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Sulfite reductase (SiR) functions in sulfate assimilation pathway. However, whether it is
involved in stress response in crops is largely unknown. Here, the SiR ortholog from
Zea mays (ZmSiR) was characterized. The recombinant ZmSiR protein was purified
from E. coli. It exhibited sulfite-dependent activity and had strong affinity for sulfite.
ZmSiR transcripts were markedly up-regulated by cold and methyl viologen (MV)
treatments. Overexpression of ZmSiR complemented growth retardation phenotype of
Arabidopsis atsir mutant. ZmSiR-overexpressing Arabidopsis plants were tolerant to
severe SO2 stress and rescued the susceptible phenotype of the atsir. ZmSiR knock-
down transgenic maize plants with 60% residual transcripts were more susceptible
to cold or oxidative stress than wild-type. The severe damage phenotypes of the
ZmSiR-compromised maize plants were accompanied by increases of sulfite and
H2O2 accumulations, but less amounts of GSH. The qPCR analysis revealed that
there was significantly altered expression of several key sulfur metabolism-related
genes in ZmSiR-impaired maize lines under cold or MV stress. Particularly, ZmAPR2
expression was significantly elevated, suggesting that toxic sulfite accumulation in
ZmSiR-impaired plants could be attributable to the reduced SiR coupled to increased
ZmAPR2 expression. Together, our results indicate that ZmSiR is involved in cold and
oxidative stress tolerance possibly by modulating sulfite reduction, GSH-dependent
H2O2 scavenging, and sulfur-metabolism related gene expression. ZmSiR could be
exploited for engineering environmental stress-tolerant varieties in molecular breeding
of maize.

Keywords: maize, sulfite reductase, cold stress, oxidative stress, glutathione

INTRODUCTION

In higher plants, the assimilatory sulfate reduction is an essential metabolic process in which
a great number of sulfur-containing amino acids, sulfolipids and coenzymes are synthesized
(Leustek and Saito, 1999; Leustek et al., 2000; Lewandowska and Sirko, 2008). This process involves
several successive enzymatic reactions that occur in chloroplasts. Firstly, sulfate is transported to
chloroplasts, where it is adenylated by ATP sulfate adenylyltransferase (APS) (Cao et al., 2013).
Then, the product adenosine-phosphosulfate is reduced to sulfite by APS reductases (APRs). And
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then, reduction of the toxic sulfite to sulfide is catalyzed
by sulfite reductase (SiR). Finally, the sulfide is further
incorporated into cysteine by O-acetyl-serlyases that can be used
for synthesizing other sulfur-containing compounds such as
glutathione (Nakayama et al., 2000).

Plant SiR is a kind of soluble protein that contains one
iron-sulfur cluster (4Fe-4S) and one siroheme group. It is
localized to plastids and catalyzes reduction of sulfite to sulfide
using reduced ferredoxin (Fd) as a physiological electron donor
(Nakayama et al., 2000). It was evidenced that SiR protected
Arabidopsis or tomato plants against sulfite/SO2 toxicity via
sulfite reduction-dependent pathway (Yarmolinsky et al., 2013).
Thus, SiR has been thought to be a bottleneck for assimilatory
sulfate reduction in plants (Khan et al., 2010). In addition
to reductive assimilation, plant SiR plays an important role
in normal growth and development. For example, Nicotiana
benthamiana SiR (NbSiR) protein has been evidenced to act as
a chloroplast (cp) nucleoid protein with cp DNA-compacting
and transcription-regulatory activities (Sekine et al., 2007; Kang
et al., 2010). Furthermore, the conserved C-terminally encoded
peptides of the SiR are important to localize to the cp nucleoids
in plants (Kobayashi et al., 2016). NbSiR silencing differentially
affected expression of plastid-encoded genes and ultimately
resulted in chloroplast ablation (Kang et al., 2010), indicating
that plant SiR functions in cp-nucleoid metabolism, plastid
gene expression, and chloroplast development. In addition,
it was reported that Arabidopsis plants with impaired SiR
expression exhibited dramatically reduced biomass and marked
metabolism disturbances (Khan et al., 2010). Also, tomato plants
with lowered SiR activity showed clearly reduced biomass and
promoted early leaf senescence (Yarmolinsky et al., 2014). These
results indicate that SiR is essential for plant growth and
development.

Although new insights in biological functions of SiR were
reported in model plants, the knowledge of SiR function and
regulation from crops is very limited. Environmental stresses
such as drought, cold, and high salinity cause oxidative stress
by provoking cellular redox imbalances, thus seriously affecting
growth, development, and biomass of crop plants (Gechev et al.,
2006). To date, information about biochemical properties and
biological function of maize SiR is scarce. In this study, we
characterize enzymatic properties of the maize SiR and its
function in cold and oxidative stresses in maize.

MATERIALS AND METHODS

Plant Material and Growth Conditions
The maize inbred line Zheng58-1 and Arabidopsis thaliana
ecotype Columbia (Col-0) were used for this study. For
Arabidopsis, the seeds were surface sterilized and then germinated
on plates containing one-half-strength Murashige and Skoog
(MS) medium. After 7 days, the seedlings were transferred to
sterilized low-nutrient soil to obtain fully grown plants. For
maize, the seeds were germinated on moist filter papers in the
Petri dishes (120 mm 8) and then transferred to pots with
nutrient soil for culture. Both Arabidopsis and maize plants

were grown in a growth room at approximately 23◦C, 60–70%
relative humidity, a photoperiod of 18 h/6 h (day/night) and light
intensity of 200 µmol m−2 s−1, as described previously (Xia et al.,
2013).

Stress Treatments on Maize Plants
For oxidative stress, 2-week-old Zheng 58-1 plants in soil were
sprayed with 20 µM of MV. For cold stress, the same age
maize plants in soil were transferred to grown at 4◦C in the
growth chamber. During 48 h of both types 58st NL C-Terminal
Region types of stress treatments, leaf samples were harvested
at indicated time points (0, 1, 3, 6, 12, 24, and 48 h) for gene
expression analyses.

Overexpression, Purification,
Immunoblot Detection, and Kinetic
Analysis of Recombinant ZmSiR
The ZmSiR full-length cDNA fragment was amplified and cloned
into the vector pET-30a (Novagen, United States) with NdeI/XhoI
sites (Supplementary Table S1). The resulting expression
construct pET-ZmSiR was transformed into E. coli BL21 (DE3)
pLysS cells, which could produce a recombinant protein with a
6× histidine tag at its N-terminus by 0.5 mM of isopropylthio-
β-galactoside (IPTG) induction. The cells were harvested by
centrifugation at 8,000 × g for 10 min and resuspended in a
solution containing 0.1 M Tris acetate (pH 7.6), 0.5 M sucrose,
0.1 mM DTT, 0.5 mM EDTA, and Protease inhibitor cocktail,
and then sonication was conducted using an ultra-sonicator (450
Digital Sonifier, United States) on ice with 50% pulse amplitude.
After that, the bacterial fractions containing ZmSiR-His were
centrifuged (8,000 × g, 20 min) and the precipitations were
solubilized at 4◦C overnight in a dissolution buffer [0.1 M
potassium phosphate buffer (pH 7.4), 10 mM β-mercaptoethanol,
0.5 M NaCl, 20% (w/v) glycerol, l, 1.0% (w/v) CHAPS, and 0.5%
(v/v) NP-40]. The purification of ZmSiR-His protein was carried
out using a Ni2+-affinity purification kit (Sangon, Co., Shanghai,
China) as previously described (Xia et al., 2012). Briefly, the
solubilized fraction was loaded onto a pre-equilibrated Ni2+-
affinity column and bound proteins were washed with a washing
buffer containing 0.1 M potassium phosphate buffer (pH 7.4),
10 mM β-mercaptoethanol, 0.5 M NaCl, 20% (w/v) glycerol,
and 30 mM imidazole. The purified protein was obtained using
an elution buffer that had a same composition as the washing
buffer, except that 30 mM imidazole was replaced by 20 mM
imidazole. The eluted fraction containing the ZmSiR-His protein
was collected and dialyzed at 4◦C against 100 mM potassium
phosphate buffer (pH 7.4) containing 20% (v/v) glycerol.

For immunoblot detection of the recombinant SiR, the
cell extracts or purified proteins were separated using 12%
SDS-Tris-glycine polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene difluoride (PVDF)
membranes. The membranes were blocked and thereafter
blotted with a commercial His-tagged monoclonal antibody
(CWBIO, Co., Beijing, China) for 3 h at a 1:3000 dilution.
After extensive washing, the bound primary antibody was
detected with a horseradish peroxidase (HRP)-conjugated
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goat anti-mouse IgG secondary antibody (CWBIO Co.,
Beijing, China). The HRP activity was visualized using a
3,3′-diaminobenzidine (DAB) development kit (CWBIO,
Co., Beijing, China) as described by us (Xia et al.,
2012).

Kinetic analysis of ZmSiR was conducted using a saturating
concentration of NADPH (400 µM) and varying sulfite
concentrations (from 2.5 to 400 µM). The kinetic parameters
(Km and Vmax) were calculated as described previously (Xia et al.,
2012). For the assays, three replicates were conducted for each
test sample and the experiment was repeated three times.

Verification of SiR Arabidopsis Mutants
The AtSiR T-DNA insertion mutant (SALK_047219) (named
atsir-s047) seeds were obtained from the ABRC collection center

(The Ohio State University, Columbus, OH, United States).
Homozygous mutants were identified by PCR from genomic
DNA using forward primer P1, T-DNA left border primer
LBb1, and AtSiR (Accession No. At5g04590) gene-specific reverse
primer P2 (Supplementary Table S1), and analyzed further by
DNA sequencing to confirm the insertions of the T-DNA in the
gene. The transcript levels of AtSiR in the Col-0 and mutants were
determined by quantitative PCR.

Construction of atsir/35S-ZmSiR
Transgenic Arabidopsis Plants and SO2
Stress Phenotype Analysis
The full-length ZmSiR cDNA was amplified by PCR using
corresponding primer pairs (Supplementary Table S1), and
was subsequently into the binary vector pART27 (Xia et al.,

FIGURE 1 | Gene structure, phylogenetic tree, and transcript profiles of ZmSiR in response to cold or oxidative stress in maize. (A) Schematic representation of the
ZmSiR gene structure. The thick black boxes represent exons with the predicted translation start site (ATG) and stop codon (TGA); the gray bars represent introns.
White boxes indicate the 5′- and 3′-untranslated regions. (B) Phylogenetic tree based on the amino acid sequence alignment of plant SiR. These plant species
include Arabidopsis thaliana (CAA89154.1), Solanum lycopersicum (AFB83709.1), Ricinus communis (XP_002513495.1), Nicotiana benthamiana (ACN23794.1),
Glycine max (XP_003540209.1), Sorghum bicolor (XP_002441346.1), Oryza sativa (NP_001055978.1), Hordeum vulgare (BAK03240.1), Brachypodium distachyon
(XP_003568157.1), and Zea mays (NP_001105302.1). The bootstrap values shown were calculated based on 500 replications. The tree was constructed using the
neighbor-joining method. (C) Time-course analysis of ZmSiR transcript levels in maize seedlings under MV-induced oxidative stress. (D) Time-course analysis of
ZmSiR transcript levels in maize seedlings under cold stress. In both (C,D) assays, 2-week-old maize seedlings were exposed to 20 µM methyl viologen (MV) or 4◦C
for indicated time points (0, 1, 3, 6, 12, 24, and 48 h), and leaf samples were harvested for RT-qPCR analysis. Relative expression levels of ZmSiR were normalized
to the internal control gene ZmActin2 and compared with the value for samples prior to treatments (Time 0 h). Data are the mean ± SE from three independent
experiments. ∗∗t-test, with P < 0.01.
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2012) to produce the binary construct pART27-35S-ZmSiR.
The construct was then transformed into atsir-s047 Arabidopsis
plants through the Agrobacterium-mediated floral dip method
(Clough and Bent, 1998). The positive transgenic lines were
confirmed and maintained as described by us (Xia et al., 2012).
Homozygous T3 Arabidopsis lines were used for phenotypic
analysis.

Five-weeks old wild-type, atsir mutant, and atsir/35S-
ZmSiR transgenic plants were exposed to 6 ppm SO2,
or to filtered pollutant-free air (control) for 2 h in
fumigation chambers. The gas was released through
a tube from a cylinder and kept constant by a SO2
monitor in the chamber as described by us (Xia et al.,
2015). After treatments, the plants were transferred to
the growth room for recovery. Three replicates each
consisting of three pots of seedlings from each line
were included for both SO2 treatment and non-treated
controls. The whole experiment was repeated three
times.

FIGURE 2 | Expression, purification, and kinetic analysis of recombinant
maize sulfite reductase. (A) Purification of histidine-tagged maize SiR. The
histidine-tagged ZmSiR (with a predicted molecular mass of 70 kDa) was
expressed in bacterial cells induced by 0.5 mM
isopropyl-β-D-thiogalactopyranosid (IPTG) (lane 2, indicated by white
arrowhead). The overexpressed protein was purified using Ni2+-affinity
chromatography (lane 3). The overexpressed and purified SiR proteins were
blotted with an anti-histidine monoclonal antibody and the blotted target
bands were visualized using a 3,3′-diaminobenzidine (DAB) development kit
based on the HRP activity (lane 4 and lane 5; signals marked by an
arrowhead). The molecular mass markers (kDa, lane 1) are shown on the left.
(B) Steady-state kinetics of recombinant ZmSiR with sulfite. Double-reciprocal
presentation (Lineweaver–Burk plot) of enzyme rate was conducted using
varying concentrations of sulfite (2.5, 5, 10, 25, 50, 100, 200, and 400 µM)
and constant 400 µM NADPH. The reaction was initiated with 1.0 µg of
purified recombinant ZmSiR.

Generation and Molecular Verification of
ZmSiR-Compromised Transgenic Maize
Lines
For the ZmSO-compromised construct, a 531-bp-length
PCR product of ZmSiR cDNA was amplified using primers
ZmSiR-F2 and ZmSiR-R2 (Supplementary Table S1)
and introduced as sense and anti-sense into the binary
vector pFGC491 with BamHI and XbaI, or NcoI and SwaI
restriction sites, resulting in the transformation construct
pFGC491-35S: ZmSiR-RNAi. The recombinant plasmid was
introduced into the A. tumefaciens strain LBA4404, which
was used to transform maize. Transformation of maize
inbred line Zheng58-1 immature embryos was conducted
as described by us previously (Xia et al., 2015). Transgenic
maize seedlings with Basta resistance were screened and
confirmed by PCR as described previously (Xia et al., 2015).
The number of T-DNA inserts in PCR-positive plantlets was
assessed by segregation of T0 offspring on selective medium.
Several T0 seedlings of each one-copy line were grown in
the field and their seeds were germinated and used for
stress assays. The transcript levels of ZmSiR-compromised
transgenic lines were evaluated by RT-qPCR as described
below.

Analysis of ZmSiR-Compromised Maize
Lines for Oxidative or Cold Stress
Tolerance
For oxidative stress, 3-week-old maize WT and ZmSiR-
compromised lines (S2, S5, and S6) were sprayed with 20 µM
of MV. Three replicates each consisting of two pots of seedlings
from each line were included for both MV treatment and
H2O-treated controls. For cold stress, 12-day-old WT and both
ZmSiR-compromised lines (S5 and S6) were transferred to grow
hydroponically in MS liquid medium at 4◦C (Cold) or 23◦C
(Control) for 3 days. After treatments, phenotypes of various
types of plants were photographed. Total chlorophyll content
in both WT and RNAi plants was determined as described by
Arnon (1949). In brief, leaves were sampled and ground in 80%
acetone and the homogenate was centrifuged. Then, absorbance
of the supernatant was measured at 645 and 663 nm using a
spectrophotometer (Hitachi U2000, Japan). Finally, the relative
remaining chlorophyll (%) of the WT and both RNAi maize
lines was determined. The experiments were repeated three times
each.

Histochemical and Quantified Detection
of H2O2 Accumulation
The histochemical detection of H2O2 from MV-treated maize
seedlings with 3, 3′- diaminobenzidine (DAB) was performed
according to our previous method (Xia et al., 2013). After
staining, the leaf disks were rinsed in 80% (v/v) ethanol for 10 min
at 70◦C, mounted in lactic acid:phenol:water (1:1:1, v/v/v), and
photographed directly using a digital camera. H2O2 content in
various genotypes of maize plants was assayed according to our
published method (Xia et al., 2012).
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Determination of SiR Activity, Sulfite, and
Glutathione Contents
Sulfite reductase activity assay was determined as described by
Khan et al. (2010). Sulfite and reduced glutathione (GSH)
contents of leaves were measured using ion-exchange
chromatograph system as described by us (Wang et al.,
2016). For each assay, three replicates were done for each
test sample and these experiments were repeated three
times.

Quantitative Real-Time PCR (RT-qPCR)
Total RNA extraction was conducted as described previously
(Xia et al., 2012). The first-strand cDNA was synthesized
from 1 µg of total RNA using the SuperScriptTM RT kit
(Thermo Scientific, United States) in a 10 µL-reaction volume
according to the manufacturer’s recommendations. qPCR
was performed in 96-well white plates using an IQ5 Real
Time PCR (Bio-Rad, Hercules, CA, United States) with
three biological replicates and three technical replicates. The
20 µL reaction mixture consisted of 1 µL cDNA diluted
10-fold, 10 µL master mix (SYBR Green Supermix, Thermo
Scientific, United States), and 0.5 µM of each gene-specific
primer (Supplementary Table S1). The qPCR procedures
were performed according to our detailed descriptions (Su

et al., 2017). Data were normalized to the corresponding
reference genes transcripts (AtActin2 and AtTubulin for
Arabidopsis, and ZmActin2 and ZmTubulin for maize) and
the transcript levels of genes were calculated according to the
2−11Ct method (Livaka and Schmittgen, 2001). All qPCR
experiments followed the MIQE guidelines (Bustin et al.,
2009).

Statistical Analysis
The data in this study are presented as the mean ± SE of
three replicates and were analyzed by a simple variance
analysis (ANOVA). The differences between the means
were compared by Student’s t-test at P < 0.05. SPSS
statistical software (version 17.0) was used to perform the
analyses.

Accession Numbers
Sequence data in this study can be found in the GenBank
under the following Accession Nos. ZmSO, FJ436404; ZmSiR,
NP_001105302; ZmAPR2, GRMZM2G087254; ZmCys2,
LOC109939155; ZmSQD1, LOC100282424; ZmSULTR1;1,
GRMZM2G 159632; ZmSULTR3;1, GRMZM2G154211;
ZmGSH1, LOC103648180; ZmGSH2, LOC542055.

FIGURE 3 | Overexpression of ZmSiR in the atsir mutant Arabidopsis and its response to toxic levels of SO2 exposure. (A) Toxic effect of SO2 on atsir-s047 and
transgenic Arabidopsis plants. Five-week-old WT, atsir-s047 and both atsir/35S-ZmSiR lines (#3 and #7) were exposed to 6 ppm of SO2 for 2 h and examined
4 days later. (B) Relative damage levels in the atsir-s047 and both transgenic Arabidopsis lines after SO2 exposure. (C) Relative residual chlorophyll content in the
wild-type, atsir-s047 and atsir/35S-ZmSiR Arabidopsis plants after SO2 exposure. Data are means of three independent repetitive experiments ( ± SE), n = 20.
∗∗t-test, with P < 0.01 and ∗t-test, with P < 0.05.
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RESULTS

Molecular Characterization of Maize
Sulfite Reductase Gene (ZmSiR)
At the start of this work, total RNAs from 2-week-old maize
plants, which had been treated with 20 µM methyl viologen
(MV) for 12 h, were used as samples for transcriptome analysis
to identify genes responsive to oxidative stress. A gene encoding
sulfite reductase in maize (named ZmSiR) with nearly 10-fold
induction was observed (data not shown). The full-length cDNA
of ZmSiR from maize was obtained by RT-PCR. The cDNA
sequence of ZmSiR is 2370 bp long, which consists of a 94 bp
5′-untranslated region, a 368 bp 3′-untranslated region, and a
1908 bp ORF. Sequence comparison between gDNA and cDNA
revealed that the entire ZmSiR genomic sequence contains seven
introns and eight exons that encode a 635 amino acid polypeptide
(Figure 1A). Amino acid sequence comparisons have revealed
that ZmSiR exhibits high identity to counterpart proteins
from Arabidopsis thaliana (71% identity), Solanum lycopersicum
(65% identity), Ricinus communis (67% identity), Nicotiana
benthamiana (66% identity), Glycine max (68% identity), Oryza
sativa (91% identity), Brachypodium distachyon (89% identity),

Hordeum vulgare (89% identity), and Sorghum bicolor (97%
identity) (Supplementary Table S2).

A phylogenetic tree was established based on SiR protein
sequences available in GenBank from 10 plant species including
Arabidopsis, tobacco, tomato, soybean, castor, rice, barley, wild
wheat, sorghum, and maize (Figure 1B). As shown in Figure 1B,
these SiRs were clustered into two distinct groups, monocot and
dicot SiR groups. In the monocot SiRs, the SiR from maize
showed higher identities with sorghum, and thus was clustered
into the same isoform subgroup. On the other hand, the SiRs
from rice, barley and wild wheat formed another subgroup. In
the dicot SiRs, the SiRs from tobacco and tomato were clustered
into the same isoform subgroup, while the SiRs from other three
speciesArabidopsis, soybean and castor formed another subgroup
(Figure 1B). These results clearly demonstrated that ZmSiR is
highly similar to the known SiR proteins from Arabidopsis and
other plant species, thus could be identified as an ortholog of SiR.

Transcript Profiles of ZmSiR in Response
to Oxidative or Cold Stress
Time-course analysis of ZmSiR transcript levels in maize plants
in response to oxidative stress was performed by qPCR. As shown

FIGURE 4 | Responses of non-transgenic and ZmSiR-compromised transgenic maize lines to oxidative stress. (A) Transcript levels of ZmSiR in non-transgenic
control (WT) and ZmSiR-compromised maize lines. Six transgenic lines (S1–S6), along with the WT, were detected by qPCR. (B) Toxic effect of MV on WT and
ZmSiR-compromised maize plants. Three-week-old WT and three ZmSiR-compromised lines (S2, S5, and S6) were sprayed with 20 µM of MV and examined 4 days
later. (C) Relative residual chlorophyll (%) in the wild-type and ZmSiR-compromised lines after MV treatment. Values are mean ± SE, n = 15. ∗t-test, with P < 0.05.
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in Figure 1C, the transcript level of ZmSiR was increased rapidly
at 3 h, and reached a maximal level at 12 h (about eightfold
increase in transcripts) during 48 h of MV treatment (Figure 1C).
This suggests that ZmSiR could be involved in oxidative stress
response.

Also, transcriptional response of ZmSiR to cold stress in maize
plants was examined by qPCR. The expression level of ZmSiR
displayed a significant increase at 6 h of cold stress, and reached
a maximal level at 12 h (about sixfold increase in transcripts),
and then gradually decreased, finally maintained to a relatively
high level during 48 h of the treatment (Figure 1D). This result
indicates that ZmSiR is also responsive to cold stress.

Sulfite Reductase Activity of ZmSiR
in vitro
To ascertain whether the cloned ZmSiR encodes a functional
sulfite reductase, we have induciblly over-expressed the
hexahistidine (His)-tagged ZmSiR protein in E. coli and purified
it using Ni2+-affinity chromatography (Figure 2A; left panel).

The purified ZmSiR protein had a MW of 70 kDa as shown
by Western blot assays. This mass was in agreement with our
prediction (Figure 2A; right panel). Subsequently, biochemical
assays were conducted to analyze its kinetics, in which the
recombinant ZmSiR protein showed a sulfite-dependent activity
when NADPH acted as an electron acceptor. In the assay,
the Michaelis constant Km for sulfite was calculated to be
5.32 ± 0.26 µM, and the maximum velocity Vmax for sulfite was
calculated to be 10.84 ± 0.12 µM min−1 (Figure 2B). Similar
kinetic parameters were also produced in our independent
biological replicates. These results suggested that ZmSiR has
sulfite reductase activity in vitro.

ZmSiR Could Complement Growth
Retardation Phenotypes of Arabidopsis
SiR Mutant
To clarify whether ZmSiR gene is a functional ortholog of
Arabidopsis SiR, one T-DNA insertion line SALK_047219 (named

FIGURE 5 | Hydrogen peroxide, sulfite, and glutathione accumulations in non-transgenic and ZmSiR-compromised transgenic maize lines upon MV exposure.
(A) Hydrogen peroxide accumulation detected by in situ DAB staining. Ten days old maize seedlings from wild-type and ZmSiR-compromised lines (S5 and S6) were
treated with distilled water (Mock) or 20 µM MV for 24 h, and were stained by DAB staining. (B) Relative H2O2 levels were quantified in the wild-type and both
ZmSiR-compromised lines exposed to 20 µM MV for 24 h. Bars indicate SE (n = 10). ∗∗t-test, with P < 0.01. (C) Sulfite content was determined 24 h after MV
(20 µM) spraying. Each experiment was repeated three times. Bar indicates SE. Values are mean ± SE, n = 10. ∗t-test, with P < 0.05. (D) Glutathione content was
measured 24 h after MV (20 µM) spraying. Each experiment was repeated three times. Bar indicates SE. Values are mean ± SE, n = 10. ∗t-test, with P < 0.05.
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atsir-s047) was identified in the ABRC seed stock center. In
this line, the T-DNA was inserted in the promoter region of
AtSiR (Supplementary Figure S1A). Noticeably, the T-DNA lines
located in the gene coding region were embryo lethal (Khan
et al., 2010). The T-DNA insertion position is illustrated in
Supplementary Figure S1A, and homozygous and heterozygous
mutants were verified using AtSiR gene-specific and T-DNA
border primers. In accordance with previous findings by Khan
et al. (2010), the atsir-s047 homozygous line also showed
retarded growth phenotypes (Supplementary Figure S1E). qPCR
assays revealed that a decrease of 50% approximately in mRNA
abundance was detected compared with wild-type plants of the
same age (Supplementary Figure S1B). Accordingly, the SiR
activity also was lowered to about 50% of the wild-type level
(Supplementary Figure S1C).

To verify whether ZmSiR could complement growth
retardation phenotypes of the atsir-s047 mutant, the construct
harboring the complete ORF of ZmSiR was transformed into
atsir-s047 mutant, and two homozygous transgenic Arabidopsis
lines (atsir/35S- ZmSiR# 3 and 7) were used for further
analysis. The enzymatic activity determination showed that
these transgenic lines had higher SiR activities than the WT,

except for the mutant atsir-s047 (Supplementary Figure S1D).
Under normal conditions, the atsir-s047 plants showed clearly
retarded growth phenotypes compared to the WT, whereas
both transgenic lines (atsir/ 35S-ZmSiR#3 and 7) grew normally,
similar to the WT (Supplementary Figure S1E). Further biomass
determination showed that both complemented Arabidopsis lines
had increased by 30–40% in dry weight per plant, compared
with the WT (Supplementary Figure S1F). These results suggest
that ZmSiR could effectively complement growth retardation
phenotypes of the atsir mutant Arabidopsis, which was due to
deficiency of SiR activity.

ZmSiR Could Rescue Phenotypes of
Arabidopsis SiR Mutant Plants
Susceptible to Toxic SO2 Stress
A previous study has evidenced that SiR-impaired Arabidopsis
plants are susceptible to excess SO2 because of loss of sulfite
reduction-dependent sulfite detoxifying capability (Yarmolinsky
et al., 2013). In view of this, it was interesting to examine
whether ZmSiR could rescue phenotypes of Arabidopsis SiR
mutant susceptible to toxic SO2. The WT, atsir-s047, and both

FIGURE 6 | Effect of ZmSiR suppression on transcripts of sulfur metabolism-related genes under oxidative stress. Leaf samples from 10-day-old maize seedlings
from wild-type and ZmSiR-compromised lines (S5 and S6) were harvested after 24 h of MV (20 µM) spraying, and then transcript levels of genes encoding sulfate
transporters (ZmSULTR1; 1 and ZmSULTR3; 1), ATPS reductase (ZmAPR2), sulfite oxidase (ZmSO), sulfolipid biosynthesis enzyme (ZmSQD1), cysteine synthetase
(ZmCys2), and glutathione synthetase (ZmGSH1 and ZmGSH2) were detected by qPCR. The mRNA levels of these genes were normalized to the transcripts of
ZmActin2 or ZmTubulin in the same samples. For each assay, the expression level of WT under control conditions was taken as 1.0, and data represented
mean ± SE of three biological replicates. ∗∗t-test, with P < 0.01; ∗t-test, with P < 0.05.
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atsir/35S-ZmSiR lines (#3 and #7) were exposed to 6 ppm of SO2
for 2 h. After 4 days recovery, three types of Arabidopsis plants
all displayed severe leaf injuries (Figure 3A). Comparatively,
both ZmSiR-transgenic Arabidopsis lines showed relatively less
necrosis and chlorophyll bleaching than the atsir-s047 and wild-
type plants (Figure 3A). The leaf damage levels of both atsir/35S-
ZmSiR lines were much lower than that in the atsir-s047 line
(Figure 3B). Also, the index of residual chlorophyll among these
types of plants showed similar changes (Figure 3C). These results
have clearly demonstrated that ZmSiR-overexpressing transgenic
plants, as opposed to atsir mutant plants, were tolerant to severe
SO2 stress and could effectively rescue the susceptible phenotypes
of the atsir mutant Arabidopsis.

Generation of ZmSiR-Compromised
Transgenic Maize Lines and Their
Response to Oxidative Stress
To further explore ZmSiR functions, we employed the transgenic
approach to silence the gene in maize. A total of 10 independent
maize transgenic lines were generated, and the transgenes were
confirmed by PCR (data not shown), six of which (S1–S6)
were characterized in more detail. As shown in Figure 4A, the
decreases in the ZmSiR transcript levels were observed among
the six lines by qPCR. Compared with the non-transgenic control

(WT), the transcript levels among the six ZmSiR RNAi lines
decreased by 20–45% (Figure 4A). Among the six lines, three
lines (S2, S5, and S6) with sufficient seeds were chosen for further
experiments.

Seeds of the three RNAi maize lines were directly sown in
soil for the MV treatment experiment. Under normal conditions,
these three RNAi lines showed slight growth retardation at the
four-leaf seedlings stage compared to WT plants (Figure 4B).
Four days after MV treatment, the RNAi transgenic lines
showed relative higher necrosis and wilting than the WT plants
(Figure 4B). Accordingly, remaining chlorophyll content in
these three RNAi lines was significantly lower (35, 45, and 41%
decreases, respectively) than that in the WT plants (16% decrease)
(Figure 4C). This result showed that impairment of ZmSiR in
maize plants also decreased tolerance to MV-induced oxidative
stress.

Accumulations of Reactive Oxygen
Species and S-Metabolites in
ZmSiR-Compromised Maize Lines Under
Oxidative Stress
We further detected reactive oxygen species (ROS)
accumulations in the WT and RNAi lines during oxidative stress.
Histochemical detection of H2O2 in MV-treated and control

FIGURE 7 | Responses of non-transgenic and ZmSO-compromised transgenic maize lines to cold stress. (A) Effect of cold stress on WT and ZmSiR-compromised
maize seedlings. 12-day-old WT and both ZmSiR-compromised lines (S5 and S6) were grown hydroponically at 4◦C (Cold) or 23◦C (Control) for 3 days. (B) Relative
residual chlorophyll (%) in the wild-type and ZmSiR-compromised lines after 3-day-cold treatment. Values are mean ± SE, n = 10. ∗t-test, with P < 0.05. (C) H2O2

levels were determined in the wild-type and both ZmSiR-compromised lines after 24 h of cold stress. Bars indicate SE (n = 10). Sulfite content was determined at
24 h of cold stress. (D) Glutathione content was measured after 24 h of cold stress. Each experiment was repeated three times. Bar indicates SE. Values are
mean ± SE, n = 15. ∗t-test, with P < 0.05. (E) In above assays, each experiment was repeated three times. Bar indicates SE. Values are mean ± SE, n = 10. ∗t-test,
with P < 0.05; ∗∗t-test, with P < 0.01.
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maize seedlings from 10-day-old WT and both RNAi lines was
performed with DAB staining. No significant differences in DAB
staining intensity were observed in WT and both RNAi lines after
24 h of distilled water treatment. When the seedlings were treated
with MV, significant increases in DAB staining intensity were
observed in both WT and RNAi lines (Figure 5A). However,
both RNAi lines showed much higher DAB staining intensity
than the WT plants (Figure 5A). Furthermore, quantitative
determination of H2O2 accumulation showed that both RNAi
maize lines accumulated higher levels of H2O2 (2- and 1.8-fold
increases, respectively) relative to WT (1.3-fold increase only)
after MV treatment (Figure 5B).

To monitor changes in substrate and product levels in
maize under oxidative stress, sulfite and reduced glutathione
(GSH) contents were determined in MV-treated and control
maize seedlings from WT and both RNAi lines. Upon MV
exposure, both RNAi lines showed significant increases (67 and
82% increases for S5 and S6, respectively) in leaf sulfite levels,
whereas WT plants only increased by 38% (Figure 5C). The
reduced glutathione (GSH) levels under oxidative stress were
also measured. As shown in Figure 5D, both RNAi maize lines
exhibited relatively bigger decreases (31 and 27% decreases for S5
and S6, respectively) (Figure 5D). By contrast, the GSH levels in
the WT plants increased by 17% upon MV exposure (Figure 5D).
These results indicated that reduced ZmSiR expression in maize
plants resulted in insufficient GSH levels, which caused more
ROS accumulations and oxidative damage upon MV exposure.

Changes in Sulfur-Metabolism Related
Gene Transcripts in
ZmSiR-Compromised Maize Lines Under
Oxidative Stress
The transcripts of S-metabolism related genes encoding
sulfate transporters (ZmSULTR1; 1 and ZmSULTR3; 1), APS
reductase (ZmAPR2), sulfite oxidase (ZmSO), sulfolipid
biosynthesis enzyme (ZmSQD1), cysteine synthetase (ZmCyS2),
and glutathione synthetase (ZmGSH1 and ZmGSH2) were
examined under oxidative stress in WT and both RNAi maize
lines by qPCR. After 24 h of MV exposure, transcripts of all
the genes except for ZmAPR2 in both RNAi plants displayed
significant decreases when compared to the WT (Figure 6). In
contrast, elevated expression of the ZmAPR2 was quite clear
in both RNAi maize lines compared with that in the WT. In
addition, under control conditions, transcriptional expression of
ZmAPR2 was significantly up-regulated, while expression of both
ZmGSH1 and ZmGSH2 was significantly decreased (Figure 6).

Response of ZmSiR-Compromised
Maize Lines Under Cold Stress
Due to markedly transcriptional response of the ZmSiR to low
temperature (Figure 1D), we tried to examine the performance
of ZmSiR-compromised maize plants under cold stress. The
hydroponic maize seedlings from WT and both ZmSiR-
compromised lines were transferred to grow at 4◦C (Cold)
or 23◦C (Control). After 3 days, both RNAi maize seedlings
showed remarkably more leaf yellowing and necrosis than the

WT (Figure 7A). In accordance with this phenotype, remaining
chlorophyll in both RNAi lines was significantly lower than that
in the WT (Figure 7B). This evidenced that knock-down of
ZmSiR in maize plants also decreased cold stress tolerance.

H2O2 levels were quantitatively determined after 24-h cold
stress. As shown in Figure 7C, the H2O2 levels in both ZmSiR-
compromised lines increased by 87% averagely, while the WT
only increased by 55% (Figure 7C). Furthermore, sulfite and
GSH contents were determined in both RNAi and WT maize
plants under cold stress. As shown in Figures 7D,E, under cold
stress, sulfite levels in both RNAi maize lines increased by 100%
averagely, whereas WT plants only increased by 65% (Figure 7D).
Accordingly, under cold stress GSH levels in both RNAi maize
lines significantly decreased, but not in the WT (Figure 7E).
These results suggested that impairment of ZmSiR also resulted
in insufficient GSH levels, and thus reduced GSH-dependent
ROS scavengering capability in maize plants under cold stress.
Additionally, the expression of four key S-metabolism related
genes ZmSO, ZmAPR2, ZmGSH1, and ZmGSH2 was examined in
ZmSiR-compromised maize lines under cold stress by qPCR. After
24 h of cold stress, transcripts of the three genes ZmSO, ZmGSH1,
and ZmGSH2 displayed significant decreases, whereas ZmAPR2
expression increased significantly in both RNAi plants when
compared to the WT (Supplementary Figure S2). Moreover,
transcriptional expression of ZmAPR2 was significantly elevated
even under control conditions (Supplementary Figure S2B).

DISCUSSION

As a key enzyme in the reductive sulfate assimilation,
SiR plays important roles in sulfite detoxification, growth
and development, and senescence control in plants (Khan
et al., 2010; Yarmolinsky et al., 2013, 2014). In the present
work, we report molecular and biochemical properties, and
physiological functions of SiR from maize using several
complementary approaches. Our genetic evidence suggests
that ZmSiR participates in cold or oxidative stress tolerance
through modulating sulfite homeostasis and GSH-mediated ROS
scavenging. To our knowledge, this is the first sulfite reductase
gene from monocot plants to be functionally characterized.

SiR exists in a single copy in Arabidopsis and tomato, and in
two copies in poplar and rice (Bork et al., 1998; Kopriva, 2006;
Brychkova et al., 2012). In maize, ZmSiR was found to exist
only as a single gene on the 6th chromosome. The established
phylogenetic tree based on SiR protein sequences from 10 plant
species clearly demonstrated that ZmSiR is highly similar to the
known plant SiRs, suggesting SiR to be evolutionarily conserved
in plant species. In addition to sulfite detoxification, SiR functions
in growth and development, and leaf senescence regulation
(Khan et al., 2010; Yarmolinsky et al., 2013, 2014). In this study,
ZmSiR confers cold and oxidative stress tolerance in maize
(Figures 4, 7). Together, these results indicate that plant SiR is
functionally divergent.

The recombinant ZmSiR protein exhibited a sulfite-dependent
sulfite reductase activity (Figure 2). The Km of ZmSiR for sulfite
was calculated to be 5.32 µM, which is much lower than the
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Km values for Arabidopsis (8.49 µM) and tomato (19.68 µM)
(Brychkova et al., 2012), suggesting that ZmSiR has higher
affinity toward sulfite than SiR proteins from the two model
plants (Arabidopsis and tomato). Further studies are needed
to determine the active site responsible for substrate binding
and catalytic activity in the ZmSiR protein by site-directed
mutagenesis.

Methyl viologen (paraquat) can rapidly enter chloroplasts of
leaves and then disrupt PSI electron transfer and produce ROS
(Lewinsohn and Gressel, 1984; Babbs et al., 1989). As a key
ROS molecule, hydrogen peroxide (H2O2) is induced by various
abiotic stresses including MV and cold stress, and damages
cellular macro-molecules such as lipids, proteins, and DNA
(Bowler et al., 1994; Gechev et al., 2006). Sulfite (SO2−

3 ) is reduced
by SiR to form sulfide (S2−), and then the S2− is converted into
sulfur-containing compounds such as reduced glutathione (GSH)
(Alscher, 1989; Noctor et al., 1998; Nagalakshmi and Prasa,
2001). In this study, ZmSiR knock-down transgenic maize plants
accumulated higher H2O2 levels, but lower GSH content under
cold or MV treatments (Figures 5, 7), indicating that amounts
of GSH were affected by the SiR activity and in return, GSH
levels largely influence H2O2 accumulation, and thus resulting
in cold or oxidative stress responses of the ZmSiR transgenic
maize plants directly. Therefore, it can speculate that ZmSiR
is involved in cold and oxidative stress responses in maize
possibly through modulating GSH-dependent H2O2 scavenging.
In support of this viewpoint, Ding et al. (2009) have reported that
transgenic tobacco plants with impaired glutathione reductase
decreased MV-induced oxidative stress tolerance because of
reduced glutathione regeneration ability (Ding et al., 2009).
Similarly, Wang et al. (2013) have shown that down-regulation
of rice SPX domain gene OsSPX1 caused high sensitivity to cold
and oxidative stresses, but the sensitivity phenotypes of rice plants
could be rescued by addition of GSH, suggesting that GSH-
dependent H2O2 scavenging plays an important role in cold and
oxidative stress tolerance of plants (Wang et al., 2013).

Plant SiR potentially competes with two other enzymes for
sulfite conversion: UDP- sulfoquinosovyl synthase (SQD1) for
sulfolipid synthesis in plastids (Benning, 2007) and sulfite oxidase
(SO) for sulfite oxidation in peroxisomes (Brychkova et al.,
2007). As the key APR isoform, APR2 catalyzes the reduction
of activated sulfate in APS to sulfite that is further reduced
by SiR in leaves (Khan et al., 2010). Both SULTR1; 1 and
SULTR3; 1 are two types of sulfate transporters, responsible
for sulfate transport in vasculature and plastids of leaves,
respectively (Cao et al., 2013; Huang et al., 2018). CyS2 and
GSH1/2 are important rate-limiting enzymes for cysteine and
glutathione synthesis, respectively (Droux, 2004). During cold
or oxidative stress, transcripts of all these S-metabolism related
genes, except for ZmAPR2, in ZmSiR-impaired maize plants
displayed significant decreases when compared to the WT
(Figure 6 and Supplementary Figure S2). The coordinative
down-regulation might be achieved by feedback signals caused by
changes in sulfur-metabolites (sulfite and GSH) in the reductive
sulfate assimilation pathway. Noticeably, transcript levels of
the ZmAPR2 were significantly up-regulated in the ZmSiR-
impaired maize lines during cold or oxidative stress compared

to those in the WT plants (Figure 6 and Supplementary
Figure S2). Moreover, sulfite content significantly increased in
the leaves of ZmSiR knock-down maize lines during cold or
oxidative stress (Figures 5C, 7D). These observations suggest
that toxic sulfite accumulation in ZmSiR-impaired maize plants
could be attributable to the reduced SiR coupled to increased
ZmAPR2 expression. In accordance with this conclusion, it
was reported that constitutive expression of a bacterial APR in
Arabidopsis resulted in more than threefold sulfite accumulation
and showed chlorotic symptoms of toxicity, suggesting that
APR over-expression induced massive de-regulation of primary
sulfur metabolism (Tsakraklides et al., 2002). Together, ZmSiR
is indispensable for maintaining sulfite homeostasis in maize
during cold or oxidative stress.

In summary, ZmSiR has a sulfite-dependent SiR activity with
higher affinity toward sulfite. Down-regulation of ZmSiR caused
more sulfite and H2O2 accumulations, but less GSH levels, and
high sensitivity to cold and oxidative stresses in maize. ZmSiR
can protect plants from cold and oxidative stresses, and has
a potential for engineering environmental stress-tolerant maize
varieties in molecular breeding. Future work will be interesting
to explore the mechanisms by which ZmSiR is involved in cold or
oxidative stress signaling using ZmSiR mutant lines in maize.
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FIGURE S1 | Genetic complementation of growth defect of the atsir mutant
Arabidopsis. (A) Structure of the AtSiR locus with the T-DNA insertion site in the
Salk_047219 (atsir_s047) mutant. The insertion site is marked by a white arrow,
exons are indicated as white boxes, and untranslated regions by black boxes. P1,
forward primer; P2, reverse primer; LBb1, primer specific to the T-DNA left border.
(B) Transcript levels of AtSiR in the wild-type and atsir_s047 determined by qPCR.
(C) Relative SiR activity in leaf extracts from wild-type and atsir_s047 plants
measured by kinetic assays. (D) Relative activity levels of ZmSiR in the atsir-s047
and transgenic Arabidopsis lines. SiR activity levels of three homozygous
atsir/35S-ZmSiR transgenic lines (named atsir/35S-ZmSiR #1, #3, and #7), along
with the atsir-s047 mutant and wild-type (WT), were determined by
spectrophotometry. (E) Representative growth phenotypes of 2-week-old
seedlings from atsir-s047 and transgenic Arabidopsis lines. (F) Dry weight of
2-week-old individual seedlings from atsir-s047 and transgenic Arabidopsis lines.
In the Figures (B–F), asterisks on the histograms indicate significance of the
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difference from the corresponding control values determined by Student’s t-test
(∗∗P < 0.01), ∗t-test, with P < 0.05.

FIGURE S2 | Effect of ZmSiR suppression on transcript levels of several key sulfur
metabolism-related genes under cold stress. Leaf samples from 12-day-old maize
seedlings from wild-type and ZmSiR-compromised lines (S5 and S6) were
harvested after 24 h of 4◦C (Cold) or 23◦C (Control) treatment, and transcript

levels of ZmSO (A), ZmAPR2 (B), ZmGSH1 (C), and ZmGSH2 (D) were detected
by qPCR as described above. Data represented mean ± SE of three biological
replicates. ∗∗t-test, with P < 0.01; ∗t-test, with P < 0.05.

TABLE S1 | PCR primers used in this study.

TABLE S2 | Percentages of amino acid sequence identities of SiRs between
maize and other plant species.
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