase (Niu and Liao, 2016). In
addition, H2O2 is also processed by the mitochondria elec-
tron transport chain (mETC) and the photosynthetic ETC
(Mhamdi, 2018; Niu and Liao, 2016). In mitochondria, H2O2

is inevitably produced during ATP synthesis, several redox
centers, mainly complexes I and III, of the mETC release
electrons to molecular oxygen, serving as the primary source
of superoxide formation (Andreyev et al., 2015; Wu et al.,
2015a). Chloroplasts are also crucial sites for H2O2 produc-
tion in plants. In chloroplasts, H2O2 can be produced in
photosynthetic ETC components such as Fe–S centers, re-
duced thioredoxin, ferredoxin and reduced plastoquinone
during photophosphorylation (Niu and Liao, 2016).
Aside from H2O2 production, H2O2 levels are also regu-

lated by scavengers, including catalase, glutathione perox-
idase (GPX), and ascorbate peroxidase (APX) (Passaia et al.,
2013; Wu et al., 2018). With impairment of peroxisome
catalase, the Arabidopsis catalase2 mutant accumulates high
levels of H2O2 under photorespiratory conditions (Kaurilind
et al., 2015). In the rice lts1, catalase activity is diminished,
leading to H2O2 accumulation and cell death (Wu et al.,
2016). Mutation of OsGPX3 gene leads to a stress-induced
morphogenic response via H2O2 accumulation and impairs
normal plant development (Passaia et al., 2013). When cy-
tosolic AtAPX1 is disrupted, the H2O2-scavenging system in
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chloroplasts is attenuated, resulting in H2O2 enhancement
(Davletova et al., 2005). In addition, plants also have non-
enzymatic antioxidants such as glutathione (GSH) and as-
corbate, which consume H2O2. GSH is a tripeptide that oc-
curs in two distinct interchangeable redox forms and
regulates H2O2 levels and redox balance in plant cells (Ka-
poor et al., 2015; Krifka et al., 2012; Sengupta et al., 2011).
To maintain the status of the two distinct GSH redox forms,
several enzymes have evolved in plants. GSH synthetase
(GS) catalyzes the substrates γ-glutamate-cysteine and gly-
cine (Gly) to GSH (Aoyama et al., 2008), whereas GSH
reductase (GR) catalyzes the conversion of oxidized GSH
(GSSG) to GSH in the presence of NADPH (Kapoor et al.,
2015). GSH may further serve as a substrate of GPX to
reduce H2O2 into H2O (Passaia et al., 2013), and GSH can be
consumed by GSH S-transferase (GST) for xenobiotic de-
toxification (Rouhier et al., 2008). Consistent with their en-
zymatic activities, transgenic plants with elevated levels of
GSH are resistant to oxidative stress (Chen et al., 2012;
Foyer et al., 1995). By contrast, GSH-depleted plants fre-
quently exhibit decreased sensitivity to oxidative stress
(Grant et al., 1996; Kushnir et al., 1995).
The THF cycle in mitochondria is involved in photo-

respiration, and serine hydroxymethyltransferase (SHMT)
and the glycine decarboxylase complex (GDC), using folates
as cofactors, are the only two known photorespiration en-
zymes involved in the cycle. THF generated by 10-formyl
THF deformylase (10-FDF) is used as a cofactor in Gly and
5,10-methylene THF (5,10-CH2-THF) biosynthesis from
serine (Ser) by SHMT (Jamai et al., 2009). In this reaction,
Ser serves as an alternative donor of one-carbon units, as its
carbon 3 is incorporated into 5,10-CH2-THF in bacteria,
animals and plants (Engel et al., 2007). The reaction cata-
lyzed by SHMTcan be driven in the opposite direction by the
build-up of Gly, thus, 5,10-CH2-THF and Gly are used to
make Ser in the reverse reaction. Subsequently, THF and Gly
are recycled back to 5,10-CH2-THF by GDC (Hanson et al.,
2000). In addition, 5-formyltetrahydrofolate cycloligase (5-
FCL) is the only enzyme known to catalyze 5-formyl tetra-
hydrofolate (5-CHO-THF) to 5,10-methenyl-THF
(5,10=CH-THF), which can be recycled back to 5-CHO-
THF by SHMT in the presence of Gly (Goyer et al., 2005). In
E. coli, PurU encodes a 10-FDF involved in purine bio-
synthesis, while also providing THF to synthesize Gly (Nagy
et al., 1993; Nygaard and Smith, 1993). In Arabidopsis,
impairment of 10-FDF causes the dKOmutant to accumulate
more 5-CHO-THF, which further represses the activity of the
mitochondrial GDC/SHMT complex and induces photo-
respiratory phenotypes (Collakova et al., 2008). In the 5-fcl
mutant, 5-CHO-THF and Gly levels increased two-fold and
20-fold relative to WT levels, respectively (Goyer et al.,
2005). In the rice shm1, a loss of balance between ROS
production and scavenging causes the early death of young

seedlings, moreover, the lethal phenotype of shm1 can be
rescued with high CO2 treatment (Wang et al., 2015).
Previous studies have established the linkages among se-

nescence, H2O2 production, and THF cycle, but the me-
chanism by which the THF cycle affects H2O2 accumulation
and leaf senescence has not yet been elucidated. In this study,
we isolated hpa1, a rice H2O2-abundant mutant generated by
ethyl methanesulphonate (EMS mutagenesis). Map-based
cloning and sequencing revealed that HPA1 encodes a 10-
FDF involved in the THF cycle, which catalyzes 10-CHO-
THF to THF. We characterized the hpa1 mutant phenotype
and analyzed the molecular basis of H2O2 accumulation in
hpa1. The results showed that HPA1 deficiency affects not
only THF metabolism but also oxidative phosphorylation
and the GSH cycle, and it is accompanied by an abnormal
ROS status. Exogenous GSH supplementation rescued the
H2O2 accumulation and leaf senescence phenotypes of hpa1,
suggesting that leaf senescence in hpa1 is caused by accu-
mulated H2O2. These results indicated that the accumulated
H2O2 in hpa1 may be caused by an altered folate status and
redox homeostasis, which then lead to premature leaf se-
nescence.

RESULTS

HPA1 regulated H2O2 accumulation and cell death in
rice

To characterize the molecular mechanism underlying PCD,
we isolated H2O2 mutants from an EMS mutagenized library
of the Indica cultivar Shuhui527 by staining leaf blades with
3,3′-diaminobenzidine (DAB), a compound widely used as
an indicator of H2O2 content (Guo et al., 2017; Leng et al.,
2017b; Rao et al., 2015). Although WT leaves were rela-
tively transparent after DAB staining, hpa1 leaves were
brown (Figure 1A). We then directly examined the H2O2

contents in fresh leaves and found that H2O2 contents were
substantially higher in hpa1 (Figure 1B), which was con-
sistent with the DAB staining data. We further analyzed the
malondialdehyde (MDA) contents in WT and hpa1, as MDA
is a product of ROS-induced lipid peroxidation. The analysis
revealed a significantly higher MDA content in hpa1 mutant
leaves than in WT leaves (Figure 1C). Moreover, the total
antioxidant capacity (T-AOC) of hpa1 mutant leaves was
only approximately 30% of that of WT leaves (Figure 1D).
These results were indicative of an increase in oxidative
stress in hpa1. Based on the higher H2O2 contents and lower
T-AOC levels in the mutant, we hypothesized that hpa1 may
undergo oxidant-induced cell death. Trypan blue staining
revealed the presence of numerous lesions on hpa1 leaves
but not on WT leaves (Figure 1E), which was suggestive of
increased cell death in the hpa1 leaves. The classic feature of
PCD is the condensation of nuclear chromatin, which is
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caused by the endonucleolytic degradation of nuclear DNA
(Leng et al., 2017b). Using the terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) assay to de-
tect apoptotic cell death, we found that TUNEL-stained cells
(with a green signal) were more abundant in hpa1 than inWT
leaves (Figure 1F), indicating that DNA degradation and the
number of dead cells increased in hpa1 leaves.

hpa1 exhibited a premature leaf senescence phenotype

Aside from the H2O2 accumulation and cell death phenotypes
described above, we also detected developmental abnorm-
alities in hpa1. Unlike WT plants, hpa1 plants had yellow
stripes between veins at the four-leaf-stage (Figure S1A in
Supporting Information), which subsequently spread and
spanned the entire leaf at the mature stage (Figure 2A). The
hpa1 plants also exhibited a dwarf phenotype at the mature
stage (Figure 2B). Using TUNEL staining, we further com-
pared the PCD status in the yellow striped regions and the
green regions of hpa1 leaves, and the results revealed that
more cell death occurred in the yellow striped regions
(Figure 2C–G). Furthermore, the contents of chlorophyll a,
chlorophyll b and total chlorophyll in hpa1 leaves were re-
duced to 28.5%, 26.4% and 27.9% of the levels in the WT
leaves at 90 days after germination (DAG), respectively
(Figure 2H). Transmission electron microscopy (TEM) re-
vealed an abnormal chloroplast morphology and ultra-
structure in hpa1 compared to the WT. Consistently, levels of

several photosynthetic parameters were significantly lower
in hpa1, including photosynthetic rate (Pn), transpiration rate
(Tr) and stomatal conductance (Gs) (Table S1 in Supporting
Information). Moreover, we found that the hpa1 chloroplasts
had more osmiophilic globules, regarded as an indicator of
leaf senescence, than did the WT chloroplasts (Figure 2I)
(Park et al., 2007). Meanwhile, two chlorophyll degradation-
related genes, stay-green (SGR) and red chlorophyll cata-
bolite reductase 1 (RCCR1), and two other SAGs, Osh36 and
OsI57, were expressed at higher levels in hpa1 mutants than
inWT plants at 90 DAG (Figure 2J) (Lee et al., 2001; Tang et
al., 2011). Collectively, these results indicate that HPA1 is
involved in leaf senescence. A dark-induced senescence as-
say was also performed to validate that hypothesis using
detached leaves from four-leaf-stage hpa1 andWTseedlings.
After 4 days of dark treatment, the color of the mutant leaves
almost fully changed to yellow, whereas the majority of the
WT leaves retained green (Figure S1A in Supporting In-
formation). Chlorophyll content analyses of these dark-
treated leaves revealed lower levels of chlorophyll in hpa1
leaves than in WT leaves (Figure S1B in Supporting In-
formation), indicating more rapid chlorophyll degradation in
hpa1. Taken together, these results demonstrate that the
mutation in HPA1 induces leaf senescence.

Molecular cloning of HPA1

To clone the HPA1 gene, we used an F2 population derived
from the cross of hpa1 x japonica cv. Nip. In the F2 popu-
lation, individuals with the WT and mutant phenotypes were
segregated at a ratio of 3:1, indicating that the hpa1 pheno-
type was controlled by a single recessive gene. Using 100 F2
plants with the hpa1 phenotype, the HPA1 locus was initially
mapped to a region between the simple sequence repeat
markers P1 and P2 on the long arm of chromosome 3 (Figure
3A). For HPA1 fine mapping, 402 hpa1 F2 individuals and
newly developed sequence tagged site markers between the
markers P1 and P2 were used, and the HPA1 gene was de-
limited to a 105 kb region between the markers P3 and P4
(Figure 3A). This region contained 28 open reading frames
(ORFs) (http://rice.plantbiology.msu.edu/). Additionally, a
C326T point mutation in the 18th ORF (LOC_Os03g01222)
was detected in hpa1 via sequencing analysis (Figure 3B).
The mutation eliminates an EcoRV recognition site in hpa1
(Figure 3C) and causes a Ser-to-phenylalanine (Phe) sub-
stitution of the 109th amino acid (Figure S2 in Supporting
Information). HPA1 is predicted to encode a formyl THF
deformylase with 70% (AT5G47435) and 71%
(AT4G17360) amino acid sequence identity with the two
Arabidopsis PurU homologs, and it has a close relationship
with Sorghum and Zea homologs based on phylogenetic
analysis (Figure S3 in Supporting Information). To confirm
that the mutation in HPA1 was responsible for the hpa1

Figure 1 H2O2 accumulation and PCD detection in the hpa1 mutant. A,
DAB staining of WT and hpa1 leaves for H2O2 accumulation. Scale bar=
0.5 cm. B–D, H2O2 contents (B), MDA contents (C) and T-AOC (D) in WT
and hpa1 leaves. E, Trypan blue staining of WT and hpa1 leaves for cell
death. Scale bar=0.5 cm. F, DNA fragmentation detection in mesophyll
cells by TUNEL analysis. A blue signal represents staining with DAPI, and
green signal indicates TUNEL-positive nuclei of dead cells resulting from
PCD. Scale bar=100 μm. WT and hpa1 leaves in (A–F) were collected from
four-leaf-stage plants. (*, P<0.05; **, P<0.01).
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phenotype, we transformed a 6,084 bp genomic DNA frag-
ment containing the entire HPA1 coding sequence into hpa1
via Agrobacterium-mediated transformation. We acquired 15
transgenic lines (hereafter called Re lines) and one of them
was used for further research. We found that the leaf se-
nescence, H2O2 accumulation, cell death and other pheno-
types of hpa1 were all rescued in the transgenic Re plants
(Figure 3D–K). These results confirmed that the H2O2 ac-
cumulation and leaf senescence phenotypes were caused by
the mutation in the LOC_Os03g01222 gene.

HPA1 expression pattern and subcellular localization

To analyze the spatial and developmental expression of
HPA1, we performed real-time quantitative reverse tran-
scription polymerase chain reaction (qRT-PCR) using total
RNA isolated from various organs of WT plants, including
roots, stems, leaves, leaf sheaths and booting spikes. HPA1
transcript was most abundant in leaves, followed by leaf
sheaths, stems and booting spikes, and the lowest level was
in roots (Figure S4A in Supporting Information). To de-
termine the subcellular localization of HPA1, we introduced
the construct PGWB405-35S:HPA1-GFP into rice proto-
plasts via polyethylene glycol-mediated transformation, and
the mitochondria-mCherry marker (Mt-rk CD3-991) was
used as control (Nelson et al., 2007). The HPA1-GFP signal
was co-localized with Mt-rk CD3-991 (Figure S4B in Sup-

porting Information), indicating that the HPA1 protein is
localized in mitochondria.

HPA1 was involved in folate and amino acid metabolism

Given that formyl THF deformylase is involved in the THF
cycle (Collakova et al., 2008), we detected the contents of
THF metabolites, including THF, 5-CHO-THF, 10-CHO-
THF, 5,10=CH-THF, folic acid and 5-methyl THF (5-CH3-
THF) in the WT and hpa1 using high performance liquid
chromatography (HPLC). In hpa1 leaves, the levels of THF,
5-CHO-THF and 10-CHO-THF were elevated compared to
the WT, whereas 5,10=CH-THF levels were reduced. The
levels of folic acid and 5-CH3-THF in hpa1 were compar-
able to those in the WT (Figure 4A). In addition, the ex-
pression of the THF cycle-associated genes SHMT,GDC and
5-FCL were significantly decreased in hpa1 (Figure 4B).
Previous studies have shown that the deficiency of 10-FDF,
SHMT, GDC or 5-FCL will lead to abnormal amino acid
metabolism in rice or Arabidopsis (Collakova et al., 2008;
Goyer et al., 2005; Lin et al., 2016; Wang et al., 2015; Zhou
et al., 2013). Therefore, we determined the contents of amino
acids in the WT, hpa1 and Re plants using HPLC. Our results
showed that the contents of several amino acids, including
Thr, Glu, Cys, Val, Ile, Leu, Phe, Lys, His and Asp, were
significantly decreased in hpa1 leaves compared to the WT,
whereas the levels of Gly and Met increased about 20-fold

Figure 2 hpa1 mutant phenotypes. A, WT and hpa1 leaf phenotype at 90 DAG, Scale bar=0.5 cm. B, Whole-plant phenotype of WT and hpa1 at 90 DAG.
C, Leaf of a four-leaf-stage hpa1 plant grown in the greenhouse. Scale bar=10 cm. D and E, Enlargements of the leaf in (C) showing the green zone (D) and
yellow zone (E). F and G, TUNEL assays of the green zone (F) and yellow zone (G) in a leaf of a four-leaf-stage hpa1 plant. Scale bar=100 μm. H,
Chlorophyll contents in WT and hpa1 flag leaves. I, Ultrastructure of chloroplasts from WT and hpa1 at 90 DAG under TEM. Scale bar=1 μm. J, Relative
expression of SGR, RCCR1, Osh36 and OsI57 in WT and hpa1 leaves at 90 DAG. (*, P<0.05; **, P<0.01).
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and four-fold, respectively (Table S2 in Supporting In-
formation). These results suggest that HPA1 is involved in
folate and amino acid metabolism.

The hpa1 mutant was under oxidative stress

The GSH content and cellular ratio of GSH to GSSG have
been widely suggested as indicators of cellular redox balance
in plant cells. To verify whether the hpa1 plants were under

oxidative stress, we measured the contents of GSH and
GSSG in the leaves of four-leaf-stage WT, hpa1 and Re
plants. We found that GSH levels in hpa1 plants were sig-
nificantly lower than those in WT and Re plants (Figure S5A
in Supporting Information), while GSSG levels were sig-
nificantly higher in hpa1 than in WT leaves (Figure S5B in
Supporting Information). Consequently, the GSH/GSSG ra-
tio in hpa1 plants was approximately three fold lower than
that in WT plants (Figure S5C in Supporting Information).

Figure 3 Cloning of the HPA1 gene. A, Map-based cloning of the HPA1 gene. B, Sequence comparisons of Shuhui (SH), Nip, and hpa1 of the HPA1
mutation. C, Enzyme digestion analyses of HPA1 in SH, Nip and hpa1. D, Phenotypes of WT, hpa1, and Re leaves. Scale bar=0.5 cm. E, DAB staining of
WT, hpa1 and Re leaves. Scale bar=0.5 cm. F, Trypan blue staining of WT, hpa1 and Re plant leaves. Scale bar=0.5 cm. G, DNA fragmentation detection in
WT, hpa1 and Re leaf mesophyll cells via TUNEL analysis. Scale bar=100 μm. H–K, H2O2 contents (H), chlorophyll contents (I), MDA contents (J) and T-
AOC (K) of WT, hpa1 and Re leaves. Four-leaf stage plants were used for all analyses. (*, P<0.05; **, P<0.01).
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We also examined the expression of several key GSH cycle
genes (GRs, GPXs, and GSTs) (Noctor et al., 2012) in WT,
hpa1, and Re plants using qRT-PCR. GR2, GR3, GPX 1 and
GPX5 transcript levels were significantly higher in hpa1 than
in WT plants, whereas the expressions of GR1 and GPX4
were lower in hpa1 than in WT plants (Figure S5D and E in
Supporting Information). In addition, the transcript levels of
GSTU6-1 were lower in hpa1 than in WT plants, while the
levels of GSTU17, GST4, GSTU6-2 and GSTU6-3 were
significantly higher in hpa1 plants (Figure S5F in Supporting
Information). These results suggested that the GSH cycle in
hpa1 was abnormal, and that the hpa1 plants were under
oxidative stress.

The accumulation of H2O2 in hpa1 was not caused by
elevated glycolate oxidation

It has been suggested that the generation of H2O2 during
photorespiration is mainly associated with glycolate oxida-
tion by GLO (Noctor et al., 2002; Zhang et al., 2017b). To
investigate whether GLO is involved in the accumulation of

H2O2 in hpa1, we measured the expression ofGLO genes and
the activity of GLO. The rice genome includes four GLO
genes (Zhang et al., 2017b). We found that the expression of
OsGLO1 and OsGLO4 were significantly reduced in hpa1,
but no obvious differences forOsGLO3 andOsGLO5 existed
(Figure S6A in Supporting Information), therefore, we
speculated that the GLO activity is reduced in hpa1. Con-
sistent with this hypothesis, we did observe decreased GLO
activity in hpa1 plants (Figure S6B in Supporting Informa-
tion). These results suggest that the accumulation of H2O2 in
hpa1 was probably not caused by elevated glycolate oxida-
tion.

Quantitative identification of differently expressed pro-
teins between the WT and hpa1 using iTRAQ

To investigate the mechanism underlying the regulation of
H2O2 accumulation and leaf senescence by HPA1, we ex-
tracted proteins from WT and hpa1 leaves at the four-leaf-
stage and performed isobaric tags for relative and absolute
quantitation (iTRAQ) analysis. In total, 313,732 spectra were

Figure 4 Folate levels and THF cycle-related genes in the WT and hpa1 plants. A, Folates contents in four-leaf-stage WT and hpa1 leaves. B, Relative
expression levels of THF cycle-related genes in four-leaf-stage WT and hpa1 leaves (*, P<0.05; **, P<0.01).
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generated, and 44,519 unique spectra remained after low-
score spectra were removed. By searching the rice database
with the Mascot search engine, 18,797 unique peptides and
4,598 proteins were identified for the WT and hpa1 (Figure
S7A in Supporting Information). The distribution of the
numbers of unique peptides is shown in Figure S7B in
Supporting Information. Among the identified proteins,
77.5% contained fewer than five peptides, about 37% was
mapped with one unique peptide. In terms of the protein
mass distribution, we found good coverage (3%–18% of total
proteins in each molecular group) for a weight range from 10
to>100 kD (Figure S7C in Supporting Information). The
distribution of the peptide sequence coverage was shown in
Figure S7D in Supporting Information. A protein coverage
of 0–20% accounts for 72% (n=3,309) of all proteins, while
coverage levels>20% account for only 28% (n=1,289) of all
proteins (Figure S7E in Supporting Information).

GO annotation, KEGG pathway enrichment and KOG
analyses of DAPs

A total of 551 differentially abundant proteins (DAPs) were
obtained in hpa1 compared withWT, which included 382 up-
regulated and 169 down-regulated proteins (Figure S7F in
Supporting Information). Among them, 365 up-regulated
and 156 down-regulated proteins had been functionally an-
notated (Table S3 in Supporting Information). We then in-
vestigated the annotated DAPs by Gene Ontology (GO)
annotation, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment and eukaryotic orthologous
group (KOG) analyses. For the GO annotation analysis,
“metabolic process” was the largest category in the “biolo-
gical process” domain, followed by cellular process, single
organism process and response to stimulus. In the “cellular
component” domain, “cell” and “cell part” tied for first
place, followed by “organelle” and “membrane”. In the
“molecular function” domain, “catalytic activity” and
“binding” were enriched for most proteins, followed by
“transporter activity”, “structural molecule activity”, “elec-
tron carrier activity” and “antioxidant activity” (Figure S8 in
Supporting Information). In addition, KEGG pathway en-
richment analysis showed that the DAPs were related to 111
pathways and the top 15 enriched pathways associated with
the DAPs (P<0.05) were related to carbon metabolism,
amino acid synthesis, photosynthesis and oxidative phos-
phorylation (Figure 5A). Furthermore, KOG analysis of
DAPs was also performed. Besides the poorly characterized
proteins, 224, 134 and 71 DAPs were classified into “me-
tabolism”, “cellular processes and signaling” and “informa-
tion storage and processing”, respectively (Figure 5B). In the
largest cluster of “metabolism”, “energy production and
conversion” was the largest category, followed by “carbo-
hydrate transport and metabolism” and “amino acid transport

and metabolism” (Figure 5C). By combining the results of
GO annotation, KEGG pathway enrichment and KOG ana-
lyses, we speculated that the accumulated H2O2 in hpa1 was
probably related to abnormal energy production and con-
version caused by altered oxidative phosphorylation.

The deficiency of HPA1 caused complex I and V ab-
normalities

Given that HPA1 is a mitochondria-localized protein (Figure
S4 in Supporting Information), we considered the 34 DAPs
in mitochondria with P values<0.05 (Table S4 in Supporting
Information) and analyzed their potential protein protein
interaction (PPI) using the STRING program. The DAPs
were mainly grouped into two clusters (THF cycle and mi-
tochondrial membrane, yellow and red balls), which were
linked together by SHMT of the THF cycle and ATPase of
oxidative phosphorylation (Figure 6A, black rectangle).
Therefore, we speculated that the THF cycle might be as-
sociated with oxidative phosphorylation. We then carefully
examined the 34 DAPs and found that 10 DAPs were asso-
ciated with oxidative phosphorylation. Among them, seven
NADH dehydrogenase subunits of complex I were up-
regulated and three F-type ATPases of complex V were
down-regulated in hpa1 (Table S4 in Supporting Informa-
tion). In plants, the mETC plays an essential role in H2O2

generation, and the disruption of mETC complex I leads to
excessive ROS accumulation (Wu et al., 2015a). To confirm
whether the ROS accumulation in hpa1 is caused by an ab-
normality in complex I, we performed blue native poly-
acrylamide gel electrophoresis (BN-PAGE) combined with
NADH/nitroblue tetrazolium (NBT) staining analysis, and
the results revealed that the activity of complex I in hpa1was
significantly higher than that in WT and Re plants (Figure
6B, red arrow). In addition, the activity of ATPase was de-
termined in mitochondria of WT, hpa1, and Re plants.
Consistent with the results of iTRAQ, lower ATPase activity
was observed in hpa1 mitochondria (Figure 6C). In plants,
complex III is another source of ROS production in mi-
tochondria (Andreyev et al., 2015), however, we found that
both mRNA and protein levels of complex III were less
changed in hpa1 (Figure S9 in Supporting Information).
Further examination of the H2O2 contents in the mitochon-
dria of WT and hpa1 revealed that the contents of H2O2 in
hpa1 were significantly higher than those in the WT (Figure
6D). These results suggest that disruptions in complex I and
V were probably responsible for the excessive accumulation
of H2O2 in hpa1.

GSH supplementation rescued hpa1 mutant phenotypes

To verify whether the phenotype of hpa1 was indeed caused
by high levels of H2O2, we treated plants with exogenous
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GSH (200, 400 and 800 μmol L−1), which is a non-enzymatic
antioxidant that consumes H2O2. In contrast to the control
condition (without GSH), the leaf senescence phenotype was
obviously alleviated by 200 μmol L−1 and 400 μmol L−1

GSH treatment (Figure S10C and D in Supporting In-
formation). Under the 800 μmol L−1 GSH treatment, the
phenotypes of hpa1, such as yellow stripe and reduced
chlorophyll content, were almost fully rescued (Figure 7A
and B; Figure S10E in Supporting Information). In addition,
the GSH contents in WTand hpa1 leaves increased by 24.2%

and 22.8% upon GSH treatment, respectively. Consequently,
the GSH content in hpa1 after exogenous GSH treatment
almost reached the level to that in WT plants under control
conditions (Figure 7C). Furthermore, the up-regulated ex-
pression of senescence genes (SGR, RCCR1, Osh36 and
OsI57) observed in hpa1 was also rescued by GSH treatment
(Figure 7D). Importantly, H2O2 content (Figure 7E and F)
and cell death (Figure 7G) in GSH-treated hpa1 returned to
WT levels. These results further suggest that leaf senescence
in hpa1 was caused by accumulated H2O2.

Figure 5 Results of the KEGG pathway enrichment and KOG analyses of DAPs in WT and hpa1 leaves. A, Results of the KEGG pathway enrichment
analysis. The horizontal axis represents the ratios of the numbers of DAPs in the corresponding pathways to the numbers of proteins detected. Dot colour
represents the P-value as verified by a hypergeometric test. Dot size represents the number of DAPs in the corresponding pathway. B, Results of KOG
analysis. C, Detailed KOG analysis of “metabolism”.
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DISCUSSION

Senescence and PCD are essential for development and de-
fense in multicellular organisms, and both processes are
regulated by complex genetic networks. Although THF cycle
derived ROS have been shown to play a key role in senes-
cence and PCD (Wang et al., 2015; Zhou et al., 2013), the
underlying mechanisms remain unclear. In this study, we
identified hpa1 as a rice H2O2-abundant mutant with early
leaf senescence and cell death phenotypes (Figures 1 and 2).
Map-based cloning and sequencing analysis revealed that the
HPA1 gene encodes formyl THF deformylase. HPA1 defi-
ciency disrupted THF metabolism and altered redox home-
ostasis, resulting in an over-accumulation of H2O2 in hpa1
leaves, which led to cell death and early leaf senescence.

HPA1 plays an important role in the THF cycle and
amino acid metabolism

In the THF cycle, 10-FDF functions by transferring the
formyl group from 10-CHO-THF to formate and releasing
THF. In this study, we found that HPA1 encodes a putative
rice 10-FDF through map-based cloning. Even though HPA1
is highly similar to 10-FDF in Arabidopsis (Figure S2 in
Supporting Information), there are still some differences in
the contents of THF metabolites between Arabidopsis and
rice 10-FDF mutants. In hpa1, the 5,10-methenyl-THF level
decreased, and the levels of THF, 5-CHO-THF and 10-CHO-
THF increased (Figure 4A); however, leaf folate levels are
elevated in the dKO mutant (Collakova et al., 2008). It is
noteworthy that deficiencies in THF cycle genes, such as

Figure 6 HPA1 deficiency causes abnormalities in oxidative phosphorylation. A, PPI network of mitochondria DAPs between WT and hpa1 plants. B, BN-
PAGE combined with NADH/NBT staining analysis of NADH dehydrogenase activity. C, Activity of ATPase in mitochondria. D, Contents of H2O2 in
mitochondria. (**, P<0.01).
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SHMT, GDC, 5-FCL and 10-FDF, consistently cause pho-
torespiratory phenotypes accompanied by abnormal amino
acid metabolism (particularly in Gly and Ser) (Collakova et
al., 2008; Goyer et al., 2005; Lin et al., 2016; Wang et al.,
2015; Zhou et al., 2013). In this study, expression analysis of
THF cycle-associated genes in hpa1 surprisingly revealed a
significant down-regulation of GDCs, SHMT, and 5-FCL,
while others were less affected (Figure 4B), and the abun-
dances of SHMT and GDCs also decreased significantly in
hpa1 (Table S4 in Supporting Information). Therefore, the
reduced 5,10=CH-THF levels in hpa1 might have been in-
duced by inhibited GDC, SHMT and 5-FCL activity. Con-
sistent with the findings in dKO, 5-CHO-THF content
increased in hpa1. In fact, it has been reported that GDCs
affect the photorespiratory process via cooperation with
SHMT during the interconversion of Gly and Ser (Engel et
al., 2007; Timm et al., 2012). Furthermore, in shm1, hydro-
xypyruvate reductase and glycerate kinase mutants, Gly ac-
cumulates as in hpa1 (Timm et al., 2012), suggesting that the
interconversion of Gly to Ser is an essential and ubiquitous

step in the THF cycle (Bauwe and Kolukisaoglu, 2003). In
addition, previous studies have reported that Arabidopsis
formyl THF and THF deformylase are involved in photo-
respiration (Collakova et al., 2008). Here, we found that,
similar to Arabidopsis dKO, hpa1 also exhibited phenotypes
with yellow leaves, dwarfism and high levels of Gly (Figure
2 and Table S2 in Supporting Information). Given that the
HPA1 is the unique homolog of dKO in the rice genome,
these results suggest that, like 10-FDF in Arabidopsis, HPA1
may also be involved in photorespiration. On the other hand,
the etiolated phenotype of hpa1 could be rescued by high
CO2 conditions, which is consistent with the reaction of other
THF-related mutants to high levels of CO2 (Goyer et al.,
2005; Collakova et al., 2008; Zhou et al., 2013; Wang et al.,
2015). By combining our results with those of previous in-
vestigations, we assume that both the inhibition of GDC/
SHMTactivity by 5-CHO-THF and the decreased expression
of GDC/SHMT might have contributed to the accumulation
of Gly in hpa1. However, in contrast to Gly, Ser content was
inconsistent among the previously reported photorespiration

Figure 7 Effects of exogenous GSH supplementation on WT and hpa1 plants. A, WT and hpa1 leaves with and without exogenous GSH. Scale bar=0.5 cm.
B–G, Chlorophyll contents (B), GSH contents (C), relative expression levels of senescence-related genes (D), H2O2 contents (E), DAB staining (F), and
TUNEL analysis (G) of WT and hpa1 leaves with and without exogenous GSH. (*, P<0.05; **, P<0.01)
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mutants and hpa1 in our study. For example, Ser content was
reduced in Arabidopsis dKO plants (Collakova et al., 2008),
but it was significantly higher in Arabidopsis shm1 and 5-fcl
mutants and rice GDCH RNAi plants under normal air
conditions (Goyer et al., 2005; Collakova et al., 2008; Zhou
et al., 2013). However, in hpa1, there was a slight decrease in
Ser content (Table S2 in Supporting Information). Con-
sidering that plants have three potential pathways for Ser
biosynthesis (Ros et al., 2014), it is reasonable to assume that
minor changes in Ser content in hpa1 occurred due to
compensatory mechanisms from non-photorespiratory Ser
biosynthesis pathways. Similar findings have been reported
in GLO-suppressed plants, in which substantial amounts of
the glycolate substrate accumulated; however, the amount of
the major downstream metabolite glyoxylate only changed
slightly (Xu et al., 2009). Additionally, we noticed that trends
of the changes in the contents of several amino acid, such as
Leu, Lys, Phe, Tyr, Ile, Met, Val and Ala, differed between
hpa1 and dKO. In particular, Met content decreased in dKO
(Collakova et al., 2008) whereas it increased approximately
4-fold in hpa1 relative to the WT (Table S2 in Supporting
Information). Moreover, the altered amino acid contents in
hpa1 were supported by the iTRAQ results, indicating ab-
normal amino acid transport and metabolism (Figure 5).
These results suggest that the major role of 10-FDF in rice
and Arabidopsis is conserved, whereas 10-FDF might have
developed its unique functions during monocotyledonous
and dicotyledonous plant evolution.

The mutation of 10-FDF affects oxidative phosphoryla-
tion complex I and V activity to regulate H2O2 accu-
mulation

In plants, photorespiration is one of the major metabolic
processes leading to ROS production (Niu and Liao, 2016),
and large amounts of H2O2 are produced in the peroxisome
through the reaction catalyzed by GLO (Foyer and Noctor,
2009). Therefore, it is possible that the elevated H2O2 content
in hpa1 could be caused by enhanced GLO activity. How-
ever, this was not the case in hpa1, because we found a
reduced GLO activity in hpa1 compared to the WT, in-
dicating that the excessive accumulation of H2O2 in hpa1 is
probably not caused by GLO activity in the peroxisome.
In animal cells, it has been demonstrated that folate is an

important cofactor for one carbon (C1) metabolism, and that
the disruption of THF-mediated C1 metabolism affects many
physiological processes, including redox balance (Ducker et
al., 2016; Fan et al., 2014). The function of folate metabolism
in ROS homeostasis in plant cells was also investigated
(Gorelova et al., 2017), it is found that folate metabolism
maintains cell redox balance by mediating NADPH pro-
duction in mitochondria through the reaction catalyzed by
methylenetetrahydrofolate dehydrogenase. Here, we found

that HPA1 is a mitochondrian-located protein, and that HPA1
deficiency caused abnormal folate metabolism and H2O2

accumulation (Figures 1 and 4), therefore it is possible that
rice plants retain a regulation mechanism similar to that of
Arabidopsis in response to folate-mediated ROS generation.
Evidence has validated the conclusion that complex I is the
primary source of superoxide formation during the process
of oxidative phosphorylation for ATP synthesis, in addition,
NAD pool or NADH homeostasis is also related to the ac-
cumulation of ROS (Luo et al., 2019); thus up/down reg-
ulation of complex I will induce excessive H2O2

accumulation in Arabidopsis (Andreyev et al., 2015; Teixeira
et al., 2015; Wu et al., 2015a; Zhao et al., 2018). Interest-
ingly, our iTRAQ analysis revealed that a large number of
DAPs were associated with “energy production and con-
version” in hpa1, including proteins involved in complex I
and ATP synthase in oxidative phosphorylation (Figures 5
and 6; Table S4 in Supporting Information). We therefore
speculated that the disruption of the activity of complex I and
ATPase could be one of the core factors for H2O2 accumu-
lation in hpa1. This notion was further supported by enzyme
activity analysis of complex I and ATPase in hpa1 (Figure 6).
Given that the THF cycle is involved in photorespiration and
that impairment of HPA1 disrupts the THF cycle, these data
suggest that HPA1 firstly affects photorespiration, and that
the abnormal photorespiration then leads to decreased en-
zyme activity in oxidative phosphorylation. Thus, it seems
that HPA1 establishes a bridge between photorespiration and
oxidative phosphorylation in controlling cell ROS home-
ostasis.

Leaf senescence in hpa1 is caused by accumulated H2O2

The over-accumulation of ROS is a frequent event in plant
leaf senescence under both natural and stress-induced con-
ditions (Jajic et al., 2015; Rogers and Munné-Bosch, 2016;
Wang et al., 2013). To repair ROS damage, plants have de-
veloped both enzymatic and non-enzymatic antioxidant
systems, such as the GSH-ascorbate cycle antioxidant path-
way, which includes the respective oxidised forms, GSSG
and dehydroascorbate, and the enzymes that continuously
recycle them (Kapoor et al., 2015). For example, under
oxidative stress, the lower GSH content and GSH/GSSG
ratio promote the accumulation of H2O2 and MDA, which
then lead to cell damage (Wu et al., 2015b). Therefore, GSH-
depleted plants frequently exhibit decreased sensitivity to
oxidative stress (Grant et al., 1996; Kushnir et al., 1995). By
contrast, transgenic plants with elevated levels of GSH are
resistant to oxidative stress (Chen et al., 2012; Foyer et al.,
1995). In animals, the depletion of mitochondrial 5,10-CH2-
THF dehydrogenase isozyme in the THF cycle results in
decreased GSH/GSSG ratios and increased cell sensitivity to
oxidative stress (Fan et al., 2014). In plants, the penultimate
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step of THF synthesis is catalyzed by a bifunctional dihy-
drofolate reductase-thymidylate synthase (DHFR-TS), and
transgenic Arabidopsis plants that overexpress DHFR-TS
exhibit higher H2O2 and lower GSH contents as well as lower
GSH/GSSG ratios, with the decrease in GSH assumed to
cause the observed accumulation of ROS (Gorelova et al.,
2017). In our study, we found that hpa1 had abnormal oxi-
dative phosphorylation and lower GSH contents and GSH/
GSSG ratios (Figure S5 in Supporting Information), sug-
gesting that, as for plants that overexpress DHFR-TS, the
hpa1 plants were under oxidative stress. GSH levels are
mainly regulated by three types of enzymes GPXs, GRs and
GSTs at the transcriptional and posttranscriptional level. In
Arabidopsis, repression of AtGR2 expression significantly
decreased the GSH/GSSG ratio, resulting in increased H2O2

accumulation and early leaf senescence (Ding et al., 2016).
AtGSTU17 plays a role in various aspects of development by
affecting GSH pools and play a negative role in drought and
salt stress tolerance (Chen et al., 2012). In the hpa1 mutants,
the expression of GR2 and GR3 was up-regulated, whereas
the expression of GR1 was down-regulated. In addition, the
expression of other GSH cycle genes, such as GSTs, changed
significantly (Figure S5 in Supporting Information). Fur-
thermore, the iTRAQ results revealed abnormal accumula-
tion of GSTs, which was consistent with the qRT PCR results
(Figure 5; Table S4 in Supporting Information). Thus,
changes in the expression of GSH cycle genes may be re-
sponsible for the decrease in GSH and the GSH/GSSG ratio
in hpa1, and HPA1 deficiency also affects the GSH cycle.
Previous studies have shown that the THF cycle affects H2O2

accumulation and leaf senescence. For example, in GDCH
RNAi transgenic plants and shm1mutants, the levels of H2O2

increased and leaf senescence and lethal seedling occurred,
respectively (Wang et al., 2015; Zhou et al., 2013). However,
in these studies, there was no direct evidence to prove that
the leaf senescence was caused by H2O2. To determine the
relationship between leaf senescence and H2O2 accumula-
tion, the exogenous GSH feeding experiment was performed
and the results revealed that exogenous GSH feeding
eliminated the symptoms associated with leaf senescence
and high H2O2 levels as seen in hpa1 (Figure 7), suggesting
that leaf senescence in hpa1 is caused by accumulated H2O2.
By also considering the results of abnormal oxidative
phosphorylation in hpa1 mutant, we inferred that the loss of
balance between H2O2 production and scavenging in hpa1 is
the putative cause of leaf senescence.
According to the findings above, we propose a model re-

garding the function of HPA1in H2O2 accumulation and leaf
senescence (Figure 8). The loss of HPA1 directly disrupts the
THF cycle and then impairs oxidative phosphorylation and
the GSH cycle, which further leads to H2O2 accumulation,
finally resulting in leaf senescence. However, the mechanism
by which the THF cycle affects oxidative phosphorylation

and the GSH cycle remains unclear, and future efforts should
be made to address this question.

MATERIALS AND METHODS

Plant materials and growth conditions

The hpa1 mutant was isolated via EMS treatment of the WT
cultivar Shuhui527. WT, hpa1 and Re plants were grown in
plastic containers with IRRI nutrient solution at 28°C with a
14 h light/10 h dark cycle. The plants for phenotypic char-
acterization and map-based cloning were grown at the ex-
perimental farm of the China National Rice Research
Institute.

Genetic analysis and map-based cloning

An F2 population was generated by crossing the hpa1 with
cv. Nip for genetic analysis and map-based cloning of the
HPA1 locus. A total of 402 individual F2 mutant plants
screened from the population were used for genetic mapping.
DNA fragments corresponding to candidate genes from WT
and mutant plants were amplified using PCR and then se-
quenced to identify the HPA1 mutation.

Constructs for rice transformation

For the HPA1 complementation construct, the primers
yp4414 and yp4415 (Table S5 in Supporting Information)
were used to amplify a 6,084 bp genomic DNA fragment
containing the entire HPA1 coding sequence, 2,063 bp of the
5′ upstream region and 1,158 bp of the 3′ downstream region
from genomic DNA extracted from WT leaves. The ampli-
fied fragment was cloned into pCAMBIA 1301 using a
Clontech kit (Invitrogen, USA). After verification by se-
quencing, the construct was introduced into GV3101 and
subsequently transformed into hpa1 mutants using pre-
viously described methods (Hiei et al., 1994). The transgenic
plants were confirmed by PCR and enzyme digestion.

Constructs for the subcellular localization assay

For the HPA1-GFP construct, the full-length HPA1 cDNA
excluding the stop codon was amplified using the primers
yp3922 and yp3923 (Table S5 in Supporting Information)
and then cloned into the binary vector PGWB405 carrying
hygromycin resistance. Mt-rk CD3-991 (Nelson et al., 2007)
was used in co-transformation experiments with the HPA1-
GFP construct. Subcellular localization was determined via
co-localization analyses of GFP fluorescence with a confocal
laser scanning microscope (LSM710, Zeiss, Germany).
Protoplasts from 2-week-old rice stem were prepared and
transformed as described previously (Chen et al., 2016b).
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Measurement of chlorophyll contents and photosynthetic
characteristics

Chlorophyll contents were examined as described previously
(Chen et al., 2018). Pn, Tr, Gs and intercellular CO2 con-
centration were measured using an LI-6400XT Portable
Photosynthesis system according to the manufacturer’s in-
structions. Flag leaves for the measurement of photo-
synthetic parameters were randomly selected at around
10:00 a.m. on the day of measurement.

RNA extraction and gene expression analysis

Gene expression was analyzed as described previously
(Wang et al., 2018). Total RNA was extracted from root,
stem, leaf, leaf sheath and booting spike tissues using TRI-
zoL reagent (Invitrogen, USA). RT-PCR was performed
using the TaKaRa RNA PCR Kit (TaKaRa, Japan). After
RNase-free DNase I treatment, 1 μg of total RNA was sub-
jected to first strand cDNA synthesis using a RT kit. For

qRT-PCR, first strand cDNA was used as templates and
amplified with SYBR Premix (TaKaRa) according to the
manufacturer’s instructions on a real-time PCR detection
system. The primers used for qRT-PCR are listed in Table S5
in Supporting Information.

TEM

TEM analysis was performed as described previously (Inada
et al., 1998) with minor modifications. Leaves from 90-day-
old plants were harvested for TEM ultrastructure analysis.
Samples were fixed quickly in 2.5% glutaraldehyde in
50 mmol L−1 phosphate buffer (pH 7.2), followed by three
rinses in 0.1 mol L−1 HEPES (pH 7.2) and 0.02% Triton X-
100. Water was replaced by acetone, which was then sub-
stituted by Spurr media. During this process, samples were
post-fixed and contrasted using 1% osmium tetroxide and
1% uranyl acetate. Polymerised Spurr embedded samples
were cut on an ultramicrotome MT-600 (RMC, Tucson,
USA) and mounted on coated copper grids. Ultrathin sec-
tions were post-stained with lead citrate and uranyl acetate,
and then viewed using a Hitachi S-600 electron microscope.

Measurement of MDA and T-AOC

MDA and T-AOC were measured using the Solarbio
BC0025 and BC1310 kits, respectively. Fresh leaves (0.1 g)
from four-leaf-stage plants were harvested and grounded to a
fine homogenate with 1 mL phosphate buffer (50 μmol L−1,
pH 7.0), followed by centrifugation at 8,000×g (4°C,
10 min). Supernatant crude extracts were collected for
spectrophotometer measurements for T-AOC (593 nm) and
MDA (532 and 600 nm).

Folate and formate analyses

Fresh leaves (0.2 g) from four-leaf-stage plants were har-
vested and grounded to a fine homogenate with 1 mL
phosphate buffer (0.1 mol L−1, pH 7.0; 0.1% sodium ascor-
bate, 10 mmol L−1 mercaptoethanol), followed by boiling for
15 min and centrifugation at 13,000×g (4°C, 10 min). The
pellets were re-extracted using the same method, and the
extracts were combined (Goyer et al., 2005). The supernatant
crude extracts were collected and measured using HPLC.

Measurement of GLO activity

GLO activity was measured using a GLO activity assay kit
(Solarbio, Beijing). Briefly, fresh leaves (0.1 g) from four-
leaf-stage plants were harvested and grounded to a fine
homogenate with 1 mL of extract buffer. After centrifugation
at 10,000×g (4°C, 10 min) the supernatant was collected for
spectrophotometer measurements at 415 nm.

Figure 8 A proposed model of the role of HPA1 in rice leaf senescence.
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Measurement of GSH and GSSG contents

The concentrations of GSH and GSSG in leaves were de-
termined using a GSH assay kit (BC1175 and BC1180, So-
larbio). The fresh leaves (0.1 g) from four-leaf-stage plants
were grounded to a fine powder in liquid nitrogen, then1 mL
of extract buffer was added, and the sample was mixed
thoroughly. After centrifugation at 8,000×g (4°C) for 10 min,
the supernatant crude extract was collected, and measure-
ments were performed at 412 nm using a spectrophotometer.

Histochemical staining with DAB and trypan blue

H2O2 production was measured using a DAB staining
method as described previously (Wu et al., 2015a). Leaf
samples were immersed in 1 mg mL−1 DAB containing
10 mmol L−1 MES and then vacuum-infiltrated for 5 min
twice. After incubation in the dark for 12 h, samples were
transferred to a buffer solution (ethyl alcohol:acetic acid:
glycerinum=3:3:1), and the cleared leaves were photo-
graphed.
PCDwas detected using a trypan blue staining as described

previously (Wu et al., 2015a). Leaves were infiltrated by
slow-release vacuum for 5 min twice in lactic acid-phenol-
trypan blue solution (LPTB; 2.5 mg mL−1 trypan blue, 25%
(w/v) lactic acid, 23% water-saturated phenol, and 25%
glycerol in H2O) at 70°C, and then heated in boiling water for
2 min. After cooling for 2 h, a chloral hydrate solution was
used (25 g in 10 mL H2O) for destaining.

Measurement of H2O2

Quantification of H2O2 was performed using an Amplex Red
hydrogen peroxide/peroxidase assay kit (A22188, Invitro-
gen). Fresh leaves (0.1 g) were harvested and grounded to a
fine homogenate with 1 mL phosphate buffer (50 μmol L−1,
pH 7.4), followed by centrifugation for 10 min at 12,000×g
(4°C). Aliquots of 50 µL of standard curve samples, controls,
and crude extracts into individual wells of a microplate, and
50 µL of working solution (100 μmol L−1 10-acetyl-3,7-di-
hydroxyphenoxazine, 0.2 U mL−1 HRP) was added, mixed
well, then incubated at room temperature for 30 min (pro-
tected from light), and the absorbance at 560 nm was mea-
sured instantly with a microplate reader (Infinite 200Pro;
Tecan, Switzarland).

TUNEL assay

The TUNEL assay was performed on leaves as described
previously (Heng et al., 2018). Briefly, leaves were collected
and fixed in formalin-acetic acid-alcohol fixation solution
for 24 h, dehydrated through an ethanol series, and then
embedded in paraffin. The transverse section of the tissue

(10 µm thickness) was cut with a rotating slicer, hydrated
with ethanol series, and treated with proteinase K in phos-
phate buffer (pH 7.4). The TUNEL assay was performed
using a Dead End Fluorometric TUNEL kit (Promega, USA)
according to the manufacturer’s instructions.

iTRAQ analyses

iTRAQ analyses were performed on samples from four-leaf-
stage WT and hpa1 plants. Approximately 100 mg of leaves
from the WT and hpa1 plants were collected and thoroughly
ground in liquid nitrogen. 1:10 (w/v) lysis buffer (pH 8.5)
containing 2 mol L−1 thiourea, 7 mol L−1 urea and 4%
CHAPS with protease inhibitors (Sigma, USA) was added,
and the supernatant was collected by centrifugation at
30,000×g for 10 min at 4°C. 1 volume of 20% (w/v) tri-
chloroacetic acid (TCA)/acetone was added and mixed
thoroughly, and stored at −20°C overnight. The precipitated
protein was collected by centrifugation at 30,000×g for
10 min at 4°C, washed with cold acetone for four times and
then lyophilised. After the acetone was removed, the protein
was resuspended in lysis buffer. The protein samples were
stored at −80°C. Trypsin digestion, iTRAQ labeling and li-
quid chromatography-tandem mass spectrometry were per-
formed by the company of Beijing Protein Innovation.
For the GO annotation analysis, Blast2Go software

(https://www.blast2go.com/) and the BLAST search algo-
rithm were used to search the NR database. KEGG annota-
tion analysis was performed using the KAAS database
(https://www.genome.jp/tools/kaas/) with the bi-directional
best hit method to assign orthologs. KOG analyses were
performed by NCBI database (ftp://ftp.ncbi.nih.gov/pub/
COG/KOG/). A PPI network was constructed using the
STRING tool (https://string-db.org).

Assays of mitochondrial NADH dehydrogenase and
ATPase activity

Analyses of NADH dehydrogenase activity were performed
as described previously (Pineau et al., 2008). Proteins in
crude membrane extracts from four-leaf-stage seedlings
were solubilized with 1% (v/v) digitonin and resolved by
BN-PAGE. NADH dehydrogenase activity was analyzed by
incubating the BN-PAGE in 1 mmol L−1 NBT and
0.14 mmol L−1 NADH in 0.1 mol L−1 Tris, pH 7.4. The re-
action was stopped by soaking the gel in a fixing solution
(30% v/v methanol and 10% v/v acetic acid) (de Longevialle
et al., 2007).
The activity of ATPase was measured by using an ATPase/

GTPase activity assay kit (Sigma). Briefly, the collected
mitochondria from leaves were homogenized on ice with
cold assay buffer, centrifuged at 20,000×g for 10 min and
then the supernatant was collected. The samples were mea-
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sured at 620 nm using a microplate reader according to the
manufacturer’s instructions.

Amino acid analyses

Comprehensive HPLC amino acid analysis was performed
using four biological replicates of each sample (Goyer et al.,
2005). G-aminobutyric acid was used as an internal standard,
and the amino acids were derivatised with AccQ-Fluor re-
agent (6-aminoquinolyl-N-hydroxysuccinimidylcarbamate;
Waters, USA).

Exogenous GSH experiments

For the supplemental GSH treatments, we germinated seeds
in a petri dish and transferred the seedlings into IRRI nutrient
solution supplemented with 0, 200, 400 and 800 μmol L−1

GSH (G8180, Biotech Grade, Solarbio) under regular growth
conditions for 5 weeks. To facilitate the slicing experiments
in the TUNEL assays, we selected the first leaf of four-leaf-
stage plants for deep research.

Accession numbers

Genes and their associated accession codes from GenBank/
EMBL are as follows: Osh36 (AF251070), OsI57
(AF251076). Genes and their associated accession codes
from the Rice Annotation Project Database are as follows:
HPA1 (LOC_Os03g01222), Actin (LOC_Os03g50885),
SHMT (LOC_Os03g52840), GDC-1 (LOC_Os01g51410),
GDC-2 (LOC_Os06g40940), GDC-3 (LOC_Os10g37180),
GDC-4 (LOC_Os06g45670), GDC-5 (LOC_Os02g07410),
DHC (LOC_Os09g15810), 5-FCL (LOC_Os07g39070),
FDH (LOC_Os06g29180), SGR (LOC_Os09g36200),
RCCR1 (LOC_Os10g25030), GR1 (LOC_Os03g06740),
GR2 (LOC_Os02g56850), GR3 (LOC_Os10g28000), GPX1
(LOC_Os04g46960), GPX2 (LOC_Os03g24380), GPX3
(LOC_Os02g44500), GPX4 (LOC_Os06g08670), GPX5
(LOC_Os11g18170), GST4 (LOC_Os01g27210), GSTU17
(LOC_Os10g34020), GSTU6-1 (LOC_Os01g49710),
GSTU6-2 (LOC_Os10g38600), GSTU6-3 (LO-
C_Os10g38350), GLO1 (LOC_Os03g57220), GLO3 (LO-
C_Os04g53210), GLO4 (LOC_Os07g05820), GLO5
(LOC_Os07g42440), CYCL (LOC_Os01g70960), COX6B-1
(LOC_Os03g27290), COX5B-1 (LOC_Os07g48244), CC-1
(LOC_Os05g34770), COX5B-2 (LOC_Os01g42650),
COX5C (LOC_Os12g37419).
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