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Interplay between hydrogen sulfide and methylglyoxal initiates
thermotolerance in maize seedlings bymodulating reactive oxidative
species and osmolyte metabolism
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Abstract
Hydrogen sulfide (H2S) and methylglyoxal (MG) were supposed to be novel signaling molecules in plants. However,
whether interplay between H2S and MG can initiate thermotolerance in maize seedlings and in relation to metabolism of
reactive oxygen species (ROS) and osmolytes is little known. In this study, watering with MG and NaHS (H2S donor)
alone or in combination elevated survival and tissue vigor of maize seedlings under heat stress and coped with an increase
in the biomembrane injury (as indicated in membrane lipid peroxidation and electrolyte leakage). The above-mentioned
effects were separately weakened by MG scavengers (N-acetyl cysteine: NAC; aminoguanidine: AG) and H2S inhibitor
(DL-propargylglycine, PAG) and scavenger (hypotaurine, HT). These suggested that the interplay between H2S and MG
initiated the thermotolerance in maize seedlings. The further data indicated that, under non-heat stress and heat stress
conditions, MG and NaHS alone or in combination modulated ROS metabolism by regulating the activities of antioxidant
enzymes (catalase, ascorbate peroxidase, guaiacol peroxidase, glutathione reductase, monodehydroascorbate reductase,
and dehydroascorbate reductase) and the contents of non-enzymatic antioxidants (ascorbic acid, glutathione, flavonoids,
and carotenoids) in maize seedlings. In addition, MG and NaHS alone or in combination also separately modulated the
metabolism of osmolytes (proline, trehalose, glycine betaine, and total soluble sugar), H2S (L-cysteine desulfhydrase and
O-acetylserine (thione) lyase), and MG (glyoxalase I, glyoxalase II, and MG reductase). These physiological effects also
were separately impaired by NAC, AG, PAG, and HT. The current data illustrated that the interplay between H2S and MG
initiated the thermotolerance in maize seedlings by modulating ROS, osmolyte, H2S, and MG metabolism.
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Introduction

Hydrogen sulfide (H2S) is an intermediate product of sulfur in
plants, which is a precursor of cysteine synthesizing sulfur-
containing tripeptide glutathione (GSH) and proteins
(Hancock and Whiteman 2014, 2016; Li et al. 2016). H2S,
for a long time, is deemed as a toxic agent due to its high
affinity to heme-containing proteins (that is, sulfhydration,
also known as persulfidation, a posttranslational modifica-
tion), such as cytochrome oxidase, hemoglobin, and
myohemoglobin (Corpas 2019; Hancock 2019). Therefore,
H2S must maintain homeostasis in plant cell under normal
physiological conditions. In general, the enzymes related to
H2S generation and scavenging are contributed to the homeo-
stasis of H2S in plant cells. These enzymes include L-/D-
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cysteine desulfhydrase (LCD/DCD), sulfite reductase (SiR),
carbonic anhydrase (CA), and cyanoalanine synthase (CAS),
which undertake the biosynthesis of H2S (Li et al. 2016;
Corpas 2019). In addition, cysteine synthase (CS), also known
as O-acetyl serine (thione) lyase (OAS-TL), takes charge of
the conversion of H2S into cysteine. Also, excessive H2S can
be released to the air from plant body in the form of gas
(Hancock and Whiteman 2014, 2016; Li et al. 2016).
Recently, H2S has attracted more attentions in plants, which
have been found to function as signaling role implicating in
seed germination, seedling establishment, morphogenesis,
and development, as well as response and adaptation to envi-
ronmental stress (Li et al. 2016; Corpas 2019; Hancock 2019).
Our previous studies also showed that H2S could increase the
tolerance of maize seedlings to heat stress (Li et al. 2013,
2014, 2018a), but the upstream and/or downstream signaling
events of H2S were relatively unknown.

Reactive carbonyl species (RCS), mainly methylglyoxal
(MG), glyoxal, acrolein, 4-hydroxyl-2-nonenal, and
malondiadehyde (MDA), are a group of byproducts of sugar
and amino acid metabolism as well as lipid peroxidation. RCS
can lead to the glycosylation of proteins (cysteine, histidine,
arginine, lysine, and threonine), nucleic acids (guanine and
cytosine), and lipids (unsaturated fatty acid), producing ad-
vanced glycation end products (AGEs) and advanced lipid
peroxidation end products (ALEs), which is also known as
carbonyl stress or MG stress (induced by MG) (Kaur et al.
2016; Li 2016, 2019a). MG stress can cause oxidative stress
by directly triggering the excessive accumulation of reactive
oxygen species and/or inhibiting the activities of antioxidant
enzymes, such as peroxidase (POD), superoxide dismutase
(SOD), catalase (CAT), glutathione reductase (GR), and
ascorbate peroxidase (APX) (Li 2016, 2019b; Mostofa et al.
2018). Therefore, for a long time, MG, analogous to H2S, is
perceived as cytotoxic agent. In plant cells, the homeostasis of
MG was critically regulated by triosephosphate isomerase
(TPI), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), MG reductase (MGR), glyoxalase I (Gly I),
glyoxalase II (Gly II), and even glyoxalase III (Gly III)
(Kaur et al. 2016; Li 2016, 2019a). Recently, numerous works
have been confirmed that MG play a dual role in the life cycle
of plants, that is, as cytotoxic agent at high dose and signaling
molecule at a low physiological concentration. The signaling
role of MG also has become a research focus in plants in
recent years (Li 2016, 2019b; Mostofa et al. 2018). In maize
seedlings, MG, as a signaling molecule, could trigger the ac-
quirement of heat tolerance (Li et al. 2018a;Wang et al. 2019).
However, the interplay between MG and H2S in the develop-
ment of thermotolerance in maize seedlings was poorly
known.

Maize not only is a food, energy, feed, and industry
crop, but also a novel model plant (Leipner and Stamp
2009; Strable and Scanlon 2009). With the aggravation

of global warming, high temperature has become a critical
factor limiting plant including maize production (Wahid
et al. 2007; Leipner and Stamp 2009; Strable and Scanlon
2009; Ohama et al. 2017; Lawas et al. 2018; Ali et al.
2020). Therefore, understanding the mechanisms of heat
injury and thermotolerance is of great significance for
agricultural production. Many works have illustrated that
both H2S and MG, as signaling molecules, take part in the
acquirement of stress tolerance (Li et al. 2018a; Mostofa
et al. 2018; Corpas 2019; Hancock 2019). Based on the
current knowledge, we hypothesize that H2S might inter-
act with MG in the development of stress tolerance.
Therefore, in this study, we used maize seedlings as ma-
terials to investigate the effect of H2S-MG interaction on
thermotolerance of maize seedlings and underlying
mechanism.

Materials and methods

Material culture conditions and pretreatments

In this study, the healthy and same size seeds (purchased
from Chuxiong Seed Company, China) of maize (Zea
mays L., cv. Chenguang No. 2) were selected as mate-
rials. The selected seeds were performed surface sterili-
zation by immersing in 0.1% HgCl2 solution for 10 min,
and then rinsed six times with sterile water to remove
residual HgCl2 on the seed surface. The cleansed seeds
were soaked in distilled water for 12 h, and then placed
in trays (with six-layer wetted filter papers and 300 seeds
per tray) with covers. The soaked seeds were germinated
in a climate chamber at 26 °C for 2.5 days (60 h) in the
dark (the seedlings are approximately 2 cm high).
Afterwards, the 60-h-old seedlings with the same size
were fallen into eight groups, and then separately
watered with 100 mL of the following solutions for
6 h: (1) distilled water (control), (2) 500 μM NaHS
(NaHS), (3) 50 μM MG (MG), (4) 500 μM NaHS +
50 μM MG (NaHS + MG), (5) 100 μM N-acetyl-
cysteine (MG scavenger) + 500 μM NaHS (NAC +
NaHS), (6) 100 μM aminoguanidine (MG scavenger) +
500 μM NaHS (AG + NaHS), (7) 100 μM DL-
propargylglycine (H2S inhibitor) + 50 μM MG (PAG +
MG), (8) 100 μM hypotaurine (H2S scavenger) + 50 μM
MG (HT + MG), and (9) 100 μM NAC, AG, PAG, or
HT. In the combined treatment with chemicals, to avoid
the possible reaction between chemicals, the maize seed-
lings were pretreated for 3 h with the first chemical prior
to treatment with the second chemical. In addition, the
optimal concentrations of chemicals were selected from
preliminary experiments and previous studies (Li et al.
2013, 2018a; Wang et al. 2019).
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Heat stress and evaluation of survival percentage,
lipid peroxidation, electrolyte leakage, and tissue
vigor in maize seedlings

After chemical treatment for 6 h, the residual chemicals on the
seedling roots were washed clearly with distilled water and the
seedlings were carried out heat stress in a climate chamber at
46 °C for 16 h (this heat strength was optimized according to
the preliminary experiments). After heat stress, the heated
seedlings were recovered for 7 days in a climate chamber at
26 °C, 200 μmol m−2 s−1, and 14-h photoperiod. During the
recovery growth, the maize seedlings were watered with 1/2
Hoagland solution. After recovery, the survival percentage of
seedlings was calculated as survival percentage (%) = sur-
vived seedlings/total seedlings × 100%.

After chemical treatments for 6 h (non-heat stress) and heat
stress at 46 °C for 16 h (heat stress), the whole seedling sam-
ples (the same as below) were used to evaluate lipid peroxi-
dation (that is, the content of malondialdehyde: MDA), elec-
trolyte leakage (indicating biomembrane integrity), and tissue
vigor (namely reducing power of triphenyl tetrazolium chlo-
ride: TTC) as per the procedure reported by Wang et al.
(2019). TheMDA content, electrolyte leakage, and tissue vig-
or were separately indicated by μmol g−1 fresh weight (FW),
%, and A485.

Antioxidant enzyme and superoxide radical
production assay

After chemical treatments and heat stress, antioxidant en-
zymes catalase (CAT), ascorbate peroxidase (APX), guaiacol
peroxidase (POD), and superoxide dismutase (SOD) in maize
seedlings were extracted and assayed as the previously de-
scribed methods (Li et al. 2019; Wang et al. 2019). The in-
crease (for POD) and decrease (for CAT, APX, and SOD) in
optical density (OD) at 470, 240, 290, and 560 nm were sep-
arately recorded, as well as their activities were calculated
according to the extinction coefficient of 26.6 (for four-
guaiacol), 40 (for hydrogen peroxide), and 2.8 (for ascorbic
acids: AsA) mM−1 cm−1, while one unit of SOD was defined
as the amount of enzyme inhibiting 50% photochemical re-
duction of nitroblue tetrazolium.

Similarly, the enzymes related to glutathione (GSH)-AsA
cycle, namely glutathione reductase (GR), dehydroascorbate
reductase (DHAR), and monodehydroascorbate reductase
(MDHAR) in maize seedlings, were extracted and determined
as per the methods of Wang et al. (2019). The decrease (for
GR) and increase (for DHAR and MDHAR) in absorbance at
340 and 265 nm were separately noted, and their activities
were counted on the basis of extinction coefficient of 6.2
(for NADPH) and 14 (for AsA) mM−1 cm−1.

In addition, the productive rate of superoxide radical (O2
·−)

in maize seedlings treated with chemical and heat stress was

quantified by measuring the formation of formazan using
Na,3′-[1-[(phenylamino)-carbonyl]-3, 4-tetrazolium] (4-
methoxy-6-nitro) benzene sulfonic acid hydrate (XTT) meth-
od (Li et al. 2019). O2

·− production was calculated according
to the molar extinction coefficient of 2.16 × 104M−1 cm−1 (for
formazan) at 470 nm and expressed in nmol g−1 FW min−1.

Measurement of water-soluble and lipid-soluble
antioxidants

After chemical treatments and heat stress, water-soluble anti-
oxidants GSH, oxidized GSH (GSSG), AsA, and oxidized
AsA (DHA) in maize seedlings were extracted and measured
in line with the methods of Wang et al. (2019). Their contents
were expressed as μmol g−1 FW.

Additionally, lipid-soluble antioxidants flavonoids (FLA)
and carotenoids (CAR) in maize seedlings were extracted and
quantified in the light of the procedure previously described
by Wang et al. (2019). The contents of FLA and CAR were
expressed in μg g−1 FW.

Determination of methylglyoxal and its metabolic
enzymes

After chemical treatments and heat stress, the activities of
glyoxalase I (Gly II), glyoxalase II (Gly II), andMG reductase
(MGR) as well as MG content in maize seedlings were deter-
mined according to the methods (Chen et al. 2003;Wang et al.
2019). The activities of Gly I, Gly II, and MGR were comput-
ed using the extinction coefficient of 3.37 (for S-D-
lactoylglutathione at 240 nm), 13.6 (for 5,5′-dithio-bis (2-
nitrobenzoic acid) at 412 nm), and 6.2 (for NADPH at
340 nm) mM−1 cm−1, and their activities and MG content
were expressed in μmol g−1 FW min−1 and μmol g−1 FW,
respectively.

Determination of H2S and its metabolic enzymes

After chemical treatments and heat stress, H2S content and the
activities of LCD and OAS-TL in maize seedlings were deter-
mined as per the methods previously reported by Wang et al.
(2019) and Li (2015). The content of H2S and the activities of
LCD and OAS-TL in maize seedlings were expressed in
μmol g−1 FW and μmol g−1 FW min−1, respectively.

Evaluation of osmolytes

After chemical treatments and heat stress, osmolytes proline
(Pro), glycine betaine (GB), trehalose (Tre), and total soluble
sugar (TSS) contents were evaluated according to the methods
of Li et al. (2019) and Wang et al. (2019) and expressed as
μmol g−1 FW and μg g−1 FW, respectively.
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Statistical analysis

All experiments were designed according to the requirement
of random experiment and repeated at least three times. The
data were analyzed with one-way analysis of variance and the
figures were made using software sigmaplot 14. The signifi-
cance compared with the control was evaluated using the least
significant difference (LSD) test. In figures, the data were
means ± standard error (SE); the asterisk (*) and double as-
terisks (**) denoted significant differences (P < 0.05) and very
significant differences (P < 0.01). In addition, all data were
subjected to Pearson correlation analysis to test relationship
each other; significance is the same as above.

Results

Interplay between H2S and MG initiates
thermotolerance in maize seedlings

To explore the effect of interplay between H2S andMG on the
thermotolerance of maize seedlings, the 2.5-day-old maize
seedlings were watered with distilled water (control), NaHS,
MG, NaHS + MG, NAC + NaHS, AG + NaHS, PAG + MG,
and HT + MG, and then subjected to heat stress at 46 °C for
16 h. As expected, compared with the control, NaHS and MG
alone obviously elevated the survival of maize seedlings un-
der heat stress (P < 0.01), and NaHS-induced survival was
enhanced by MG (Fig. 1a; P < 0.01). In addition, NaHS-
induced survival was significantly weakened by MG scaven-
gers NAC and AG, respectively (Fig. 1a; P < 0.01). Similarly,
MG-induced survival was also signally impaired by H2S bio-
synthetic inhibitor (PAG) and scavenger (HT), respectively
(Fig. 1a; P < 0.01). Also, compared with the control, the sur-
vival rate of maize seedlings was significantly lowered by
NAC, AG, PAG, or HT (Fig. 1a; P < 0.05).

For MDA content and electrolyte leakage in maize seed-
lings, under non-heat stress conditions (at 26 °C), compared
with the control, chemical treatments had no significant dif-
ference (Fig. 1b, c). Under heat stress, compared with the non-
heat stress seedlings, the heated seedlings had a higher MDA
content and electrolyte leakage (P < 0.01), but the seedlings
treated with NaHS, MG, and their combination showed a low-
er MDA content and electrolyte leakage compared with the
control (Fig. 1b, c;P < 0.01). Analog to the change in survival,
heat stress-induced increase in MDA content, and electrolyte
leakage was separately aggravated by NaHS in combination
with MG scavengers (NAC and AG), MG in combination
with H2S inhibitor (PAG), and scavenger (HT), as well as
NAC, AG, PAG, and HT only (Fig. 1b, c; P < 0.01).

For tissue vigor in maize seedlings, under both non-heat
stress and heat stress conditions (at 46 °C for 16 h), compared
with the control, the treatment with NaHS, MG, and their

combination significantly improved the tissue vigor of maize
seedlings (Fig. 1d; P < 0.01). In addition, NaHS combined
with MG scavengers (NAC and AG), MG combined with
H2S inhibitor PAG and scavenger HT, as well as NAC, AG,
PAG, and HT alone markedly decreased the tissue vigor of
maize seedlings under both non-heat stress and heat stress
conditions compared with the control (Fig. 1d; P < 0.01).

Interplay between H2S and MG modulates ROS-
metabolic enzymes in maize seedlings under non-
heat stress and heat stress conditions

The interplay between H2S and MG could induce the thermo-
tolerance in maize seedlings (Fig. 1); to further understand its
underlying mechanisms, the enzymatic and non-enzymatic
components related to ROS metabolism in maize seedlings
were measured after chemical treatments and heat stress.
The data showed that, under non-heat stress conditions, com-
pared with the control, antioxidant enzymes showed the dif-
ferent trends: MG, NaHS, and their combination significantly
up-regulated the activity of CAT (Fig. 2a; P < 0.01), while
markedly down-regulated APX except for NaHS alone (no
significance) (Fig. 2b; P < 0.01), but no significant effect on
POD and SOD activities (Fig. 2c, d; P < 0.01). Additionally,
NAC + NaHS and AG + NaHS significantly declined CAT
and APX activities (Fig. 2a, b; P < 0.01), but the significant
difference on POD and SOD was not observed (Fig. 2c, d).
Similarly, PAG + MG and HT + MG obviously decreased
APX and CAT activities except for HT + MG for CAT (no
significance) (Fig. 2a, b; P < 0.01), while no effect on POD
and SOD (Fig. 2a, b). Also, NAC, AG, PAG, and HT alone
had no significant effect on the activities of CAT, APX, POD,
and SOD in maize seedlings (Fig. 2).

Under heat stress conditions, compared with the control,
MG, NaHS, and their combination obviously stimulated CAT,
APX, and POD activities except for NaHS for CAT (no sig-
nificance) (Fig. 2a, b, c; P < 0.01), whereas these treatments
had no significant difference on SOD (Fig. 2d). In addition,
NAC + NaHS signally reduced CAT and POD activities (Fig.
2a, c; P < 0.01), but no significant effect on APX and SOD
(Fig. 2a, d); also, the significant difference on CAT, APX,
POD, and SOD was not noted in maize seedlings treated with
AG + NaHS under heat stress compared with the control (Fig.
2a, b, c, d). Besides, compared with the control, PAG + MG
significantly descended CAT and POD activities (Fig. 2a, c;
P < 0.01), but the significant effect on APX and SOD was not
recorded (Fig. 2b, d) under heat stress. Similarly, under heat
stress, HT + MG had no significant difference on CAT, APX,
POD, and SOD activities compared with the control (Fig. 2a,
b, c, d). In addition, NAC, AG, PAG, and HT alone obviously
declined CAT and POD activities (Fig. 2a, c; P < 0.05) in
maize seedlings, but no significant effect on APX and SOD
(Fig. 2b, d) compared with the control.
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For water-soluble and lipid-soluble antioxidants, under
non-heat stress conditions, compared with the control, treat-
ment with MG, NaHS, and their combination signally in-
creased the contents of AsA (P < 0.01), GSH (P < 0.05),
FLA (P < 0.01), and CAR (P < 0.05) in maize seedlings ex-
cept for NaHS + MG for GSH and NaSH for FLA (Fig. 3a, c,
e, f), while it obviously decreased the levels of DHA
(P < 0.01) and GSSG (P < 0.05) except for NaHS for GSSG
(Fig. 3b, d). In addition, NAC + NaHS, AG + NaHS, PAG +
MG, and HT + MG markedly reduced the contents of DHA
(P < 0.01), FLA (P < 0.01), and CAR (P < 0.05), whereas sig-
nificantly ascended the GSSG level except for NAC + NaHS
(Fig. 3d; P < 0.01), but no significant effect on GSH content
(Fig. 3c). Also, compared with the control, NAC + NaHS and
PAG + MG obviously improved the content of AsA in maize
seedlings (Fig. 3a; P < 0.01), but the significant effect on AsA
was not observed in maize seedlings treated with AG + NaHS
and HT + MG (Fig. 3a). In addition to these, significant dif-
ference of the contents of AsA, DHA, GSH, GSSG, FLA, and
CARwas not noted inmaize seedlings treated with NAC, AG,
PAG, and HT only compared with the control (Fig. 3).

Under heat stress conditions, compared with the control, MG
and NaHS alone or in combination memorably increased the

contents of AsA (P < 0.01), GSH (P < 0.05), FLA (P < 0.05),
and CAR (P < 0.05) in maize seedlings (Fig. 3a, c, e, f), while
MG and NaHS + MG observably reduced the contents of DHA
(P < 0.01) and GSSG (P < 0.05) (Fig. 3b, d), but NaHS had no
significant effect on DHA and GSSG (Fig. 3b, d). In addition,
NAC + NaHS, AG + NaHS, PAG + MG, and HT + MG obvi-
ously declined the contents of GSH and CAR except for AG +
NaHS for CAR (Fig. 3c, f; P < 0.01) in maize seedlings under
heat stress. Also, NAC + NaHS significantly increased the AsA
content (Fig. 3a; P < 0.05), decreased DAH (Fig. 3b; P < 0.05),
while no significant effect on GSSG and FLA (Fig. 3d, e) under
heat stress. Furthermore, under heat stress, AG +NaHS obvious-
ly reduced the GSSG content (Fig. 3d; P < 0.05), but the signif-
icant difference was not noted for AsA, DHA, and FLA (Fig.
3d). Similarly, PAG + MG markedly elevated the AsA level
(Fig. 3a; P < 0.01), descended FLA content (Fig. 3e; P < 0.01),
but had no significant effect on DHA and GSSG (Fig. 3b, d)
under heat stress. Also, HT + MG significantly declined the
levels of DHA and FLA (Fig. 3b, e; P < 0.01), but the significant
difference on AsA and GSSG was not recorded in maize seed-
lings under heat stress compared with the control (Fig. 3a, d).
Additionally, compared with the control, NAC, AG, PAG, and
HT alone increased the contents of DHA, GSH, and GSSG in

Fig. 1 Effect of irrigation of maize seedlings with methylglyoxal (MG),
NaHS, N-acety cysteine (NAC) + NaHS, aminoguanidine (AG) + NaHS,
DL-propargylglycine (PAG) + MG, hypotaurine (HT) + MG, NAC, AG,
PAG, and HT on the survival percentage (a), malondialdehyde (MDA)
content (b), electrolyte leakage (c), and tissue vigor (d) under non-heat
stress and heat stress. The 2.5-day-old maize seedlings were watered with
100 mL of distilled water (control), 500 μM NaHS (NaHS), (3) 50 μM
MG (MG), (4) 500 μMNaHS + 50 μMMG (NaHS + MG), (5) 100 μM
NAC+ 500 μMNaHS (NAC +NaHS), (6) 100 μMAG+ 500 μMNaHS

(AG +NaHS), (7) 100 μMPAG + 50 μMMG (PAG +MG), (8) 100 μM
HT + 50 μM MG (HT + MG), and (9) 100 μM NAC, AG, PAG, or HT
for 6 h, and then subjected to heat stress at 46 °C for 16 h. After chemical
treatment and heat stress, the survival percentage, MDA content, electro-
lyte leakage, and tissue vigor were evaluated. In figures, the data were
means ± standard error (SE), and the asterisk and double asterisks sepa-
rately denoted significant differences (P < 0.05) and very significant dif-
ferences (P < 0.01) compared with the control
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maize seedlings (Fig. 3b, c, d; P < 0.05) and decreased the levels
of AsA (Fig. 3a; P < 0.05), FLA (Fig. 3e; P < 0.05) and CAR
(Fig. 3f; P < 0.01).

Interplay between H2S and MG modulates GSH-AsA
cycle and superoxide radical production in maize
seedlings under non-heat stress and heat stress
conditions

Beside ROS-metabolic enzymes, after chemical treatments and
heat stress, the activity of enzymes related to GSH-AsA cycle
and the rate of superoxide radical production in maize seedlings
were evaluated. As shown in Fig. 4, under non-heat stress con-
ditions, treatment with MG and NaHS alone or in combination
significantly activated GR (Fig. 4a; P < 0.01), reduced DHAR
activity (Fig. 4c; P < 0.05), but had no significant effect on
MDHAR compared with the control (Fig. 4b). In addition,
NAC + NaHS and AG + NaHS observably declined the activ-
ities of GR (Fig. 4a; P < 0.05, except for NAC + NaHS),
MDHAR (Fig. 4b; P < 0.05), and DHAR (Fig. 4c; P < 0.01)
compared with the control. Similarly, PAG + MG and HT +
MG also signally descended MDHAR activity in maize seed-
lings (Fig. 4b; P < 0.01), but had no significant difference on

GR and DHAR compared with the control (Fig. 4a, c). In ad-
dition, compared with the control, MG + NaHS markedly de-
clined the productive rate of superoxide radical (P < 0.01),
while NaHS, MG, NAC + NaHS, AG + NaHS, PAG + MG,
and HT + MG had no significant effect on its production (Fig.
4d). Also, NAC, AG, PAG, and HT alone had no significant
effect on GR,MDHAR, and DHAR activities and O2

·− produc-
tion in maize seedlings (Fig. 4) except prominent decrease in
O2

·− production by NAC (Fig. 4d; P < 0.01).
Under heat stress conditions, the treatment with MG and

NaHS alone or in combination markedly upregulated the ac-
tivities of GR, MDHAR, and DHAR in maize seedlings com-
pared with the control (Fig. 4a, b, c; P < 0.01). In addition,
NAC + NaHS and AG + NaHS had no significant effect on
GR (Fig. 4a) and MDHAR (Fig. 4b) except signal decrease in
DHAR (Fig. 4c; P < 0.01) in maize seedlings under heat stress
compared with the control. Similarly, treatment with PAG +
MG and HT + MG significantly reduced the activities of GR
(Fig. 4a; P < 0.05) and MDHAR (Fig. 4b; P < 0.05, except for
PAG + MG), but no significant difference on DHAR activity
(Fig. 4c) in maize seedlings under heat stress compared with
the control. Also, heat stress triggered the production of su-
peroxide radical, which was significantly alleviated by MG,

Fig. 2 Effect of irrigation of maize seedlings with methylglyoxal (MG),
NaHS, N-acety cysteine (NAC) + NaHS, aminoguanidine (AG) + NaHS,
DL-propargylglycine (PAG) + MG, and hypotaurine (HT) + MG, NAC,
AG, PAG, and HT on the activity of catalase (CAT, a), ascorbate perox-
idase (APX, b), guaiacol peroxidase (POD, c), and superoxide dismutase
(SOD, d) under non-heat stress and heat stress. The 2.5-day-old maize
seedlings were watered with 100 mL of different chemicals for 6 h

(referring to Fig. 1 and “Materials and methods”), and then subjected to
heat stress at 46 °C for 16 h. After chemical treatment and heat stress, the
activities of CAT, APX, POD, and SODwere assayed. In figures, the data
were means ± standard error (SE), and the asterisk and double asterisks
separately denoted significant differences (P < 0.05) and very significant
differences (P < 0.01) compared with the control
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NaHS, NaHS + MG, NAC + NaHS, AG + NaHS, PAG +
MG, and HT + MG compared with the control (Fig. 4d;
P < 0.05). Additionally, compared with the control, NAC,
AG, PAG, and HT alone significantly reduced the activities
of GR (P < 0.05 for NAC, PAG, and HT; P < 0.01 for AG),
MDHAR (P < 0.05), and DHAR (P < 0.01) inmaize seedlings
(Fig. 4a, b, c), but no significant effect on O2

·− production
except significant reduction in by NAC (Fig. 4d; P < 0.05).

Interplay between H2S and MG modulates H2S
metabolism in maize seedlings under non-heat stress
and heat stress conditions

To further understand the effect of interplay between
H2S and MG on H2S metabolism in maize seedlings,
the key enzymes related to H2S metabolism were mea-
sured after the maize seedlings were treated with

Fig. 3 Effect of irrigation of maize seedlings with methylglyoxal (MG),
NaHS, N-acety cysteine (NAC) + NaHS, aminoguanidine (AG) + NaHS,
DL-propargylglycine (PAG) + MG, and hypotaurine (HT) + MG, NAC,
AG, PAG, and HT on the contents of ascorbic acid (AsA, a),
dehydroascorbate (DHA, b), glutathione (GSH, c), oxidized GSH
(GSSG, d), flavonoids (FLA, e), and carotenoids (CAR, f) under non-
heat stress and heat stress. The 2.5-day-old maize seedlings were watered

with 100 mL of different chemicals for 6 h (referring to Fig. 1 and
“Materials and methods”), and then subjected to heat stress at 46 °C for
16 h. After chemical treatment and heat stress, the contents of AsA, DHA,
GSH, GSSG, FLA, and CARwere tested. In figures, the data were means
± standard error (SE), and the asterisk and double asterisks separately
denoted significant differences (P < 0.05) and very significant differences
(P < 0.01) compared with the control
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different chemicals and subsequent heat stress. As indi-
cated in Fig. 5, under non-heat stress conditions, com-
pared with the control, treatment with NaHS signally
increased the endogenous H2S content in maize seedlings
(P < 0.05), but MG alone or in combination with NaHS
had no significant effect on LCD and OAS-TL activities,
as well as endogenous H2S content (Fig. 5a, b, c). In
addition, treatment with NAC + NaHS, AG + NaHS,
PAG + MG, and HT + MG was not significantly differ-
ent on LCD and OAS-TL activities, as well as the en-
dogenous content of H2S in maize seedlings in compar-
ison to the control (Fig. 5a, b, c). Also, compared with
the control, NAC and AG alone had no significant effect
on LCD and OAS-TL activities and H2S content in
maize seedlings (Fig. 5a, b, c), while PAG inhibited
LCD activity and H2S content (Fig. 5a, c; P < 0.01),
but no significant effect on OAS-TL (Fig. 5b).
Similarly, HT obviously declined H2S level (Fig. 5d;
P < 0.01), but significant difference of LCD and OAS-
TL was not observed in maize seedlings (Fig. 5a, b).

Under heat stress conditions, in comparison to the control,
the treatment with MG and NaHS alone or in combination
observably activated LCD (P < 0.05) and OAS-TL
(P < 0.05, except for NaHS), as well as ascended the endoge-
nous content of H2S (P < 0.05) in maize seedlings (Fig. 5a,
b, c). In addition, NAC + NaHS, AG + NaHS, PAG + MG,
and HT + MG markedly reduced the activities of LCD
(P < 0.01) and OAS-TL (P < 0.05) in maize seedlings under

Fig. 4 Effect of irrigation of maize seedlings with methylglyoxal (MG),
NaHS, N-acety cysteine (NAC) + NaHS, aminoguanidine (AG) + NaHS,
DL-propargylglycine (PAG) + MG, and hypotaurine (HT) + MG, NAC,
AG, PAG, and HT on the activity of glutathione reductase (GR, A),
monodehydroascorbate reductase (MDHAR, B), and dehydroascorbate
reductase (DHAR, C) and superoxide radical production (O2

·−, d) under
non-heat stress and heat stress. The 2.5-day-old maize seedlings were
watered with 100 mL of different chemicals for 6 h (referring to Fig. 1

and “Materials and methods”), and then subjected to heat stress at 46 °C
for 16 h. After chemical treatment and heat stress, the activity of GR,
MDHAR, and DHAR, as well as the production of superoxide radical
were measured. In figures, the data were means ± standard error (SE), and
the asterisk and double asterisks separately denoted significant differ-
ences (P < 0.05) and very significant differences (P < 0.01) compared
with the control

�Fig. 5 Effect of irrigation of maize seedlings with methylglyoxal (MG),
NaHS, N-acety cysteine (NAC) + NaHS, aminoguanidine (AG) + NaHS,
DL-propargylglycine (PAG) + MG, and hypotaurine (HT) + MG, NAC,
AG, PAG, and HT on the activity of L-cysteine desulfhydrase (LCD, a)
and O-acetyl serine (thione) lyase (OAS-TL, b), as well as H2S content
(c) under non-heat stress and heat stress. The 2.5-day-old maize seedlings
were watered with 100 mL of different chemicals for 6 h (referring to Fig.
1 and “Materials and methods”), and then subjected to heat stress at 46 °C
for 16 h. After chemical treatment and heat stress, the activity of LCD and
OAS-TL, as well as H2S content were measured. In figures, the data were
means ± standard error (SE), and the asterisk and double asterisks sepa-
rately denoted significant differences (P < 0.05) and very significant dif-
ferences (P < 0.01) compared with the control
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heat stress in comparison to the control. Similarly, NAC +
NaHS and PAG + MG obviously declined the content of
endogenous H2S (P < 0.05) in maize seedlings under heat
stress compared with the control, but AG + NaHS and HT +
MG had no significant difference on the endogenous content
of H2S (Fig. 5a, b, c). Also, compared with the control, NAC
and AG significantly decreased OAS-TL activity (Fig. 5b;
P < 0.01), but no significant effect on LCD and H2S (Fig.
5a, c). Similarly, PAG and HT inhibited the activities of
LCD (Fig. 5a; P < 0.01) and OAS-TL (Fig. 5b; P < 0.01) as
well as the content of H2S (Fig. 5c; P < 0.05) except no effect
of HT on LCD.

Interplay between H2S and MG modulates MG
metabolism in maize seedlings under non-heat stress
and heat stress conditions

To deeply investigate the effect of interplay between H2S and
MG on MG metabolism in maize seedlings, the key enzymes
of MG metabolism were assayed after chemical treatment
(non-heat stress) and heat stress. The results indicated that,
under non-heat stress conditions, compared with the control,
treatment with MG and NaHS alone or in combination signif-
icantly increased the Gly II (Fig. 6b; P < 0.01) and MGR (Fig.
6c; P < 0.05, except for NaHS +MG) activities, as well asMG
content (Fig. 6d; P < 0.01, except for NaHS + MG) in maize
seedlings, while markedly decreased Gly I activity (Fig. 6a;
P < 0.01) except for NaHS + MG (no significance). In addi-
tion, treatment with NAC + NaHS, AG + NaHS, PAG +MG,
and HT + MG all significantly reduced the Gly II and MGR
activities (Fig. 6b, c; P < 0.01), as well as MG level (Fig. 6d;
P < 0.05) compared with the control, whereas it had no signif-
icant effect on Gly I activity (Fig. 6a). Also, compared with
the control, NAC, AG, PAG, and HT significantly decreased
MG content in maize seedlings (P < 0.01), but no significant
effect on Gly I and Gly II (Fig. 6).

Under heat stress conditions, compared with the control,
treatment withMG andNaHS alone or in combination observ-
ably activated Gly I (Fig. 6a; P < 0.05, except for NaHS), Gly
II (Fig. 6b; P < 0.01), and MGR (Fig. 6c; P < 0.01, except for
MG), as well as increased endogenous MG content (Fig. 6d;
P < 0.05, except for MG treatment). In addition, treatment
with NAC + NaHS and AG + NaHS markedly declined Gly
I (Fig. 6a; P < 0.01), Gly II (Fig. 6b; P < 0.05, except for AG +
NaHS), and MGR (Fig. 6c; P < 0.05, except for AG + NaHS)
activities, as well as endogenous MG level (Fig. 6d; P < 0.05)
under heat stress compared with the control. Similarly, under
heat stress, treatment with PAG + MG and HT + MG also
signally reduced Gly I (Fig. 6a; P < 0.01), Gly II (Fig. 6b;
P < 0.05, except for HT + MG), and MGR (Fig. 6c;
P < 0.05, except for HT + MG) activities, as well as endoge-
nous MG content (Fig. 6d; P < 0.01) compared with the con-
trol. In addition, under heat stress conditions, compared with

the control, NAC, AG, PAG, and HT obviously reduced Gly I
(P < 0.01) and Gly II (P < 0.01) activities as well as MG con-
tent (P < 0.01 for NAC and AG, P < 0.05 for PAG and HT) in
maize seedlings (Fig. 6).

Interplay between H2S and MG modulates osmolyte
metabolism in maize seedlings under non-heat stress
and heat stress conditions

To further answer the possible mechanisms of H2S and
MG interplay-initiated the thermotolerance in maize seed-
lings, after chemical treatment and heat stress, the contents
of osmolytes proline (Pro), trehalose (Tre), glycine betaine
(GB), and total soluble sugar (TSS) were quantified. As
expected, under non-heat stress conditions, in comparison
to the control, treatment with NaHS and NaHS + MG all
significantly accumulated Pro (P < 0.05), Tre (P < 0.05, ex-
cept for NaHS + MG), and GB (P < 0.05), but no signifi-
cant effect on TSS content in maize seedlings (Fig. 7a, b,
c, d). In addition, MG treatment only increased the content
of GB (P < 0.01) in maize seedlings under heat stress com-
pared with the control, while the significant difference on
Pro, Tre, and TSS was not noted (Fig. 7a, b, c, d). Also,
under heat stress, NAC + NaHS signally reduced Pro
(P < 0.05), Tre (P < 0.05), and GB (P < 0.05) contents in
maize seedlings compared with the control, but no signif-
icant effect on TSS (Fig. 7a, b, c, d). Similarly, AG +
NaHS also markedly declined the content of GB
(P < 0.01) in maize seedlings compared with the control,
while the significant effect on Pro, Tre, and TSS was not
recorded (Fig. 7a, b, c, d). In addition to these, PAG + MG
obviously increased the content of GB (P < 0.05) in maize
seedlings compared with the control, decreased Tre level
(P < 0.01), while no significant effect on Pro and TSS (Fig.
7a, b, c, d). Similarly, HT + MG signally decreased GB
level (P < 0.01) in maize seedlings compared with the con-
trol, but the significant difference on Pro, Tre, and TSS
was not obtained (Fig. 7a, b, c, d). Additionally, NAC
and AG had no significant effect on Pro, Tre, GB, and
TSS except significant decrease in GB (P < 0.01) by

�Fig. 6 Effect of irrigation of maize seedlings with methylglyoxal (MG),
NaHS, N-acety cysteine (NAC) + NaHS, aminoguanidine (AG) + NaHS,
DL-propargylglycine (PAG) + MG, and hypotaurine (HT) + MG, NAC,
AG, PAG, and HT on the activity of glyoxalase I (Gly I, a), glyoxalase II
(Gly II, b), and MG reductase (MGR, c), as well as the content ofMG (d)
under non-heat stress and heat stress. The 2.5-day-old maize seedlings
were watered with 100 mL of different chemicals for 6 h (referring to Fig.
1 and “Materials and methods”), and then subjected to heat stress at 46 °C
for 16 h. After chemical treatment and heat stress, the activity of Gly I,
Gly II, and MGR, as well as MG content were evaluated. In figures, the
data were means ± standard error (SE), and the asterisk and double aster-
isks separately denoted significant differences (P < 0.05) and very signif-
icant differences (P < 0.01) compared with the control
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NAC (Fig. 7). Analogously, PAG and HT obviously re-
duced Pro, Tre, and GB in maize seedlings (P < 0.01),
but significant difference of TSS was not found (Fig. 7).

Under heat stress conditions, in comparison to the control,
the treatment with MG and NaHS single or in combination all
significantly elevated the contents of Pro (P < 0.01), Tre
(P < 0.01), GB (P < 0.01), and TSS (P < 0.01) in maize seed-
lings (Fig. 7a, b, c, d). Similarly, NAC + NaHS also increased
GB (P < 0.05) and TSS (P < 0.01) levels in maize seedlings
under heat stress, decreased the contents of Pro (P < 0.05) and
Tre (P < 0.01) (Fig. 7a, b, c, d). Also, AG+NaHS declined the
level of Pro (P < 0.01) in maize seedlings under heat stress,
but no significant effect on Tre, GB, and TSS (Fig. 7a, b, c, d).
Furthermore, PAG + MG ascended the contents of Pro
(P < 0.05) and TSS (P < 0.05) in maize seedlings under heat
stress, descended the Tre level (P < 0.01), but the significant
effect on GB was not gotten (Fig. 7a, b, c, d). Also, HT + MG
also increased Pro (P < 0.01) and TSS (P < 0.05) contents in
maize seedlings under heat stress, decreased the levels of Tre
(P < 0.05) and GB (P < 0.01) compared with the control. In

addition to these, under heat stress conditions, compared with
the control, NAC and AG decreased the contents of Tre, BA,
and TSS (P < 0.05), but no significant effect on Pro (Fig. 7).
Similarly, PAG and HT also obviously reduced Pro
(P < 0.01), Tre (P < 0.01), and GB (P < 0.05) contents in
maize seedlings, but significant difference of TSS was not
noted (Fig. 7).

Relationship between physiological parameters

The results from Fig. 1 showed that the survival rate (SR) of
maize seedlings treated with H2S combined with MG reached
the most significant difference (P ˂ 0.01) compared with other
treatments. To further understand the relationship between
thermotolerance (SR) and antioxidant, osmotic adjustment,
and MG-/H2S-metabolic systems, these indices were evaluat-
ed by Pearson correlation analysis. The relationship, as shown
in Tables 1, 2, and 3, SR was positively related with APX
(P ˂ 0.01), POD (P ˂ 0.01), SOD (P ˂ 0.01), AsA
(P ˂ 0.05), Pro (P ˂ 0.05), TSS (P ˂ 0.05), Gly II

Fig. 7 Effect of irrigation of maize seedlings with methylglyoxal (MG),
NaHS, N-acety cysteine (NAC) + NaHS, aminoguanidine (AG) + NaHS,
DL-propargylglycine (PAG) + MG, and hypotaurine (HT) + MG, NAC,
AG, PAG, and HT on the contents of proline (Pro, a), trehalose (Tre, b),
glycine betaine (GB, c), and total soluble sugar MG (TSS, d) under non-
heat stress and heat stress. The 2.5-day-old maize seedlings were watered
with 100 mL of different chemicals for 6 h (referring to Fig. 1 and

“Materials and methods”), and then subjected to heat stress at 46 °C for
16 h. After chemical treatment and heat stress, the contents of Pro, Tre,
GB, and TSS were quantified. In figures, the data were means ± standard
error (SE), and the asterisk and double asterisks separately denoted sig-
nificant differences (P < 0.05) and very significant differences (P < 0.01)
compared with the control
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(P ˂ 0.05), and LCD (P ˂ 0.05). Similarly, APX was positive-
ly related with SOD (P ˂ 0.05), AsA (P ˂ 0.05), and CAR
(P ˂ 0.05), negatively with DHA (P ˂ 0.05). In addition, POD,
SOD, CAT, GR, DHAR, and GSH were separately positive
correlation with SOD (P ˂ 0.05), FLA (P ˂ 0.05), GSH
(P ˂ 0.05), and CAR (P ˂ 0.05), while FLA was negative
correlation with DHA (P ˂ 0.05) (Table 1).

Similarly, Pro was positively related with TSS, Gly I,
Gly II, LCD, and OAS-TL (P ˂ 0.05); GB was positive-
ly related with MG, MGR, and OAS-TL (P ˂ 0.05); Tre
was positively correlated with MGR (P ˂ 0.05) and Gly
II (P ˂ 0.01); TSS was positively related with MG
(P ˂ 0.01), Gly I (P ˂ 0.01), LCD (P ˂ 0.05), and
OAS-TL (P ˂ 0.01); MG was positively related with
Gly I and OAS-TL (P ˂ 0.01); OAS-TL also was posi-
tively related with MGR (P ˂ 0.01), Gly I (P ˂ 0.01),
and LCD (P ˂ 0.05); and H2S was positively correlated
with LCD (P ˂ 0.05) (Tables 2 and 3).

Discussion

The acquirement of plant stress tolerance including thermotol-
erance is implicated in many messenger molecules (such as
Ca2+, H2O2, NO, H2S, and MG) and their interplays.
However, the interplays among messenger molecules are
poorly known. In tobacco cells, germinating maize seeds, as
well as maize, strawberry, wheat, and poplar seedlings, H2S
pretreatment elevated the thermotolerance of seedlings (Li
et al. 2012, 2013; Christou et al. 2014; Yang et al. 2016;
Cheng et al. 2018). Similarly, MG-induced stress tolerance
including thermotolerance was found in maize, wheat, and
Brassica rapa seedlings (Bless et al. 2017; Li et al. 2018a,
2018b; Wang et al. 2019). These data preliminarily implied
the interplay between H2S and MG in the formation of ther-
motolerance in plants. The current study forcefully supported
this hypothesis; that is, both NaHS (H2S donor) andMG alone
or in combination increased the survival of maize seedlings
and tissue vigor (as indicated in increase in TTC reductivity)
under heat stress and reduced the destruction of biological
membrane integrity, fluidity, and compartmentalization (as
shown in reduction in ion leakage) and over-accumulation of
lipid peroxidation products (as illustrated in decrease in
malondialdehyde) (Fig. 1a, b, c, d). In addition, the H2S- or
MG-triggered positive effects were separately weakened by
NaHS in combination with MG scavengers (NAC and AG),
MG in combination with H2S inhibitor (PAG) and scavenger
(HT), as well as NAC, AG, PAG, or HT alone in maize seed-
lings under non-heat stress and heat stress conditions (Fig. 1a,
b, c, d). Interestingly, under non-heat stress conditions, com-
pared with the control, treatment with NAC, AG alone, or in
combination with NaHS as well as PAG, HT alone or in com-
bination with MG could significantly reduce the tissue vigor,Ta
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which was expressed in dehydrogenase activity (Ishikawa
et al. 1995). This reduction might be MG scavengers (NAC
and AG), H2S inhibitor (PAG), and scavenger (HT) that could
inactivate dehydrogenase. This hypothesis needs to be identi-
fied in the future. The current results and previous data (Li
et al. 2018a) further verified the interplay between H2S and
MG in the generation of thermotolerance in plants.

A key strategy to acquire thermotolerance is ROS homeo-
stasis in plant cells. ROS homeostasis is closely regulated by
antioxidant system, which includes antioxidant enzymes and
non-enzymatic antioxidants (Gill and Tuteja 2010; Sewelam
et al. 2016). Antioxidant system is a group of ROS-
scavenging enzymes (such as SOD, CAT, APX, and POD),
ROS-scavengers (GSH, AsA, FLA, and CAR), and

Table 2 Pearson correlation coefficient matrix for survival percentage, osmotic adjustment, and MG-/H2S-metabolic systems in maize seedlings
treated with MG + H2S under heat stress

SR Pro GB Tre TSS MG MGR Gly I Gly II H2S LCD OAS-
TL

SR 1

Pro 0.875* 1

GB 0.587 0.795 1

Tre 0.693 0.782 0.634 1

TSS 0.835* 0.929* 0.803 0.525 1

MG 0.604 0.785 0.838* 0.308 0.939** 1

MGR 0.315 0.711 0.829* 0.830* 0.521 0.479 1

Gly I 0.762 0.830* 0.739 0.365 0.965** 0.952** 0.379 1

Gly II 0.804* 0.837* 0.702 0.972** 0.644 0.435 0.771 0.516 1

H2S 0.714 0.604 0.648 0.524 0.646 0.543 0.363 0.547 0.658 1

LCD 0.955** 0.905* 0.655 0.678 0.886* 0.699 0.699 0.775 0.779 0.818* 1

OAS-TL 0.738 0.879* 0.874* 0.472 0.981** 0.976** 0.976** 0.951** 0.595 0.676 0.830* 1

The asterisk (*) and double asterisks (**) separately denoted significant differences (P < 0.05) and very significant differences (P < 0.01)

SR survival rate, Pro proline, GB glycine betaine, Tre trehalose, TSS total soluble sugar, MG methylglyoxal, MGR methylglyoxal reductase, Gly I
glyoxalase I, Gly II glyoxalase II, H2S hydrogen sulfide, LCD L-cysteine desulfhydrase, OAS-TL O-acetylserine (thio) lyase

Table 3 Pearson correlation coefficient matrix for antioxidant, osmotic adjustment, and MG-/H2S-metabolic systems in maize seedlings treated with
MG + H2S under heat stress

APX POD SOD MDHAR DHAR AsA FLA Pro GB TSS Gly I Gly
II

H2S LCD OAS-
TL

APX 1

POD 0.643 1

SOD 0.856* 0.884* 1

MDHAR 0.255 0.212 0.557 1

DHAR 0.788 0.530 0.450 0.161 1

AsA 0.845* 0.619 0.798 0.876 0.458 1

FLA 0.673 0.495 0.832* 0.700 0.107 0.667 1

Pro 0.889* 0.700 0.927** 0.762 0.551 0.892* 0.858* 1

GB 0.657 0.264 0.552 0.920** 0.482 0.891* 0.575 0.795 1

TSS 0.864* 0.646 0.802 0.738 0.685 0.876* 0.671 0.929** 0.803 1

Gly I 0.714 0.608 0.685 0.591 0.833* 0.775 0.480 0.830* 0.739 0.965** 1

Gly II 0.663 0.694 0.86* 0.655 0.362 0.846* 0.720 0.837* 0.702 0.644 0.516 1

H2S 0.715 0.577 0.602 0.713 0.217 0.873* 0.376 0.604 0.648 0.646 0.547 0.658 1

LCD 0.942** 0.828* 0.927** 0.700 0.431 0.907** 0.740 0.905* 0.655 0.886* 0.775 0.779 0.818* 1

OAS-TL 0.821* 0.513 0.696 0.808 0.652 0.888* 0.603 0.879* 0.874* 0.981** 0.951** 0.595 0.676 0.830* 1

The asterisk (*) and double asterisks (**) separately denoted significant differences (P < 0.05) and very significant differences (P < 0.01)

Pro proline, GB glycine betaine, Tre trehalose, TSS total soluble sugar, MG methylglyoxal, MGR methylglyoxal reductase, Gly I glyoxalase I, Gly II
glyoxalase II, H2S hydrogen sulfide, LCD L-cysteine desulfhydrase, OAS-TL O-acetylserine (thio) lyase
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antioxidant-producing enzymes (GR, HAR, and MDHAR).
ROS-scavenging enzymes and ROS-scavengers could direct-
ly scavenge ROS, while antioxidant-producing enzymes
could convert oxidized antioxidants (such as DHA and
GSSG) into reduced antioxidants (AsA and GSH) (Agati
et al. 2012; Foyer 2018; Waszczak et al. 2018; Olson 2019;
Arunkumar et al. 2020. In this work, treatment with MG and
NaHS alone or in combination elevated the activities of ROS-
scavenging enzymes (CAT, APX, and POD) (Fig. 2a, b, c)
and antioxidant-producing enzymes (GR, MDHAR, and
DHAR) (Fig. 4a, b, c), as well as the contents of scavengers
(AsA, GSH, FLA, and CAR) (Fig. 3a, b, c) inmaize seedlings,
thus alleviating the production of superoxide radical (Fig. 4d)
and oxidative damage (Fig. 1b) under non-heat stress and heat
stress conditions. In addition, Pearson correlation analysis
showed that the positive relationship between antioxidant sys-
tem was observed in maize seedlings treated with H2S and
MG under heat stress (Table 1). Under non-heat stress and
heat stress conditions, H2S combined with MG scavengers
(NAC and AG) or MG in combination with H2S inhibitor
(PAG) and scavenger (HT) reduced the activities of CAT,
APX, POD, GR, MDHAR, and DHAR (Figs. 2a, b, c and
4b, c), as well as the contents of DHA, GSSG, FLA, and
CAR (Fig. 3b, d, e, f), but had no significant effect on SOD
(Fig. 2d). Similarly, NAC, AG, PAG, and HT alone weakened
the activities of CAT, POD, GR, MDHAR, and DHAR, as
well as the contents of AsA, FLA, and CAR in maize seed-
lings under heat stress conditions (Figs. 2, 3, and 4). In addi-
tion, H2S can maintain ROS homeostasis by inactivating
NADPH oxidase (which is a dominating source of ROS pro-
duction) and CAT, as well as activating APX through a post-
transcriptional modification (S-sulfhydration, also known as
persulfidation) (Hancock and Whiteman 2014, 2016; Aroca
et al. 2015, 2018; Li et al. 2016; Corpas 2019; Hancock 2019).
Also, the excessive MG is able to induce the accumulation of
ROS by inhibiting the activities of antioxidant enzymes
(CAT, APX, POD, SOD, and GR) and/or induces ROS pro-
duction (Kaur et al. 2016; Li 2016, 2019a; Mostofa et al.
2018). Based on these evidences, the steady state of ROS in
plant cells can be achieved by maintaining the homeostasis of
H2S and MG. Thus, the interplay between H2S and MG initi-
ated the thermotolerance in maize seedlings by modulating
ROS-metabolic pathways.

Generally, H2S also shows dual role of toxicity and signal-
ing in plants (Hancock and Whiteman 2014, 2016; Li et al.
2016). Therefore, the homeostasis of H2S in plant cells plays a
key role in plant growth, development, and stress tolerance
including thermotolerance (Corpas 2019; Hancock 2019). In
plants, the H2S homeostasis is closely regulated by LCD and
OAS-TL (Li et al. 2016; Corpas 2019; Hancock 2019). In this
work, under non-heat stress conditions, treatment with MG
had no significant effect on the activity of LCD and OAS-
TL as well as the endogenous H2S level in maize seedlings

(Fig. 5a, b, c). Similarly, NaHS treatment also was not signif-
icantly different on LCD and OAS-TL activity, but increased
the content of endogenous H2S in maize seedlings under non-
heat stress (Fig. 5a, b, c). Therefore, the increase in the endog-
enous H2S was achieved by the entry of external H2S into the
cells across plasma membrane, because H2S is a lipophilic
signaling molecule (Hancock and Whiteman 2014, 2016; Li
et al. 2016; Corpas 2019; Hancock 2019). Under heat stress
conditions, compared with the control, treatment with MG
activated LCD and OAS-TL (Fig. 5a, b), which in turn in-
duced the accumulation of endogenous H2S in maize seed-
lings (Fig. 5c). The effects of MG were separately eliminated
by PAG and HT (Fig. 5a, b, c), indicating that H2S exerted its
signaling role in the downstream of MG. Similarly, NaHS
treatment also activated LCD and OAS-TL (Fig. 5a, b) in
maize seedlings under heat stress, followed by triggered H2S
signaling (Fig. 5c), thus initiating the thermotolerance (Fig.
1a, b, c, d). In addition, under heat stress conditions, NaHS
treatment increased the accumulation of endogenous MG,
while this accumulation was separately removed byMG scav-
engers NAC and AG (Fig. 6d), suggesting that H2S might be a
signaling molecule in the upstream of MG. Also, under both
non-heat stress and heat stress conditions, treatment with
NAC + NaHS, AG + NaHS, PAG + MG, and HT + MG
inactivated the activity of LCD and OAS-TL, followed by
inhibiting the overaccumulation of endogenous H2S in maize
seedlings compared with the control (Fig. 5a, b, c). Similar
results could be observed in maize seedlings treated with
NAC, AG, PAG, and HT alone under both non-heat stress
and heat stress conditions (Fig. 5a, b, c). In addition,
Pearson correlation analysis also showed that H2Smetabolism
was positively related with that of MG in maize seedlings
treated with H2S in combination with MG under heat stress,
vice versa (Table 3). These data further supported the hypoth-
esis that the interplay between H2S and MG initiated the ther-
motolerance in maize seedlings by regulating H2S
metabolism.

Similar to oxidative stress induced by ROS, excessive MG
also can trigger MG stress (inhibiting antioxidant enzyme ac-
tivity and promoting the production of ROS) (Kaur et al.
2016; Li 2016, 2019b). Therefore, the homeostasis of MG in
plant cells is another important strategy to adapt to high-
temperature stress. During MG homeostasis, MG-
scavenging system plays a key role (Li 2016, 2019a;
Mostofa et al. 2018). MG-scavenging system is mainly com-
posed of three members (Gly I, Gly II, and MGR), which
maintains the homeostasis of MG in plant cells by the syner-
gistic action with GSH (Li 2016, 2019b; Mostofa et al. 2018).
In this study, under non-heat stress conditions, treatment with
MG and NaHS inhibited the activity of Gly I (Fig. 6a), which
in turn triggered the accumulation of MG (Fig. 6d), as signal-
ing, followed by initiated the downstream signaling events
(ROS, H2S, MG, and osmolyte metabolism) related to the
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themotolerance in maize seedlings. Under heat stress condi-
tions, treatment with MG and NaHS activated Gly I, Gly II,
and MGR (Fig. 6a, b, c), followed by alleviating the increase
in the endogenous MG level to avoid MG stress (Fig. 6d) in
maize seedlings, thus maintaining MG homeostasis.
Adversely, under heat stress condition, NAC + NaHS, AG +
NaHS, PAG + MG, and HT + MG inactivated Gly I, Gly II,
and MGR, as well as inhibited the excessive accumulation of
endogenous MG in maize seedlings compared with the con-
trol (Fig. 6a, b, c). Similar inhibiting effect was noted in maize
seedlings treated with NAC, AG, PAG, and HT alone, espe-
cially treatment with MG scavengers NAC and AG (Fig. 6a,
b, c). These further supported the fact that the interplay be-
tween H2S and MG initiated the thermotolerance in maize
seedlings by modulating MG metabolism.

Due to their multifaceted functions, osmolytes such as Pro,
Tre, GB, and TSS play a vital role in the development of
thermotolerance in plants. These osmolytes not only act as
osmotic adjustment substances to cope with osmotic stress
induced by abiotic stress including heat stress, but also as
ROS-scavengers, biomembrane and protein stabilizers, ion
chelators, molecular chaperones, and signaling molecules
(Ashraf and Foolad 2007; Rosas-Rodríguez and Valenzuela-

Soto 2010; Szabados and Savouré 2010; Fedotova 2019;
Khatibi et al. 2019). In this study, under non-heat stress con-
ditions, NaHS treatment ascended the contents of endogenous
Pro, Tre, and GB in maize seedlings in comparison to the
control, while H2S inhibitor PAG and scavenger HT com-
bined with MG remitted the increase in endogenous Pro,
Tre, and GB to some extent (Fig. 7a, b, c). Similarly, MG
treatment also increased the content of GB in maize seedlings
under heat stress (Fig. 7c), but H2S in combination with MG
scavengers NAC and AG reduced the accumulation of GB
(Fig. 7c) and further coped with the increase in Pro, Tre, and
TSS compared with the control (Fig. 7a, b, d). Under heat
stress conditions, in comparison to the control, MG and
NaHS alone or in combination increased the contents of Pro,
Tre, GB, and TSS (Fig. 7a, b, c, c), but this increase was
separately impaired by MG scavengers NAC and AG alone
or in combination with NaHS, as well as H2S inhibitor PAG
and scavenger HT alone or in combination with MG in maize
seedlings, especially treatment with scavengers or inhibitor
alone was more significant (Fig. 7a, b, c, d). Interestingly,
Pearson correlation analysis indicated that the positive rela-
tionship between SR, antioxidant, osmotic adjustment, and
H2S-/MG-metabolic systems was noted in maize seedlings
treated with H2S combined with MG under heat stress
(Tables 1, 2, and 3). These results further forcefully supported
the speculation that the interplay between H2S and MG initi-
ated the thermotolerance in maize seedlings by adjusting the
osmolyte metabolism.

To summarize, the treatment with H2S and MG alone or in
combination could initiate the thermotolerance in maize seed-
lings by increasing the survival and tissue vigor, as well as
relieving the increase in superoxide radical production and
biomembrane injury (as shown in MDA content and electro-
lyte leakage). Furthermore, H2S and MG alone or in combi-
nation further modulated ROS metabolism by regulating
CAT, APX, POD, SOD, GR, MDHAR, DHAR, AsA, GSH,
FLA, and CAR; osmolyte metabolism by accumulating Pro,
Tre, GB, and TSS; H2S metabolism by activating LCD and
OAS-TL; and MG metabolism by stimulating Gly I, Gly II,
and MGR in maize seedlings under non-heat stress and heat
stress conditions (Fig. 8). These positive physiological effects
could be weakened by NAC, AG alone, or in combination
with H2S, as well as PAG, HT alone, or in combination with
MG. Therefore, the interplay between H2S and MG initiated
the thermotolerance in maize seedlings by modulating ROS,
osmolyte, H2S, and MG metabolism.
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Fig. 8 The underlying mechanisms of the interplay between hydrogen
sulfide (H2S) and methylglyoxal initiated the thermotolerance in maize
seedlings. Treatment with exogenous H2S donor (NaHS) and
methylglyoxal (MG) alone or in combination modulated the reactive
oxygen species (ROS) metabolism (catalase: CAT; ascorbate peroxidase:
APX; guaiacol peroxidase: POD; superoxide dismutase: SOD; glutathi-
one reductase: GR; monodehydroascorbate reductase: MDHAR;
dehydroascorbate reductase: DHAR; ascorbic acid: AsA; glutathione:
GSH; flavonoids: FLA; and carotenoids: CAR), H2S metabolism (L-cys-
teine desulfhydrase: LCD; O-acetyl serine thione lyase: OAS-TL), MG
metabolism (glyoxalase I: Gly I; glyoxalase II: Gly II; andMG reductase:
MGR), and osmolyte metabolism (proline: Pro; trehalose: Tre; glycine
betaine: GB; and total soluble sugar: TSS) in maize seedlings under non-
heat stress and heat stress, thus initiating the thermotolerance in maize
seedlings. These positive effects could be weakened by MG scavengers
(N-acety cysteine: NAC; aminoguanidine: AG) and H2S inhibitor DL-
propargylglycine (PAG) and hypotaurine (HT). The blunted arrows (┬)
denote inhibitory effects
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