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Abstract Results from our previous study suggested that

haem oxygenase-1/carbon monoxide (HO-1/CO) acts as a

downstream signal system in the auxin-induced pathway

leading to cucumber (Cucumis sativus) adventitious root

formation. The objective of this study was to test whether

HO-1 is also involved in hydrogen sulfide (H2S)-induced

adventitious root formation. Cucumber explants were

treated with HO-1 inducer haemin and H2S donor sodium

hydrosulfide (NaHS) in combination with the specific

inhibitor of HO-1 zinc protoporphyrin IX (ZnPPIX), and

their effects on cucumber adventitious root development in

IAA-depleted explants were compared. The results showed

that similar to inducible responses of haemin, NaHS

brought about the induction of cucumber HO-1 transcripts

(CsHO-1) and its protein levels, and thereafter adventitious

root formation. A further experiment verified that H2S or

HS- rather than other sulfur-containing components derived

from NaHS was ascribed to the stimulation response. The

inducible effect is specific for CsHO-1 because ZnPPIX

significantly suppressed the above responses, and the

inhibitory effects were reversed partially when 30% CO-

saturated aqueous solution was added. Molecular evidence

further suggested that the NaHS-triggered upregulation of

target genes responsible for HO-1/CO-induced adventitious

root formation, including CsDNAJ-1 and CsCDPK1/5, was

inhibited significantly by ZnPPIX. These decreases were

reversed obviously by the addition of CO aqueous solution.

However, hypotaurine (HT), the H2S scavenger, could not

influence the haemin- and CO-induced adventitious rooting

in IAA-depleted cucumber explants. Together, the above

results suggested that HO-1 was involved in H2S-induced

cucumber adventitious root formation.

Keywords Adventitious rooting � Cucumber � Haem

oxygenase-1 � Hydrogen sulfide � Molecular mechanism

Introduction

Nitric oxide (NO), carbon monoxide (CO), and hydrogen

sulfide (H2S) together make up a family of biologically

active gases, the so-called gaseous triumvirate in animals

(Li and others 2009a). It was also confirmed that cysta-

thionine b-synthase (CBS) and cystathinine c-lyase (CSE)

are two H2S synthesis enzymes in mammalian tissues

(Wang 2003; Lefer 2007). Further results illustrated that

CSE acts as a plant L-cysteine-specific desulfhydrase

(L-CDES; EC 4.4.1.1) responsible for H2S release

(Papenbrock and others 2007). Similar to animals, plenty

of recent evidence suggests that H2S regulates many

aspects of plant growth and development, from seed ger-

mination (Zhang and others 2008; Wang and others 2012)

to the induction of adventitious root development (Zhang

and others 2009a). It has also been implicated in plant

responses to abiotic stresses such as salinity, osmotic stress,

and drought (Zhang and others 2009b, 2010a; Wang and

others 2012), boron and aluminum toxicity (Wang and

others 2010; Zhang and others 2010b), and heavy-metal

exposure (Zhang and others 2008). However, despite the

critical roles of H2S throughout the plant life cycle and
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responses against adverse environments, the molecular

mechanism and signal transduction underlying its physio-

logical roles are still poorly understood.

Haem oxygenase (HO; EC 1.14.99.3) catalyzes the

oxidative conversion of haem to biliverdin IXa (BV), a

well-known antioxidant, with the concomitant release of

CO and iron (Fe2?), in animals, plants, and other organisms

(Maines 1997; Dulak and Józkowicz 2003; Kikuchi and

others 2005; Shekhawat and Verma 2010; Shekhawat and

others 2011). BV is subsequently reduced by cytosolic

biliverdin reductase to form the potent antioxidant bilirubin

(BR) (Baraňano and others 2002). Until now, there were

three HO isozymes in mammals: the inducible form HO-1,

the constitutively expressed HO-2, and HO-3 isozyme with

a very low activity level. In mammals, HO-1/CO controls

many diverse functions, including haem degradation and

the antioxidant machinery (Ryter and others 2006). In

addition to its involvement in phytochrome chromophore

biosynthesis (Muramoto and others 1999; Davis and others

2001), plant HO-1 has been shown to have a role in

adaptive plant responses against ultraviolet-B irradiation

(Yannarelli and others 2006), salinity, and osmotic stresses

(Liu and others 2010; Xie and others 2011a, b), as well as

in growth and development processes, including lateral

root formation (Cao and others 2007) and programmed cell

death in aleurone layers (Wu and others 2011). Thus, it was

suggested that HO functions in various ways according to

the needs of individual species (Kikuchi and others 2005;

Shekhawat and others 2011).

Adventitious rooting is part of postembryonic root

development and involves the development of a meriste-

matic tissue after removal of the primary root system. Evi-

dence has confirmed that auxin plays a central role in the

induction of adventitious root formation and may interact

with other endogenous factors or environmental stimuli. For

example, calcium and calcium-dependent protein kinases

(CDPK) are downstream messengers in the signaling path-

way triggered by auxin and NO to promote adventitious

rooting (Lanteri and others 2006). Our previous report found

that HO-1/CO presented a new signal system with significant

impact on auxin-induced adventitious root development by

the modulation of one DNAJ-like gene (CsDNAJ-1) and two

CDPK genes (CsCDPK1 and CsCDPK5; Xuan and others

2008). In view of the fact that H2S was able to induce

adventitious root development involving auxin signaling

(Zhang and others 2009b), the possibility of cross talk

between endogenous HO-1/CO and H2S during adventitious

rooting still remains to be examined.

The objective of this work was to investigate the relation-

ship between HO-1- and H2S-induced cucumber adventitious

root formation. IAA-depleted cucumber explants were treated

with the H2S donor NaHS, HO-1 inducer haemin, and the

specific HO-1 inhibitor zinc protoporphyrin IX (ZnPPIX)

with or without the by-products of HO-1, such as CO, BR, and

Fe2?. Phenotypes of adventitious root development, the

expression of cucumber HO-1 (CsHO-1; Li and others 2011)

and its protein level, as well as the target genes of HO-1/CO-

induced adventitious root formation, including CsDNAJ-1

and CsCDPK1/5 (Xuan and others 2008), were determined

and compared. Additionally, effects of hypotaurine (HT), the

H2S scavenger (Garcı́a-Mata and Lamattina 2010), on NaHS-

and CO-induced cucumber adventitious rooting were

investigated.

Materials and Methods

Chemicals

All chemicals were purchased from Sigma (St. Louis, MO,

USA) unless otherwise stated. Sodium hydrosulfide

(NaHS) and haemin were used as the H2S or HS- donor and

HO-1 inducer, respectively (Xuan and others 2008; Wang

and others 2010). Naphthaleneacetic acid (NAA) was used

at the indicated concentrations. N-1-naphthylphthalamic

acid (NPA) from Chem Service (West Chester, PA, USA),

was regarded as the auxin transport inhibitor at 10 lM

(Xuan and others 2008). Zinc protoporphyrin IX (ZnPPIX),

a specific inhibitor of HO-1 (Xuan and others 2008; Cao

and others 2011), was used at 10 lM. Hypotaurine (HT),

which reacts directly with sulfide to form thiotaurine

(ThT), was used at 200 lM (Ortega and others 2008;

Garcı́a-Mata and Lamattina 2010). Both bilirubin (BR) and

FeSO4�7H2O (Fe2?), were used at 10 lM.

CO Aqueous Solution Preparation

The preparation of CO aqueous solution was carried out

according to the method described in our previous report

(Xuan and others 2008). The saturated stock solution

(100% saturation) was diluted immediately with distilled

water to the concentration required with a maximal

inducible response (30% saturation [v/v]).

Plant Material and Growth Conditions

Cucumber seeds (Cucumis sativus ‘Lufeng’) were kindly

supplied by Jiangsu Agricultural Institutes, Jiangsu Prov-

ince, China. Selected identical seeds were germinated in

Petri dishes on filter papers imbibed in distilled water,

then transferred to an illuminating incubator and main-

tained at 25 ± 1�C for 5 days with a 14-h photoperiod at

200 lmol m-2 s-1 intensity. Cucumber seedlings were

used either intact (IAA nondepleted) or decapitated by

excising the apical bud immediately above the cotyle-

dons and incubated in the presence of 10 lM NPA
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(IAA-depleted) for 48 h, before removing the primary root.

Cucumber explants were then maintained under the same

conditions of temperature and photoperiod for another 90 h

or the indicated time points in the presence of different

media as indicated.

Explant Treatments

After primary roots were removed, every eight cucumber

explants were put into a Petri dish containing 10 ml of

distilled water, varying concentrations of NaHS or NAA,

10 lM haemin, 30% CO aqueous solution, 10 lM ZnP-

PIX, 10 lL BR, 10 lM FeSO4�7H2O, or 200 lM HT,

either alone or in combination, and kept at 25 ± 1�C for

90 h or different time periods according to the experi-

mental design. Previous studies showed that the concen-

trations and the time of treatments with these chemicals are

suitable for investigating the role of HO-1/CO in root

developmental signaling (Pagnussat and others 2002, 2003,

2004; Xuan and others 2008; de Montaigu and others 2010;

Cao and others 2011). Finally, excised cucumber hypo-

cotyls (5-mm-long segments of the hypocotyl base, where

the adventitious root develops; Lanteri and others 2006)

were used for the following determination.

Western Blot Analysis for CsHO-1

Rabbit polyclonal antibody was made against mature

cucumber HO-1 expression in E. coli (Li and others 2011).

Sixty micrograms of protein from homogenates was sub-

jected to sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) using a 12.5% acrylamide-

resolving gel (Mini-PROTEAN� II System, Bio-Rad,

Hercules, CA, USA). Separated proteins were then trans-

ferred to PVDF membranes and nonspecific binding of

antibodies was blocked with 5% nonfat dried milk in PBS

(pH 7.4) for 2 h at room temperature. Membranes were

then incubated overnight at 4�C with primary antibody

raised against cucumber HO-1 (CsHO-1) diluted 1:3,000 in

PBS buffer. Immune complexes were detected using

horseradish peroxidase (HRP)-conjugated goat anti-rabbit

IgG. The color was developed with a solution containing

3,30-diaminobenzidine tetrahydrochloride (DAB) as the

HRP substrate.

Semiquantitative RT-PCR Analysis

Total RNA was isolated from 100 mg (fresh weight) of

excised cucumber hypocotyls by grinding with mortar and

pestle in liquid nitrogen until a fine powder appeared and

using Trizol reagent (Invitrogen, Carlsbad, CA) according

to the manufacturer’s instructions. DNA-free total RNA

(5 lg) from different treatments was used for first-strand

cDNA synthesis in a 20-ll reaction volume containing 2.5

U of AMV reverse transcriptase XL (TaKaRa-Bio, Shiga,

Japan) and 2.5 lM random primer. PCR reactions were

performed using 2 ll of a twofold dilution of the cDNA,

10 pmol of each oligonucleotide primer, and 1 U of Taq

polymerase (TaKaRa-Bio) in a 20-ll reaction volume.

The cDNA was amplified using the following primers:

for CsHO-1 (accession No. HQ198046.1), forward 50-GGA

GTCACCTATGCTCGTTA-30 and reverse 50-CTTTCGC

CCAATCATTCTAC-30, amplifying a 118-bp fragment;

and for CsActin (accession No. AB010922.1), forward 50-
AGATGACGCAGATAATGTTT-30 and reverse 50-AT-

CACCAGAATCCAGCAC-30, amplifying a 119-bp frag-

ment. To standardize the results, the relative abundance of

CsActin was determined and used as the internal standard.

The cycle numbers of the PCR were adjusted for each

gene to obtain visible bands on agarose gels. Aliquots of

the PCR reactions were loaded on 1.5% agarose gels with

the use of ethidium bromide (EB). Specific amplification

products of the expected size were observed and their

identities were confirmed by sequencing.

Real-time RT-PCR Analysis

Real-time quantification RT-PCR reactions were performed

using a Mastercycler� ep realplex real-time PCR system

(Eppendorf, Hamburg, Germany) with SYBR� Premix Ex

TaqTM (TaKaRa-Bio) according to the manufacturer’s

instructions. The cDNA was amplified using the following

primers: for CsActin (accession No. AB010922.1), forward

50-AGATGACGCAGATAATGTTT-30 and reverse 50-ATC

ACCAGAATCCAGCAC-30; for CsHO-1 (accession No.

HQ198046.1), forward 50-GGAGTCACCTATGCTCGTT

A-30 and reverse 50-CTTTCGCCCAATCATTCTAC-30; for

CsDNAJ-1 (accession No. X67695), forward 50-CGACACT

GTTACTGGGGACA-30 and reverse 50-GACGAGAGACA

AGGTATGCT-30; for CsCDPK1 (accession No. AJ312239),

forward 50-GTAAGACCATCCCCAAG-30 and reverse

50-CTCTCCACCCTCACAAA-30; and for CsCDPK5

(accession No. AY027885), forward 50-TTCTGGCTCGTCC

CTTTTC-30 and reverse 50-CCTGTTTCGTTTCCTTGTG-

30. Relative expression levels were presented as values relative

to that of the corresponding control sample at the indicated

time, after normalization to CsActin transcript levels.

Data Analysis

Where indicated, results were expressed as the mean

value ± SE of at least three independent experiments

(n = 16). Statistical analysis was performed using SPSS

8.0 software (SPSS, Inc., Chicago, IL, USA). For statistical
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analysis, Duncan’s multiple-range test (p \ 0.05) was

chosen.

Results

IAA Depletion-induced Inhibition of Adventitious Root

Formation is Reversed by H2S and Haemin

As expected, we observed that in comparison with the

nondepleted treatment, the application of an inhibitor of

basipetal auxin efflux, naphthylphthalamic acid (NPA;

10 lM, IAA depletion), was able to prevent adventitious

root formation (Fig. 1a). To investigate the possible role of

H2S in signal transduction leading to adventitious root

formation, we added the H2S donor sodium hydrosulfide

(NaHS) to IAA-depleted cucumber explants and checked

the effect on the NPA-induced process. Two parameters,

the number and the length of adventitious roots per explant,

were measured. As shown in Fig. 1, NaHS at concentra-

tions lower than 1 lM had no apparent effect on adventi-

tious root formation, whereas a concentration-dependent

restoration was observed when NaHS concentration was at

least 1 lM. The promotion of adventitious root formation

was maximal at 10 lM NaHS (p \ 0.05), whereas a higher

concentration of the donor was less effective. As was

reported previously (Xuan and others 2008), the HO-1

inducer haemin at a concentration of 10 lM displayed the

maximal inducible effect on adventitious root development

(some data not shown).

To verify the specific role of H2S in the restoration of

adventitious root formation from IAA depletion-induced

adventitious root inhibition in cucumber, 10 lM Na2S,

Na2SO4, NaHSO4, Na2SO3, and NaHSO3 were used as the

controls for Na?- and sulfur-containing compounds.

However, we observed that these chemicals were unable to

exhibit similar inducible responses (Fig. 2). Therefore,

combined with the former results shown in Fig. 1, we

illustrated that H2S or HS-, rather than other compounds

directly or indirectly derived from the decomposing of

NaHS, was responsible for the inducible effects of NaHS

on the restoration of adventitious root formation in IAA-

depleted cucumber explants.

Auxin and NaHS Rescue Adventitious Root Formation

from IAA Depletion-induced Inhibition

As expected, 50 nM NAA was required for IAA-depleted

cucumber explants to attain similar adventitious root

development observed in nondepleted seedlings (Fig. 3).

Interestingly, 10 nM NAA was able to obtain comparable

numbers of adventitious roots when supplemented with

Fig. 1 Hydrogen sulfide (H2S) donor sodium hydrosulfide (NaHS)

and haemin alleviate the IAA depletion-induced inhibition of

adventitious root development in cucumber. Explants with or without

auxin depletion pretreatment were further incubated in water (Con),

NaHS at the indicated concentrations, and 10 lM haemin for 90 h.

a The IAA depletion-induced inhibition of adventitious root forma-

tion is reversed by H2S and haemin. b Photographs were also taken.

Scale bar 0.5 cm. Mean and SE were calculated from at least three

independent experiments (n = 16). Within each set of experiments,

bars with different letters were significantly different in comparison

with water treatment (Con) at p \ 0.05 according to Duncan’s

multiple-range test
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10 lM NaHS. These results clearly indicated a possible

interrelationship between IAA and H2S during adventitious

root formation.

Induction of CsHO-1 Transcript and Its Protein

in Response to H2S

The reversing effect of NaHS on the inhibition of adven-

titious root formation in IAA-depleted cucumber explants

led us to assess whether induction of HO-1 in cucumber is

associated with the above response. In the following

experiment, IAA-depleted cucumber explants were tested

for HO accumulation using semiquantitative RT-PCR and

Western blot analysis. The results in Fig. 4a show that

NaHS induced CsHO-1 expression in a time-dependent

manner. Semiquantitative RT-PCR revealed that in com-

parison with the corresponding control samples, the treat-

ment with NaHS for 6 and 12 h brought about the highest

induction of CsHO-1 expression (63.6 and 45.2%, respec-

tively), and the level of CsActin was unaffected throughout

the experimental periods. Furthermore, a close correlation

was found between transcript levels and the amount of

protein. For example, as shown in Fig. 4b, CsHO-1 protein

increased 2.20- and 1.47-fold in cucumber explants treated

with NaHS for 12 and 24 h, respectively. We also noticed

that the enhancement of CsHO-1 gene expression appar-

ently preceded adventitious root formation.

Fig. 2 Hydrogen sulfide (H2S) or HS-, but not other compounds

derived from sodium hydrosulfide (NaHS), alleviate IAA depletion-

induced adventitious rooting inhibition in cucumber. Explants with

auxin depletion pretreatment were further incubated with water (Con),

10 lM NaHS, 10 lM Na2S, 10 lM Na2SO4, 10 lM NaHSO4, 10 lM

Na2SO3, or 10 lM NaHSO3 for 90 h. Mean and SE were calculated

from at least three independent experiments (n = 16). Within each set

of experiments, bars with asterisks were significantly different in

comparison with water treatment (Con) at p \ 0.05 according to

Duncan’s multiple-range test

Fig. 3 The inhibition of adventitious root development in IAA-

depleted cucumber seedlings was rescued by auxin and NaHS.

Explants with or without auxin depletion pretreatment were further

incubated with either water (Con), 10 or 50 nM NAA, 10 lM NaHS

alone, or a combination treatment for 90 h. Mean and SE were

calculated from at least three independent experiments (n = 16). Bars
with different letters were significantly different in comparison with

water treatment (Con) in the IAA-depleted condition at p \ 0.05

according to Duncan’s multiple-range test

Fig. 4 Time-course changes of cucumber CsHO-1 transcripts and

protein levels in response to NaHS in IAA-depleted explants.

Explants with auxin depletion pretreatment were incubated with

water (Con) and 10 lM NaHS for 24 h. a CsHO-1 transcript was then

analyzed by semiquantitative RT-PCR. The number below the band

indicates relative abundance of the corresponding gene with respect to

the loading control CsActin. b CsHO-1 protein expression was

determined by Western blot. The number below the band illustrates

the relative abundance of the CsHO-1 protein compared with that of

the T0 sample (100%). c Coomassie Brilliant Blue-stained gels were

present to show that equal amounts of proteins were loaded. The blot

was representative of three blots with a similar tendency
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H2S-triggered Responses Were Sensitive to the Specific

Scavenger of HO-1 ZnPPIX and CO

To confirm the role of HO-1 in the NaHS-induced

responses, we also adopted a pharmacological approach by

using the specific inhibitor of HO-1, ZnPPIX. As expected,

the addition of haemin brought about not only the induction

of adventitious roots (Fig. 5), but also the enhancement of

CsHO-1 gene expression in cucumber explants (Fig. 6a).

Furthermore, we discovered that the NaHS-induced

adventitious root formation and CsHO-1 upregulation were

markedly reduced by treatment with ZnPPIX (p \ 0.05)

and were substantially recovered by 30% saturation of CO

aqueous solution. By contrast, similar to the IAA-depleted

cucumber explants (Con), there was no effect of Fe2? or

BR on adventitious root development when treated with

NaHS plus ZnPPIX. These results suggested that changes

in endogenous HO-1 are likely to be involved in NaHS-

induced restoration of adventitious root development, and

that CO, one of the by-products of HO-1, plays a crucial

role in the process. We also confirmed that the application

of CO aqueous solution alone remarkably increased

adventitious rooting (Fig. 5) (Xuan and others 2008) as

well as the induction of CsHO-1 transcript (Fig. 6a). By

contrast, no significant difference was observed after the

addition of Fe2? or BR in comparison with the control

sample (Fig. 5). A slight but not significant decrease in

adventitious root number (Fig. 5) and CsHO-1 transcripts

(Fig. 6a) was found in the ZnPPIX-treated IAA-depleted

cucumber explants.

Expression Profiles of CsDNAJ-1 and CsCDPK1/5

In a subsequent experiment, molecular evidence also

showed that similar to the responses of haemin (Xuan and

others 2008), NaHS and CO were able to induce higher

expression of the CsDNAJ-1 and CsCDPK1/5 genes after

12 h of treatment (Fig. 6b), and these expressions were

consistent with the number of adventitious roots observed

after another 78 h of treatment (Figs. 1, 5). By contrast, the

Fig. 5 Effects of ZnPPIX, CO, Fe2?, BR, and haemin on NaHS-

induced adventitious rooting. IAA-depleted explants were preincu-

bated with water, the H2S donor NaHS (10 lM), the HO-1 inducer

haemin (10 lM), the specific HO-1 inhibitor ZnPPIX (10 lM), and

three catalytic by-products of HO-1 [CO aqueous solution (30%

saturation), Fe2? (FeSO4�7H2O, 10 lM), BR (10 lM) alone or in

combination treatments] for 90 h. Then, adventitious root number and

length were recorded. Mean and SE were calculated from at least

three independent experiments (n = 16). Within each set of exper-

iments, bars with different letters were significantly different in

comparison with water treatment (Con) at p \ 0.05 according to

Duncan’s multiple-range test

Fig. 6 Effects of NaHS, ZnPPIX, CO, and haemin on the expression

profiles of CsHO-1, CsDNAJ-1, and CsCDPK1/5. IAA-depleted

cucumber explants were preincubated with water, NaHS (10 lM),

ZnPPIX (10 lM), CO aqueous solution (30% saturation), and haemin

(10 lM) alone or in combination treatments for 6 h (a) and 12 h (b).

Then, the corresponding gene expression was analyzed by real-time

RT-PCR. The expression levels of the genes were presented as values

relative to the control (water treatment). Within each set of

experiments, bars with different letters were significantly different

in comparison with the control at p \ 0.05 according to Duncan’s

multiple-range test
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NaHS-induced expression of these genes was prevented

when HO-1 was inhibited by ZnPPIX. These findings

provided preliminary evidence and suggested that endog-

enous HO-1 and its products modulated the expression

of CsDNAJ-1 and CsCDPK1/5 genes, which were also

involved in NaHS-induced adventitious root formation.

Further results confirmed the restoration effects of CO

aqueous solution on the ZnPPIX-induced inhibition of

CsDNAJ-1 and CsCDPK1/5 genes, further strengthening

the hypothesis that CO produced by CsHO-1 might be

responsible for NaHS-induced adventitious root formation.

Hypotaurine (HT), the H2S Scavenger, Does Not

Influence Haemin- and CO-induced Adventitious

Rooting

To further rule out the possibility that H2S might be

involved in HO-1-induced adventitious root formation, the

effect of a H2S scavenger, hypotaurine (HT), on haemin-

and CO-induced response was analyzed. As shown in

Fig. 7 (left), HT could not inhibit haemin- and CO-induced

adventitious root formation in IAA-depleted cucumber

explants. By contrast, HT was able to reverse adventitious

root development triggered by 10 lM NaHS, which was

consistent with the interpretation that NaHS-induced bio-

activity is caused by H2S. Additionally, no significant

difference was observed in the sample treated with HT

alone compared to the control explants in the IAA-depleted

condition. On the other hand, in nondepleted cucumber

explants, HT treatment alone brought about an obvious

decrease of adventitious root formation, which was par-

tially reversed by the addition of NaHS (Fig. 7, right). We

also noticed that the application of NaHS alone, at the

concentration of 10 lM, could bring about a slight but

insignificant increase in adventitious rooting in nonde-

pleted explants compared to the chemical-free control

sample.

Discussion

Although H2S has been known as a toxic gas for a long

time and can also be endogenously generated in both ani-

mals and plants (Hällgren and Fredriksson 1982; Sekiya

and others 1982; Wang 2003; Garcı́a-Mata and Lamattina

2010), it was recently found that H2S has important

physiological functions in plants. For example, H2S was

implicated in stomatal aperture regulation (Garcı́a-Mata

and Lamattina 2010; Lisjak and others 2010) and abiotic

stress responses (Zhang and others 2009b; Wang and others

2012). In this study, we confirmed that application of

NaHS, the well-known H2S and HS- donor in animals and

plants (Zhao and others 2001; Wang and others 2010),

induced adventitious root development (Fig. 1; Li and

others 2011), which was previously demonstrated in sweet

potato, willow, and soybean explants (Zhang and others

2009a). In view of the fact that NaHS dissolves in water

and is dissociated to produce Na? and HS-, and HS-

associated with H? can produce H2S, a further test was

carried out by using other chemicals such as S2-, SO4
2-,

HSO4
-, SO3

2-, HSO3
-, and Na? as controls for NaHS. As

shown in Fig. 2, none of the above chemicals was found to

exhibit an inducible effect similar to that of NaHS in

triggering adventitious root formation. We further suggest

that H2S or HS-, but not the other compounds derived from

NaHS, was responsible for the induction of adventitious

roots in cucumber explants. The results of Fig. 3 also

suggested the possible interrelationship between auxin and

H2S during adventitious root formation.

Further data suggested a linear signal transduction cas-

cade involving upregulation of HO-1 gene expression in

H2S-induced cucumber adventitious root formation. There

are several results supporting these conclusions. First,

NaHS-induced adventitious root development was blocked

in the presence of the HO-1 inhibitor ZnPPIX (Fig. 5). The

result was consistent with the observations that NaHS

induced the expression of CsHO-1 transcripts and its pro-

tein levels in a time-dependent manner (Fig. 4). Moreover,

the increase in CsHO-1 transcripts in NaHS-treated

cucumber explants was suppressed by the addition of

Fig. 7 Effects of hypotaurine (HT) on NaHS-, haemin-, or CO-

induced adventitious rooting. Explants with or without auxin deple-

tion pretreatment were further incubated in water, NaHS (10 lM),

haemin (10 lM), CO (30% saturation), and HT (200 lM) alone or in

combination of treatments for 90 h. Then, adventitious root numbers

were recorded. Mean and SE were calculated from at least three

independent experiments (n = 16). Within each set of experiments,

bars with different letters were different significantly at p \ 0.05

according to Duncan’s multiple-range test

J Plant Growth Regul (2012) 31:519–528 525

123



ZnPPIX (Fig. 6a). When exogenous 30% CO-saturated

aqueous solution was added together with ZnPPIX, the

number and length of adventitious roots as well as CsHO-1

transcripts inhibited by ZnPPIX treatment were signifi-

cantly relieved (Figs. 5, 6a). In addition, that the inhibition

of endogenous H2S formation by HT could not influence

haemin- and CO-induced adventitious root formation

(Fig. 7) indicated that the reduced effect of NaHS treat-

ment in the presence of HT might be the result of the

decrease of endogenous H2S production in cucumber

explants. The above data supported the hypothesis that

HO-1 might mediate H2S-induced adventitious root for-

mation in cucumber explants.

In animals, HO-1 is an early response gene that can be

induced by a variety of stress factors, including haem,

metalloporphyrins, heavy metals, cytokines, oxidative

stress, and oxidized lipids (Maines 1997; Dulak and

Józkowicz 2003; Kikuchi and others 2005; Leffler and

others 2006). It was further suggested that HO-1 functions

as a defensive system against oxidative stress, because BV

or BR produced locally in the animal body may act as

physiological antioxidants (Stocker and others 1987; Ki-

kuchi and others 2005). CO at low concentrations has anti-

inflammatory effects involving the mitogen-activated pro-

tein kinase (MAPK) pathway (Otterbein and others 2000).

However, involvement of the MAPK cascade has not yet

been discovered in the plant HO/CO signaling system.

Given the abundance of haem as an oxygen carrier in

animals, it is more likely that there are major differences in

the regulatory mechanisms of HO-1/CO between animals

and plants (Shekhawat and others 2011). In fact, H2S and

CO are important intra- and intercellular messengers, and

both confer cytoprotective and immunomodulatory effects

(Li and others 2009b; Mancuso and others 2010; Baskar

and Bian 2011). Previous results showed that NaHS ele-

vated the CO level and upregulated HO-1 expression in

rats; by contrast, hydroxylamine, an inhibitor of CBS,

reduced CO levels and downregulated HO-1 expression

(Han and others 2006). Exogenous H2S could alleviate the

elevation of pulmonary arterial pressure. Plasma CO levels

and the expression of HO-1 protein and mRNA in pul-

monary arteries were significantly increased. However, the

addition of DL-propargylglycine (PAG), an inhibitor of

CSE, decreased the plasma H2S content and worsened

hypoxic pulmonary hypertension (HPH) (Zhang and others

2004). In agreement with these results, we illustrated that

the addition of NaHS resulted in the induction of CsHO-1

transcripts and its protein level in cucumber explants in a

time-dependent manner (Fig. 4). Certainly, CsHO-1

induction would be beneficial for adventitious root for-

mation by enhancing the release of CO, a signal molecule

responsible for adventitious root development in mung

bean (Xu and others 2006) and cucumber explants (Xuan

and others 2008). We also deduced that the inhibition of

endogenous H2S via the addition of HT and thus the

decreased adventitious root development in nondepleted

cucumber explants (Fig. 7) might be related to the down-

regulation of CsHO-1 gene expression.

The DNAJ-like gene was upregulated during root initi-

ation and formation triggered by auxin, suggesting a phase-

specific modulation during the cell cycle in G2/M (Frugis

and others 1999). The CDPK gene was also regarded as the

target gene of auxin- or NO-induced adventitious root

formation (Kumar and others 2004; Lanteri and others

2006). Our previous study further suggested that CsDNAJ-

1 and CsCDPK1/5 might be the target genes of adventi-

tious root development triggered by HO-1/CO (Xuan and

others 2008). Therefore, the above link prompted us to

further investigate the HO-1-mediated molecular mecha-

nisms leading to adventitious root development triggered

by NaHS. Results of Fig. 6b show that NaHS induced

higher expression of CsDNAJ-1 and CsCDPK1/5 genes at

12 h of treatment, and these expression levels were con-

sistent with the number and length of adventitious roots

after another 78 h of treatment (Fig. 1). Further results

confirmed that besides the significant inhibition of adven-

titious root formation and CsHO-1 transcripts (Figs. 5, 6a),

the application of the potent HO-1 inhibitor ZnPPIX not

only blocked the induction of adventitious root develop-

ment conferred by NaHS (Fig. 5), it also downregulated the

NaHS-induced transcription of CsDNAJ-1 and CsCDPK1/5

genes in cucumber explants, compared to the control

sample (Fig. 6). By contrast, these ZnPPIX responses could

be reversed by the application of 30% CO-saturated

aqueous solution. Therefore, we suggest that CsDNAJ-1

Fig. 8 Schematic representation of the signaling pathway involving

auxin, hydrogen sulfide (H2S), and the HO-1/CO system during the

adventitious rooting process in cucumber. The above pathway might

be mediated by the expression of DNAJ-1 and CDPK1/5 genes.

Dashed line denotes indirect or still undescribed pathway. T bars,

inhibition
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and CsCDPK1/5 genes, which have been proposed to be

involved in the HO-1/CO-mediated auxin-induced adven-

titious root formation (Xuan and others 2008), might be

also the target genes for the HO-1-mediated H2S-induced

adventitious root development in cucumber plants (Fig. 8).

In conclusion, our results give the first indication, to our

knowledge, that HO-1 functions as a downstream compo-

nent in H2S-induced adventitious root formation by the

modulation of expression of DNAJ-1 and CDPK1/5 genes,

although whether auxin could induce H2S release and its

detailed mechanisms or roles should be elucidated in the

near future (Fig. 8). Certainly, our finding opens a wide

field of signal transduction pathways for every recently

reported H2S effect in plant biology.
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Dulak J, Józkowicz A (2003) Carbon monoxide—a ‘‘new’’ gaseous

modulator of gene expression. Acta Biochim Pol 50:31–47

Frugis G, Mele G, Giannino D, Mariotti D (1999) MsJ1, an alfalfa

DnaJ-like gene, is tissue-specific and transcriptionally regulated

during cell cycle. Plant Mol Biol 40:397–408

Garcı́a-Mata C, Lamattina L (2010) Hydrogen sulphide, a novel

gasotransmitter involved in guard cell signalling. New Phytol

188:977–984

Hällgren JE, Fredriksson SA (1982) Emission of hydrogen sulfide from

sulfur dioxide-fumigated pine trees. Plant Physiol 70:456–459

Han Y, Qin J, Chang XZ, Yang ZX, Du JB (2006) Hydrogen sulphide

and carbon monoxide are in synergy with each other in the

pathogenesis of recurrent febrile seizures. Cell Mol Neurobiol

26:101–107

Kikuchi G, Yoshida T, Noguchi M (2005) Heme oxygenase and heme

degradation. Biochem Biophys Res Commun 338:558–567

Kumar KG, Ullanat R, Jayabaskaran C (2004) Molecular cloning,

characterization, tissue-specific and phytohormone-induced

expression of calcium-dependent protein kinase gene in cucum-

ber (Cucumis sativus L.). J Plant Physiol 161:1061–1071

Lanteri ML, Pagnussat GC, Lamattina L (2006) Calcium and

calcium-dependent protein kinases are involved in nitric oxide-

and auxin-induced adventitious root formation in cucumber.

J Exp Bot 57:1341–1351

Lefer DJ (2007) A new gaseous signaling molecule emerges:

cardioprotective role of hydrogen sulfide. Proc Natl Acad Sci

USA 104:17907–17908

Leffler CW, Parfenova H, Jaggar JH, Wang R (2006) Carbon

monoxide and hydrogen sulfide: gaseous messengers in cerebr-

ovasular circulation. J Appl Physiol 100:1065–1076

Li L, Hsu A, Moore PK (2009a) Actions and interactions of nitric

oxide, carbon monoxide and hydrogen sulphide in the cardio-

vascular system and in inflammation—a tale of three gases!

Pharmacol Ther 123:386–400

Li X, Bazer FW, Gao H, Jobqen W, Johnson GA, Li P, McKnight JR,

Satterfield MC, Spencer TE, Wu G (2009b) Amino acids and

gaseous signaling. Amino Acids 37:65–78

Li MY, Cao ZY, Shen WB, Cui J (2011) Molecular cloning and

expression of a cucumber (Cucumis sativus L.) heme oxygenase-

1 gene, CsHO1, which is involved in adventitious root forma-

tion. Gene 486:47–55

Lisjak M, Srivastava N, Teklic T, Civale L, Lewandowski K, Wilson

I, Wood ME, Whiteman M, Hancock JT (2010) A novel

hydrogen sulfide donor causes stomatal opening and reduces

nitric oxide accumulation. Plant Physiol Biochem 48:931–935

Liu YH, Xu S, Ling TF, Xu LL, Shen WB (2010) Heme oxygenase/

carbon monoxide system participates in regulating wheat seed

germination under osmotic stress involving the nitric oxide

pathway. J Plant Physiol 167:1371–1379

Maines MD (1997) The heme oxygenase system: a regulator of

second messenger genes. Annu Rev Pharmacol Toxicol 37:

517–554

Mancuso C, Navarra P, Preziosi P (2010) Roles of nitric oxide, carbon

monoxide, and hydrogen sulfide in the regulation of the

hypothalamic-pituitary-adrenal axis. J Neurochem 113:563–575

Muramoto T, Kohchi T, Yokota A, Hwang I, Goodman HM (1999)

The Arabidopsis photomorphogenic mutant hy1 is deficient in

phytochrome chromophore biosynthesis as a result of a mutation

in a plastid heme oxygenase. Plant Cell 11:335–348

Ortega JA, Ortega JM, Julian D (2008) Hypotaurine and sulfhydryl-

containing antioxidants reduce H2S toxicity in erythrocytes from

a marine invertebrate. J Exp Bot 211:3816–3825

Otterbein LE, Bach FH, Alam J, Soares M, Tao Lu H, Wysk M, Davis

RJ, Flavell RA, Choi AM (2000) Carbon monoxide has anti-

inflammatory effects involving the mitogen-activated protein

kinase pathway. Nat Med 6:422–428

Pagnussat GC, Simontacchi M, Puntarulo S, Lamattina L (2002)

Nitric oxide is required for root organogenesis. Plant Physiol

129:954–956

Pagnussat GC, Lanteri ML, Lamattina L (2003) Nitric oxide and

cyclic GMP are messengers in the indole acetic acid-induced

adventitious rooting process. Plant Physiol 132:1241–1248

Pagnussat GC, Lanteri ML, Lombardo MC, Lamattina L (2004) Nitric

oxide mediates the indole acetic acid induction activation of a

mitogen-activated protein kinase cascade involved in adventi-

tious root development. Plant Physiol 135:279–286

Papenbrock J, Riemenschneider A, Kamp A, Schulz-Vogt HN,

Schmidt A (2007) Characterization of cysteine-degrading and

H2S-releasing enzymes of higher plants—from the field to the

test tube and back. Plant Biol 9:582–588

Ryter SW, Alam J, Choi AM (2006) Heme oxygenase-1/carbon

monoxide: from basic science to therapeutic applications.

Physiol Rev 86:583–650

Sekiya J, Schmidt A, Wilson LG, Filner P (1982) Emission of

hydrogen sulfide by leaf tissue in response to L-cysteine. Plant

Physiol 70:430–436

J Plant Growth Regul (2012) 31:519–528 527

123



Shekhawat GS, Verma K (2010) Haem oxygenase (HO): an

overlooked enzyme of plant metabolism and defence. J Exp

Bot 61:2255–2270

Shekhawat GS, Dixit S, Verma K, Nasybullina EI, Kosmachevskaya

OV, Topunov AF (2011) Heme oxygenase: enzyme with

functional diversity. J Stress Physiol Biochem 7:88–94

Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, Ames BN

(1987) Bilirubin is an antioxidant of possible physiological

importance. Science 235:1043–1046

Wang R (2003) The gasotransmitter role of hydrogen sulfide.

Antioxid Redox Signal 5:493–501

Wang BL, Shi L, Li YX, Zhang WH (2010) Boron toxicity is

alleviated by hydrogen sulfide in cucumber (Cucumis sativus L.)

seedlings. Planta 231:1301–1309

Wang YQ, Li L, Cui WT, Xu S, Shen WB, Wang R (2012) Hydrogen

sulfide enhances alfalfa (Medicago sativa) tolerance against

salinity during seed germination by nitric oxide pathway. Plant

Soil 351:107–119

Wu MZ, Huang JJ, Xu S, Ling TF, Xie YJ, Shen WB (2011) Haem

oxygenase delays programmed cell death in wheat aleurone

layers by modulation of hydrogen peroxide metabolism. J Exp

Bot 62:235–248

Xie YJ, Cui WT, Yuan XX, Shen WB, Yang Q (2011a) Heme

oxygenase-1 is associated with wheat salinity acclimation by

modulating reactive oxygen species homeostasis. J Integr Plant

Biol 53:653–670

Xie YJ, Xu S, Han B, Wu MZ, Yuan XX, Han Y, Gu Q, Xu DK, Yang

Q, Shen WB (2011b) Evidence of Arabidopsis salt acclimation

induced by up-regulation of HY1 and the regulatory role in

RbohD-derived reactive oxygen species synthesis. Plant J

66:280–292

Xu J, Xuan W, Huang BK, Zhou YH, Ling TF, Xu S, Shen WB (2006)

Carbon monoxide-induced adventitious rooting of hypocotyl

cutting from mung bean seedling. Chin Sci Bull 51:668–674

Xuan W, Zhu FY, Xu S, Huang BK, Ling TF, Ye MB, Shen WB

(2008) The heme oxygenase/carbon monoxide system is

involved in the auxin-induced cucumber adventitious rooting

process. Plant Physiol 148:881–893

Yannarelli GG, Noriega GO, Batlle A, Tomaro ML (2006) Heme

oxygenase up-regulation in ultraviolet-B irradiated soybean

plants involves reactive oxygen species. Planta 224:1154–1162

Zhang QY, Du JB, Zhou WJ, Hui Y, Tang CS, Zhang CY (2004)

Impact of hydrogen sulfide on carbon monoxide/heme oxygen-

ase pathway in the pathogenesis of hypoxic pulmonary hyper-

tension. Biochem Biophys Res Commun 317:30–37

Zhang H, Hu LY, Hu KD, He YD, Wang SH, Luo JP (2008)

Hydrogen sulfide promotes wheat seed germination and allevi-

ates oxidative damage against copper stress. J Integr Plant Biol

50:1518–1529

Zhang H, Tang J, Liu XP, Wang Y, Yu W, Peng WY, Fang F, Ma DF,

Wei ZJ, Hu LY (2009a) Hydrogen sulfide promotes root

organogenesis in Ipomoea batatas, Salix matsudana and Glycine
max. J Integr Plant Biol 51:1086–1094

Zhang H, Ye YK, Wang SH, Luo JP, Tang J, Ma DF (2009b)

Hydrogen sulfide counteracts chlorophyll loss in sweet potato

seedling leaves and alleviates oxidative damage against osmotic

stress. Plant Growth Regul 58:243–250

Zhang H, Jiao H, Jiang CX, Wang SH, Wei ZJ, Luo JP, Jones RL

(2010a) Hydrogen sulfide protects soybean seedlings against

drought-induced oxidative stress. Acta Physiol Plant 32:849–857

Zhang H, Tan ZQ, Hu LY, Wang SH, Luo JP, Jones RL (2010b)

Hydrogen sulfide alleviates aluminum toxicity in germinating

wheat seedlings. J Integr Plant Biol 52:556–567

Zhao W, Zhang J, Lu Y, Wang R (2001) The vasorelaxant effect of

H2S as a novel endogenous gaseous KATP channel opener.

EMBO J 20:6008–6016

528 J Plant Growth Regul (2012) 31:519–528

123


	Haem Oxygenase-1 is Involved in Hydrogen Sulfide-induced Cucumber Adventitious Root Formation
	Abstract
	Introduction
	Materials and Methods
	Chemicals
	CO Aqueous Solution Preparation
	Plant Material and Growth Conditions
	Explant Treatments
	Western Blot Analysis for CsHO-1
	Semiquantitative RT-PCR Analysis
	Real-time RT-PCR Analysis
	Data Analysis

	Results
	IAA Depletion-induced Inhibition of Adventitious Root Formation is Reversed by H2S and Haemin
	Auxin and NaHS Rescue Adventitious Root Formation from IAA Depletion-induced Inhibition
	Induction of CsHO-1 Transcript and Its Protein in Response to H2S
	H2S-triggered Responses Were Sensitive to the Specific Scavenger of HO-1 ZnPPIX and CO
	Expression Profiles of CsDNAJ-1 and CsCDPK1/5
	Hypotaurine (HT), the H2S Scavenger, Does Not Influence Haemin- and CO-induced Adventitious Rooting

	Discussion
	Acknowledgments
	References


