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Abstract Hydrogen sulfide (H2S) which is involved in

plant growth, development, and the acquisition of stress

tolerance including heat tolerance, is considered as the

third signal molecule after nitric oxide and reactive oxygen

species, while betaine is an important osmolyte with mul-

tiple physiological functions, but interaction between H2S

and betaine in the acquisition of heat tolerance in plants is

not clear. In this study, pretreatment with H2S donor

sodium hydrosulfide (NaHS), as comparison to the control

seedlings without NaHS treatment, significantly improved

the activity of betaine aldehyde dehydrogenase (BADH), a

key enzyme in the biosynthesis of betaine, which in turn

induced the accumulation of endogenous betaine, eventu-

ally enhanced the survival percentage of maize seedlings

under heat stress. In contrast, these effects induced by

NaHS were eliminated by application of H2S scavenger

hypotaurine and inhibitor of BADH disulfiram, respec-

tively, indicating that H2S-improved heat tolerance of

maize seedlings may be closely associated with the accu-

mulation of endogenous betaine by activating the activity

of BADH. In addition, exogenous betaine treatment

enhanced the content of endogenous betaine, followed by

improved the survival percentage of maize seedlings

compared with the control without betaine treatment. All of

the above-mentioned results showed that NaHS pretreat-

ment could induce the accumulation of endogenous betaine

by increasing BADH activity, and this accumulation may

be involved in the acquisition of heat tolerance of maize

seedlings, bridging a gap between H2S and betaine in the

acquisition of heat tolerance in plants.

Keywords Betaine � Hydrogen sulfide � Heat stress � Heat

tolerance � Maize seedlings

Introduction

Hydrogen sulfide (H2S), a small flammable colorless gas

with a characteristic odor of rotten eggs, has long been

known as a phytotoxin, which may be connected with the

mass extinction of species in the Permian Period (Li et al.

2011b; Garcı́a-Mata and Lamattina 2013; Jin et al. 2013;

Li, 2013; Lisjak et al. 2013; Calderwood and Kopriva

2014; Hancock and Whiteman 2014). For example, expo-

sure to 3,000 parts per billion (ppb) in air H2S caused

lesions on leaves, defoliation, and reduced growth of the

plants (Nakamura et al. 2009). However, in animal sys-

tems, H2S has recently been identified as a third endoge-

nous gaseous transmitter after nitric oxide (NO) and carbon

monoxide (CO), and it participates in multiple physiolog-

ical roles at low concentration (Li et al. 2011b). In plant

systems, the positive effects of H2S are being emerged in

seed germination (Zhang et al. 2010; Li et al. 2012a),

organogenesis (Zhang et al. 2009a; Fang et al. 2014), sto-

mata movement (Lisjak et al. 2010; Jin et al. 2013),

osmotic stress (Zhang et al. 2009b; Christou et al. 2013),

salt stress (Christou et al. 2013; Shan et al. 2014), oxidative

stress (Zhang et al. 2011), and heavy metal stress (Zhang

et al. 2008, 2010; Chen et al. 2013). Our previous results

also showed that treatment with sodium hydrosulfide

(NaHS), a H2S donor, can improve the resistance of

tobacco cells (Li et al. 2012b), maize (Li et al. 2013a, b,
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2014c, d), and wheat (Wu et al. 2013) seedlings to high

temperature stress, as well as the acquisition of heat tol-

erance involved in a second messenger calcium and the

accumulation of osmolytes such as proline and trehalose, as

well as the enhancement of antioxidant system activity, but

in maize seedlings, whether the acquisition of heat toler-

ance induced by NaHS is implicated in the accumulation of

betaine is not clear.

Land plants, being the sessile characteristic, are con-

stantly exposed to various abiotic and biotic stress factors,

such as extreme in temperature, drought, high salinity, and

mechanical stress. Among these stress factors, high tem-

perature is considered as a main environmental stress factor

with a far-reaching impact on metabolism, growth, devel-

opment, reproduction, and yield of crop plants including

maize (Zea mays L.) (Königshofer et al. 2008; Li and Gong

2011; Saidi et al. 2011; Mittler et al. 2012; Wu et al. 2012).

Many studies have illustrated high temperatures lead to

increase in fluidity of membrane lipids and loss of mem-

brane integrity; protein denaturation and aggregation;

inhibition of protein synthesis and acceleration of protein

degradation; inactivation of enzymes in chloroplast and

mitochondria; oxidative stress; and osmotic stress (Wahid

et al. 2007; Hanumappa and Nguyen 2010, Saidi et al.

2011; Mittler et al. 2012; Wu et al. 2012). Based on these

negative effects, plants are forced to invest valuable

resources in modifying their metabolism to prevent damage

caused by heat stress, corresponding adaptive mechanism

including repair and reestablishment of biomembrane;

stress protein synthesis; enhancement in antioxidant

capacity; and the synthesis of osmolytes with multiple

functions such as betaine, proline, and soluble sugar

(Wahid et al. 2007; Königshofer et al. 2008; Chen and

Murata 2011; Li et al. 2011a; Mittler et al. 2012; Oukar-

roum et al. 2012; Saidi et al. 2011; Wu et al. 2012). In

higher plants, betaine accumulation is an efficient adaptive

mechanism of plants to various environmental stresses

including heat stress, betaine aldehyde dehydrogenase

(BADH) is a key enzyme in the biosynthesis of betaine, it

plays a crucial role in betaine accumulation (Fitzgerald

et al. 2009). In addition, exogenous application of betaine

can increase the tolerance of some plants to heat stress

(Wahid et al. 2007; Fitzgerald et al. 2009; Wu et al. 2012).

Maize not only is the third most important food grain

crop after wheat and rice, but also a new model plant, heat

stress is the principal cause of maize failure worldwide,

global warming accentuates this problem (Leipner and

Stamp 2009; Strable and Scanlon 2009). On the basis of

these studies, we hypothesized that interaction between

H2S and betaine may exist in the acquisition of heat tol-

erance of maize. In this study, effect of sodium hydrosul-

fide (NaHS), a H2S donor, treatment on the accumulation

of betaine and its possible pathway, as well as involvement

of heat tolerance in maize seedlings was investigated. The

purpose was to illustrate that NaHS induced betaine

accumulation and its pathway, and this accumulation was

involved in the acquisition of heat tolerance.

Materials and methods

Plant material and treatment

Commercial variety of maize (Zea mays L., Huidan No. 4)

was used in the present experiments. The seeds were

sterilized in 0.1 % HgCl2 for 10 min, and pre-soaked in

distilled water for 12 h for imbibition. The soaked seeds

were sown on six layers of wetted filter papers in trays

(24 cm 9 16 cm, approximately 300 seeds per tray) with

covers and germinated at 26 �C in the dark for 2.5 d. After

germinated for 2.5 d, the seedlings with unanimous growth

were irrigated with 100 ml of the following solution for 6

(for counting survival percentage) or 12 h (for determining

betaine aldehyde dehydrogenase activity and betaine con-

tent), respectively: (1) 0 (control) and 0.5 mM sodium

hydrosulfide (NaHS, a H2S donor, which suitable concen-

tration was selected from our previous work, Li et al.

2013b); (2) 1 mM hypotaurine (HT, H2S scaven-

ger) ? 0.5 mM NaHS; (3) 1 mM disulfiram (DSF, inhibi-

tor of betaine aldehyde dehydrogenase; Velasco-Garcı́a

et al, 2003) ? 0.5 mM NaHS (pretreatment with chemicals

had no significant effect on the growth of seedlings).

Afterward, treated seedlings were exposed to high tem-

perature at 47 �C for 15 h for heat stress. At the end of heat

stress, seedlings were transferred to a climate chamber with

26 �C, 100 lmol m-2 s-1, and 12 h photoperiod for a

week for recovery growth and irrigated with 1/2 Hoagland

solution daily. Survival percentage was counted after

recovery, and the seedlings which could regrow and

become green during recovery were considered to have

survived (Li et al. 2013a, b).

In addition, during the process of above treatment, the

activity of betaine aldehyde dehydrogenase (BADH) and

betaine content in maize seedlings were determined using

the following methods, respectively.

Determination of activity of betaine aldehyde

dehydrogenase

Betaine aldehyde dehydrogenase (BADH, E.C. 1.2.1.8) is

considered to be a key enzyme in the biosynthesis of

betaine in plants (Fitzgerald et al. 2009; Li et al. 2014a, b).

The 2.5-day-old seedlings were irrigated with 0.5 mM

NaHS, and then activity of BADH was determined as

previously described the methods of Fan et al. (2012) with

some modifications. Fresh weight (1.0 g) were ground with
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a mortar and pestle in liquid nitrogen and the soluble

proteins were extracted by adding 1 ml of 50 mM potas-

sium phosphate buffer (pH 6.5) containing 0.1 mM EDTA

and 20 mM b-mercaptoethanol. After centrifugation, the

protein content of the supernatant was adjusted to

100 lg ml-1 to obtain equal amounts of protein in each

assay sample. BADH activity was assayed spectrophoto-

metrically by monitoring increase in the absorbance at

340 nm (NADH formation) in a mixture (0.5 ml) consist-

ing of 1.0 mM betaine aldehyde, 2 mM dithiothreitol

(DTT), and 2 mM NAD? in a 100 mM potassium phos-

phate buffer, pH 8.5. The reaction was initiated by the

addition of supernatant, and BADH activity was calculated

using the extinction coefficient of 6.2 mM-1 cm-1 at

340 nm and expressed as lmol min-1 g-1 fresh weight

(FW).

Measurement of betaine content

In order to further understand the effect of NaHS treatment

on endogenous betaine content, its content in maize seed-

lings treated with 0.5 mM NaHS was measured by Rei-

necke salt methods according to our previous method (Li

et al. 2013c). Treated seedlings were dried at 80 �C to

constant weight after being killed at 105 �C for 15 min, dry

samples were ground in a mortar with a pestle in distilled

water, the homogenates were transferred to conical flask in

a rotary shaker (120 rpm) with 30 �C for 12 h to extract

betaine and centrifuged at 10,0009g for 15 min, and then

supernatants were mixed with Reinecke salt and generated

red precipitates, which is solvable in 70 % acetone solution

and the absorbance was determined at 525 nm. A calibra-

tion curve was made using known concentration of betaine

according to above methods and betaine content in maize

seedlings was expressed as lmol g-1 FW.

Exogenous betaine treatment, endogenous betaine

content, and heat tolerance

To study the effect of exogenous betaine pretreatment on

endogenous betaine and heat tolerance of maize seedlings,

the 2.5-day-old seedlings were transferred to aqueous

solution of 0 (control), 5, 10, 15, 20, and 25 mM betaine

for 6 h, and then the content of endogenous betaine and

survival percentage of maize seedlings after heat stress

were measured as above-mentioned method, respectively.

Statistical analysis

The experiment was set up according to a completely

randomized design with five replications. The data were

processed statistically using software package SPSS ver-

sion 21.0 (SPSS, Chicago, USA) based on the analysis of

variance (one-way ANOVA). Figures were drawn by Sig-

maPlot 12.5 (Systat Software Inc., London, UK), error bars

represent standard error and each data in figure represents

the mean ± SE of at least three independent experiments,

asterisk and double asterisks on the bars indicate significant

differences (P \ 0.05) and very significant differences

(P \ 0.01).

Results

Effect of NaHS treatment on the activity of betaine

aldehyde dehydrogenase and the level of endogenous

betaine in maize seedlings

The 2.5-day-old maize seedlings were treated with NaHS

or H2S scavenger hypotaurine (HT), and then betaine

aldehyde dehydrogenase (BADH) activity and endogenous

betaine content in maize seedlings were determined. As

shown in Fig. 1, NaHS pretreatments improved the activity

of BADH in maize seedlings, and this improvement

increased with the elongation of treatment time, 3 h of

treatment showed significant difference (P \ 0.05, Fig. 1),

as well as treatment for 6 h or above reached very signif-

icant difference level (P \ 0.01, Fig. 1). Similarly, pre-

treatment with NaHS also enhanced the content of

endogenous betaine, and this enhancement was strength-

ened with the extension of treatment time, similar to the

Fig. 1 Effect of NaHS and hypotaurine (HT) treatments on the

activity of betaine aldehyde dehydrogenase (BADH) of maize

seedlings. The 2.5-day-old seedlings of maize were treated with 0

(control), 0.5 mM NaHS alone or in combination with 1 mM HT for

12 h, and then the activity of BADH were determined. Error bars

represent standard error and each data in figure represents the

mean ± SE of three experiments, and asterisk and double asterisks

indicate significant difference (P \ 0.05) and very significant differ-

ence (P \ 0.01) from the control without NaHS treatment,

respectively
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change in BADH activity (Fig. 1), which reached signifi-

cant difference and very significant difference levels at 3 h

or above (P \ 0.01, Fig. 2), respectively. On the contrary,

NaHS-induced increase in the activity of BADH and the

accumulation of betaine were eliminated by the addition of

hypotaurine (HT), a H2S scavenger (Figs. 1, 2). During the

course of HT treatment, both enzyme activity and betaine

content were lower more than those of the control slightly

(Figs. 1, 2). These results displayed that NaHS treatment

could trigger increase in the activity of BADH, which in

turn induced the accumulation of endogenous betaine in

maize seedlings, which might be the basis for NaHS-

induced heat tolerance of maize seedlings.

Effect of disulfiram (DSF) treatment on NaHS-induced

increase in BADH activity and betaine accumulation

in maize seedlings

As mentioned above, NaHS treatment could improve the

activity of BADH (Fig. 1), which in turn induced the

accumulation of endogenous betaine in maize seedlings

(Fig. 2). The combination of disulfiram (DSF), an inhibitor

of BADH, with NaHS inhibited increase in BADH activity

induced by NaHS in maize seedlings, and the enzyme

activity was slightly lower than that of the control from

beginning to end (Fig. 3a). Analogously, DSF treatment

further eliminated NaHS-induced the accumulation of

betaine, consisting with the change in the activity of

BADH (Fig. 3a), betaine accumulation was low than that

of the control seedlings (Fig. 3b). These results suggested

that inhibitor of BADH disulfiram treatment could elimi-

nate the accumulation of betaine induced by NaHS, and

this elimination might be achieved by inhibiting BADH

activity in maize seedlings.

Effect of pretreatment with NaHS, H2S scavenger,

and BADH inhibitor on survival percentage of maize

seedlings

Sodium hydrosulfide (NaHS) was commonly used as

donors for H2S, it releases H2S, giving a relatively short

burst of H2S, when dissolved in water (Wang 2012; Garcı́a-

Mata and Lamattina 2013, Lisjak et al. 2013). Pretreatment

with NaHS improved the survival percentage of maize

seedlings under heat stress, but this improvement was

weakened by application of hypotaurine (HT, H2S scav-

enger) and disulfiram (DSF, inhibitor of BADH), respec-

tively, especially addition of HT showed more efficient

Fig. 2 Effect of NaHS and hypotaurine (HT) treatments on the

accumulation of endogenous betaine of maize seedlings. The 2.5-day-

old seedlings of maize were treated with 0 (control), 0.5 mM NaHS

alone or in combination with 1 mM HT for 12 h, and then the content

of endogenous betaine was measured. Error bars represent standard

error and each data in figure represents the mean ± SE of three

experiments, and asterisk and double asterisks indicate significant

difference (P \ 0.05) and very significant difference (P \ 0.01) from

the control without NaHS treatment, respectively

Fig. 3 Effect of disulfiram (DSF) pretreatments on the activity of

betaine aldehyde dehydrogenase (BADH, a) and endogenous betaine

content (b) of maize seedlings. The 2.5-day-old seedlings of maize

were treated with 0 (control), 0.5 mM NaHS in combination with

1 mM DSF for 12 h, and then the activity of BADH and endogenous

betaine content were determined. Error bars represent standard error

and each data in figure represents the mean ± SE of three

experiments

34 Z.-G. Li, L.-P. Zhu

123



(Fig. 4), indicating that NaHS treatment could improve

heat tolerance of maize seedlings, and the acquisition of

heat tolerance induced by NaHS might be involved, at least

partly, in the accumulation of endogenous betaine through

inducing increase in the activity of BADH by NaHS.

Effect of exogenous betaine treatment on endogenous

betaine and survival percentage of maize seedlings

To further understand effect of exogenous betaine on

endogenous betaine and heat tolerance of maize seedlings,

the 2.5-day-old maize seedlings were irrigated with 100 ml

of betaine with different concentration. As shown in Fig. 5,

exogenous betaine treatment increased the content of

endogenous betaine in maize seedlings, and the increase

was enhanced with increasing concentration of betaine,

10 mM betaine or above reached significant difference and

very significant difference levels compared with the control

without betaine treatment among the five concentrations

(P \ 0.05, P \ 0.01, Fig. 5). Similarly, after seedlings

were treated with betaine, the increase in survival per-

centage of the seedlings after heat stress at 47 �C was in

agreement with the accumulation of endogenous betaine,

that is, the improvement of survival percentage was

enhanced with the increase of the concentration of betaine,

treatment with 10 mM betaine or above reached significant

difference and very significant difference levels compared

with the control without betaine treatment among the five

concentrations (P \ 0.05, P \ 0.01, Fig. 5). These data

implied that betaine treatment could induce the accumu-

lation of endogenous betaine, followed by improved heat

tolerance of maize seedlings.

Discussion

Numerous studies illustrated that H2S is a multifunctional

signal molecule, which is involved in plant growth,

development, and the acquisition of biotic and abiotic

stress tolerance (Papenbrock et al. 2007; Li 2013; Wang

2012; Lisjak et al. 2013; Calderwood and Kopriva 2014;

Hancock and Whiteman 2014). As mentioned above, H2S

participates in the tolerance to multiple stress, such as

osmotic stress (Zhang et al. 2009b; Garcı́a-Mata and La-

mattina, 2010; Christou et al. 2013), salt stress (Christou

et al. 2013; Shan et al. 2014), chilling stress (Fu et al.

2013), and heat stress (Christou et al. 2014). Our previous

and present results also found that NaHS pretreatment

could improve heat tolerance of tobacco suspension cul-

tured cells (Li et al. 2012b), maize (Li et al. 2013a, b,

2014c, d; Fig. 4), and wheat (Wu et al. 2013) seedlings,

and the acquisition of heat tolerance induced by NaHS is

involved in a second messenger Ca2? and the accumulation

of osmolytes such as proline and trehalose, as well as the

enhancement of antioxidant system activity, but whether

heat tolerance induced by NaHS is involved in the accu-

mulation of betaine, an osmolyte with multiple physio-

logical functions, is waiting for being further investigated.

Heat injury and the acquisition of heat tolerance in

plants is a complex event, which is involved in all of

Fig. 4 Effect of NaHS, hypotaurine (HT) and disulfiram (DSF)

pretreatments on the survival percentage of maize seedlings. The 2.5-

day-old seedlings of maize were treated with 0 (control), 0.5 mM

NaHS alone or in combination with 1 mM HT or DSF for 6 h, and the

survival percentage of maize seedlings after heat stress was counted.

Error bars represent standard error and each data in figure represents

the mean ± SE of three experiments, and asterisk and double

asterisks indicate significant difference (P \ 0.05) and very signif-

icant difference (P \ 0.01) from the control without NaHS treatment,

respectively

Fig. 5 Effect of exogenous betaine pretreatments on the content of

endogenous betaine and the survival percentage of maize seedlings.

The 2.5-day-old seedlings of maize were treated with 0 (control), 5,

10, 15, 20, and 25 mM betaine for 6 h, and the content of endogenous

betaine and the survival percentage of maize seedlings after heat

stress were determined. Error bars represent standard error and each

data in figure represents the mean ± SE of three experiments, and

asterisk and double asterisks indicate significant difference

(P \ 0.05) and very significant difference (P \ 0.01) from the

control without betaine treatment, respectively
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aspects of biomembrane, protein, water and ion balance, as

well as redox homeostasis (Wahid et al. 2007; Königshofer

et al. 2008; Saidi et al. 2011; Mittler et al. 2012; Wu et al.

2012). During the process of evolution, plants have been

developed adaptive mechanism, including repair and

reestablishment of biomembrane, synthesis of stress pro-

tein (mainly heat shock proteins, HSPs), enhancement of

antioxidant system, and accumulation of osmolytes such as

betaine, proline, and soluble sugar, to prevent damage

caused by heat stress (Wahid et al. 2007; Königshofer et al.

2008; Saidi et al. 2011; Mittler et al. 2012; Wu et al. 2012).

Accumulation of osmolyte betaine is an important adaptive

mechanism of plant to heat stress due to its multiple pro-

tective functions, such as osmotic adjustment, protein and

biomembrane stabilizing, ROS-scavenging, and redox

buffering (Szabados and Savoure 2010; Theocharis et al.

2012). In higher plants, betaine aldehyde dehydrogenase

(BADH) is a key enzyme in the biosynthesis of betaine, it

plays a crucial role in betaine accumulation (Fitzgerald

et al. 2009). In sweet potato seedlings, the overexpression

of Spinacia oleracea (SoBADH) increased BADH activity,

which in turn accumulated betaine under normal and

multiple environmental stresses, followed by increased

protection against cell damage through the maintenance of

cell membrane integrity, stronger photosynthetic activity,

reduced reactive oxygen species (ROS) production, and

induction or activation of ROS scavenging by the increased

activity of antioxidant enzymes, eventually improved tol-

erance to various abiotic stresses (Fan et al. 2012). Our

present results also showed that NaHS treatment could

increase the activity of betaine aldehyde dehydrogenase

(BADH), which in turn induced the accumulation of

endogenous betaine (Figs. 1, 2), followed by improved the

resistance of maize seedlings to high temperature stress

(Fig. 4), while these effects were eliminated by addition of

H2S scavenger HT and BADH inhibitor DSF, respectively

(Fig. 3). In addition, transgenic tomato lines expressing

BADH exhibited higher capabilities for betaine accumu-

lation under normal conditions and showed higher photo-

synthetic capacities by improving D1 protein content under

heat treatment at 42 �C (Li et al. 2014b). Similarly, betaine

overaccumulation in transgenic wheat expressing BADH

led to the enhancement of antioxidant activity and the

improvement of water status, followed by increased pho-

tosynthesis under heat stress (Wang et al. 2010).

In addition, exogenous application of betaine increased

the tolerance of barley to thermal stress at 45 �C by

exerting a protective effect on the oxygen evolution com-

plex (OEC) and by increasing connectivity between PSII-

antennae, thus inducing a greater stability of the PSII

(Oukarroum et al. 2012). In our present work, application

of exogenous betaine increased the level of endogenous

betaine, which in turn improved survival percentage of

maize seedlings under heat stress (Fig. 5). Addition of

betaine to the germination medium or imbibition of seeds

in a solution of betaine improved the expression of HSP

genes and accumulated more HSP70 than controls. The

results of (Li et al. 2011a) showed that betaine, either

applied exogenously or accumulated in vivo in codA-

transgenic seeds, enhanced the expression of HSP genes,

which in turn improved the tolerance to high temperature

of tomato seeds during germination. Interestingly, H2S

treatment also induced the acquisition of heat tolerance (Li

et al. 2013a, b, 2014c; Christou et al. 2013; Fig. 4) and the

expression of HSP genes (Christou et al. 2014). These data

indicated that the acquisition of heat tolerance induced by

NaHS might be involved in the accumulation of betaine by

either activating BADH activity in vivo or applying

exogenously, further bridging a gap between H2S and

betaine in the acquisition of heat tolerance in plants.

In conclusion, pretreatment with NaHS significantly

improved the activity of BADH and endogenous betaine

accumulation, which in turn enhanced the survival percent-

age of maize seedlings under heat stress compared with the

control without NaHS treatment, these effects were elimi-

nated by application of H2S scavenger HT and BADH

inhibitor DSF, respectively. In addition, in comparison with

the control without betaine treatment, supplement of exog-

enous betaine also could enhance the content of endogenous

betaine, followed by improved the survival percentage of

maize seedlings. All of the above-mentioned results indi-

cated that NaHS treatment could improve the accumulation

of betaine by activating the activity of BADH, and this

accumulation may be involved in the acquisition of heat

tolerance in maize seedlings. However, with the progress of

omics, responses of transcriptome, proteome, and metabo-

lome to application of NaHS and betaine in the acquisition of

heat tolerance in plants need to be illustrated in the future.
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