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Abstract 

Background: Cold stress adversely influences rapeseeds (Brassica napus L.) growth and yield during winter and 
spring seasons. Hydrogen  (H2) is a potential gasotransmitter that is used to enhance tolerance against abiotic stress, 
including cold stress. However, convenience and stability are two crucial limiting factors upon the application of  H2 in 
field agriculture. To explore the application of  H2 in field, here we evaluated the role of ammonia borane (AB), a new 
candidate for a  H2 donor produced by industrial chemical production, in plant cold tolerance.

Results: The application with AB could obviously alleviate the inhibition of rapeseed seedling growth and reduce 
the oxidative damage caused by cold stress. The above physiological process was closely related to the increased 
antioxidant enzyme system and reestablished redox homeostasis. Importantly, cold stress-triggered endogenous  H2S 
biosynthesis was further stimulated by AB addition. The removal or inhibition of  H2S synthesis significantly abolished 
plant tolerance against cold stress elicited by AB. Further field experiments demonstrated that the phenotypic and 
physiological performances of rapeseed plants after challenged with cold stress in the winter and early spring seasons 
were significantly improved by administration with AB. Particularly, the most studied cold-stress response pathway, 
the ICE1-CBF-COR transcriptional cascade, was significantly up-regulated either.

Conclusion: Overall, this study clearly observed the evidence that AB-increased tolerance against cold stress could 
be suitable for using in field agriculture by stimulation of  H2S signaling.
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Background
Plants are exposed to adverse environmental conditions 
frequently, facing a series of abiotic stresses, includ-
ing salinity, osmotic, nutrient deficiency, metal stress, 
and extreme temperature [1]. Cold stress (low tempera-
ture) is a common environmental factor that inhibits 
plant growth and development, limits the geographical 

distribution of a species, and reduces crop yields [2, 3]. 
Many plant species from mid and high latitudes have 
evolved several distinct mechanisms to improve their 
cold tolerance during exposure to cold stress conditions 
[4]. Upon cold stress, several biochemical and physi-
ological processes occur, ranging from the buildup of 
osmolytes and cryoprotectants for escaping the distur-
bance of reactive oxygen species (ROS) overproduc-
tion [5, 6]. Cold stress also influences much messenger 
molecules including phytohormones [7–10], metabolic 
enzymes [11], hydrogen peroxide  (H2O2; [12]), nitric 
oxide (NO; [13]), and carbon monoxide (CO; [14]).
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Hydrogen sulfide  (H2S), the third gasotransmitters 
after NO and CO, was firstly studied in mammalian cells 
[15]. Although endogenous  H2S production catalyzed by 
cysteine desulfhydrase (DES) activity and its release into 
atmosphere have been observed in higher plants [16, 
17], the function and signaling of  H2S in plants has been 
neglected for a long time. Further study showed that the 
 H2S in plants is mainly enzymatically produced, includ-
ing L-cysteine desulfhydrase (L-DES) and D-cysteine 
desulfhydrase (D-DES), sulfite reductase (SiR), cyanoa-
lanine synthase (CAS), and O-acetyl-(thiol)-serinelyase 
(OAS-TL) [18]. Since the L-DES is primarily utilized for 
plant producing  H2S [19], the enzyme L-DES has been 
also termed as DES [20]. In the last two decades, DES-
dependent  H2S has been progressively confirmed as 
an endogenous signaling molecule in plants [21–23], 
ranging from the regulation of plant development and 
the control of tolerance against various stresses [24]. 
Upon cold stress, the expressions and activities of DES 
were stimulated or increased in Vitis vinifera [25] and 
Cucumis sativus [26]. The underlying mechanisms par-
tially include reconstructing redox homeostasis achieved 
by the interaction between  H2S and other crucial mole-
cules and pathways, including auxin [26], energy metabo-
lism [27], antioxidant system [28], and mitogen activated 
protein kinase (MAPK; [29]).

Compared to  H2S, molecular hydrogen  (H2) was pre-
viously regarded as an important chemical material and 
most clean energy. In the last decade, combined with 
the progress in hydrogen biology in medicine [30], it is 
well-known that  H2 might be one of the important gas-
otransmitters, controlling a diverse range of physiological 
events in a wide spectrum of biological systems [31]. In 
plants, the production of  H2 is stimulated by several phy-
tohormones (auxin and abscisic acid, etc.) and environ-
mental stimuli to elicit some cellular processes. Ample 
evidence on the role of  H2 in the plants has focused on 
the involvement of plant tolerance against abiotic stress, 
including salinity [32] and cold stress [33] as well as 
heavy metal exposure [34, 35]. In addition,  H2S might 
be a crucial endogenous signal in  H2 control of tolerance 
against osmotic stress [36] and prolonging the vase life of 
cut flowers [31].

Until now, two main methods of supplying  H2 in biol-
ogy are hydrogen rich liquid or its gas, and the applied 
 H2 is mainly produced by electrolysis. Considering the 
future application in large scale agriculture, seeking a 
more convenient and safer  H2 supply in crop-plantation, 
forestry, and animal husbandry, was a challenge for scien-
tific community [37]. Ammonia borane  (NH3  BH3; AB) is 
a potential alternative hydrogen donor in field of chemi-
cal industry [38] because of its high hydrogen capacity 
(19.6%) [39, 40]. In addition to  H2, AB was hydrolyzed 

into trace amounts of ammonium ions and metaborate 
ions, both of which were beneficial for plant growth 
[41, 42]. Our previous results carried out in laboratory 
discovered AB control of rapeseed tolerance against 
osmotic stress, salinity, and cadmium exposure, and 
above achieved effects were similar to that with the con-
ventional electrolytically produced HRW [35]. However, 
whether or how AB compound could be used to combat 
against cold stress is still elusive.

In this report, our laboratory and field experiments 
found AB control of cold tolerance in rapeseed via inten-
sifying  H2S signaling. Therefore, this work not only 
emphasized the important functions of  H2S in hydrogen 
biology, but also provided a promising future of AB con-
trol of stress tolerance in field applications. We hope that 
the findings presented here will serve as an opportunity 
for the farmers and scientific community to push the 
hydrogen-based agriculture forward.

Materials and methods
Chemicals
Ammonia borane (AB) and sodium hydrosulfide (NaHS) 
as a solid hydrogen gas  (H2) [35] and a hydrogen sulfid 
 (H2S) donor [43], were purchased from Aladdin (Shang-
hai, China). Hypotaurine (HT), which was regarded as 
a  H2S scavenger [44], and DL-propargylglycine (PAG), a 
chemical as an inhibitor of  H2S synthesis [36], were pur-
chased from Sigma (St Louis, USA). 7-azido-4-methyl-
coumarin (AzMC; [45]) used as a  H2S fluorescent probe, 
was also purchased from Sigma (St Louis, USA).

Seeds of commercially available rapeseeds (Brassica 
napus L. Zhongshuang11) were sterilized with 5% (v:v) 
sodium hypochlorite solution for about 20  min, and 
washed with double distilled water for about 1 h. After-
wards, the uniform seeds were chosen and transferred to 
the plastic case and germinated in distilled water for 3 d 
in an incubator (temperature of 21 ± 1 °C, light intensity 
of 200 μmol−1·m−2·s−1 and 14 h photoperiod).

Three-day-old seedlings were kept at 21  °C (Con) or 
exposed to cold stress (Cold) condition (4  °C) [46] with 
or without 1 mg  L−1 fresh AB [35], 1 mM NaHS [44], 500 
μΜ HT [45], or 5 μΜ PAG [45] alone or the combination 
in incubators.

After treatments, the rapeseed seedlings were photo-
graphed, and experiment was carried with triplicates per 
experiment, and each replicate consisting of 50 plants, 
were used to detect phenotypes, or for other parameters.

Determination of chlorophyll a and chlorophyll b contents
Chlorophyll in leaves (0.5 g) was isolated using 95% (v/v) 
ethanol for at least 48  h in darkness until the color of 
leaves fading, and contents of chlorophyll a and b were 
analyzed by absorbance detection at 665 nm (chlorophyll 
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a) and 649  nm (chlorophyll b) [47]. Values are carried 
with three replicates for each experiment.

Analyses of oxidative damage assay
Thiobarbituric acid reactive substances (TBARS) in root 
tissues were analyzed based on the methods as previously 
method [36]. The relative electrical conductivity (REC) 
in roots was analyzed by an electronic conductivity 
meter (DDS-12A; Kangyi Instrument, Shanghai, China), 
according to the previous method [33].

Hydrogen peroxide  (H2O2) and superoxide anion 
 (O2

.−) in roots were spectrophotometrically analyzed, 
and histochemically stained with 3, 3’-diaminobenzi-
dine (DAB) and nitroblue tetrazolium (NBT) followed 
the description from the previous studies [48]. Values in 
above experiment (except the staining) are from three 
independent replicates (0.5 g/treatment/repeat) for each 
experiment.

Analyses of antioxidant enzymes analysis and oxidative 
damage assay
Superoxide dismutase (SOD), catalase (CAT), ascorbate 
peroxidase (APX), and peroxidase (POD) in the roots 
were determined according to the previous study [36]. 
And values are obtained from three independent repli-
cates (0.5 g/treatment/repeat) for each experiment.

Analyses of hydrogen sulfide  (H2S) content and cysteine 
desulfhydrase (DES) activity
Endogenous  H2S contents in root tissues were deter-
mined by using a spectrophotometric method or tracked 
in  situ by LSM800 laser scanning confocal microscope 
(LSCM; Zeiss, Oberkochen, Germany) dependent on 
methylene blue from N,N-dimethyl-p-phenylenediamine 
or  H2S-dependent fluorescent probe 7-azido-4-methyl-
coumarin, respectively (AzMC; [45]).

Cysteine desulfhydrase (DES) activity in root tissues 
was spectrophotometrically analyzed according to the 
formation of methylene blue [44].

Values in above experiment are from three independ-
ent replicates (0.5 g/treatment/repeat or 15 images/treat-
ment/repeat) for each experiment.

Real‑time quantitative reverse transcription‑PCR (qRT‑PCR)
After the extraction of total RNA and the synthesis of 
cDNA from roots of seedlings and leaves collected in the 
field trials, a quantitative PCR (qRT-PCR) experiment 

was carried out. The primers’ sequences were shown in 
Supplementary Table S1. Relative expression levels of 
corresponding genes were normalized with two reference 
genes Actin and GAPDH, corresponding control samples. 
The results of relative genes expression levels were ana-
lyzed by the  2−ΔΔCT method [49].

Field experiments
The Brassica napus L (B. napus L. cv. Zhongshuang11) 
was used in the field trails, which were planted in Nan-
jing, China by direct seeding in November of 2021 and 
the temperature of every day was recorded (Fig. S1). 
Thus, the seedlings were allowed to grow in the natural 
conditions and treated with or without AB once a month 
from December to February. There were two field groups 
(about 30  m2 for each treatment) which were irrigated 
with or without 1 mg  L−1 AB.

Statistical analysis
Values are presented as mean ± Standard Deviation (SD). 
Statistical analysis was performed using OriginPro 2021 
(OriginLab Corporation, Northampton, Massachusetts, 
USA). Differences among treatments were analyzed by 
Turkey’s multiple range test, taking P < 0.05 as significant 
or t test (P < 0.01 or P < 0.001).

Results
Cold tolerance achieved by AB
Upon cold stress, rapeseed seedling growth was dra-
matically inhibited. However, the seedlings of AB-treated 
groups subjected to cold stress significantly alleviated 
the inhibitory impacts of cold damage (Fig.  1), relative 
to those in the normal temperature controls respec-
tively, on shoots length (-10.8 ± 4.3% vs -35.6 ± 3.4% vs), 
roots length (-7.5 ± 4.6% vs -21.3 ± 3.8%), stem diameter 
(-2.8 ± 0.2% vs -19.8 ± 2.2%), fresh weight (-6.5 ± 0.3% vs 
-14.2 ± 2.8%), relative water content (RWC; -6.5 ± 0.5% 
vs -13.6 ± 1.6%), and chlorophyll contents (-3.2 ± 0.2% vs 
-14.8 ± 1.1%). Similar to the precious results [35], there 
were no significant different in the changes of seedlings 
growth (except root length) under the normal condition 
between regardless of AB addition.

AB control of redox homeostasis in response to cold stress
It is well-known that the maintenance of redox homeo-
stasis is crucial for plant survival in response to cold 
stress. We further investigated the role of AB in oxidative 

(See figure on next page.)
Fig. 1 Cold tolerance achieved by AB. After germinating at room temperature (21 °C) for 3 days, rapeseed seedlings were kept at 21 °C or exposed 
to cold stress condition (4 °C) with or without 1 mg L.−1 AB treatment for another 3 days. Afterwards, corresponding photographs were taken (A). 
Meanwhile, the length of shoots (B) and roots (C), the diameter of stems (D), fresh weight of 50 plants (E), RWC (F), and chlorophyll content (G), 
were also determined. The error bars represent the SD. The different letters indicate significantly different values (P < 0.05 according to Turkey’s 
multiple range test)
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Fig. 1 (See legend on previous page.)
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damage induced by cold stress. Compared with plants 
under the normal temperature, the changes in  H2O2 
and superoxide anion  (O2

.−) contents used to pre-
sent oxidative damage, were sharply increased from 
about 5.46 ± 0.49 to 7.49 ± 0.40 and 30.98 ± 2.98 to 
46.19 ± 2.99 mmol per g fresh weight (FW) respectively, 
in seedlings exposed to cold stress (Fig. 2A, B), reflecting 
the occurrence of oxidative damage caused by cold stress.

In contrast, AB addition could significantly decrease 
contents of  H2O2 and  O2

.− by about 24.1% and 20.5% 
compared with those in cold stress alone. Similar result 
was confirmed in the root tips stained with 3, 3’-diam-
inobenzidine (DAB) and nitroblue tetrazolium (NBT) 
(Fig. 2C), which were employed to visualize the distribu-
tion of  H2O2 and  O2

.−, indicating that AB could regulate 
the reestablishment of redox balance upon cold stress. 
The altered levels of ROS suggested a potential change in 
lipid oxidation. As anticipated, changes in thiobarbituric 

acid reactive substances (TBARS) and relative electrical 
conductivity (REC) clearly indicated that lipid oxidation 
in root tissues was severely deteriorated upon cold stress 
conditions, which was significantly improved by the AB 
addition (Fig. 2D, E).

Regulation of antioxidant defense by AB
To further elucidate related mechanism, the changes 
in antioxidant enzyme activities and corresponding 
transcripts were determined. As shown in Fig.  3A-D, 
cold stress significantly increased the activities of anti-
oxidant system. Importantly, AB treatment could fur-
ther increase above antioxidant enzyme activities in 
cold stressed plants, including APX (75.48 ± 10.59% vs 
30.56 ± 8.75%), SOD (49.29 ± 9.32% vs 28.41 ± 6.75%), 
CAT (39.18 ± 4.49% vs 18.28 ± 3.04%), and POD 
(61.90 ± 11.18% vs 19.11 ± 5.25%), relative to the non-
stressed controls, when compared with cold stress alone. 

Fig. 2 AB control of redox homeostasis in roots. After treatments for 3 days, the contents of  H2O2 and  O2..− were spectrophotometrically analyzed 
(A, B) and histochemically stained (C). Meanwhile, the contents of TBARS (D) and REC (E) were also measured. The error bars represent the SD. The 
different letters indicate significantly different values (P < 0.05 according to Turkey’s multiple range test)
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Fig. 3 Regulation of antioxidant defense in roots. After treatments for 1 day, the activities of APX (A), SOD (B), CAT (C), and POD (D) were measured. 
Meanwhile, the transcriptional profiles of APX (E), Mn-SOD and, Cu/Zn-SOD (F), CAT  (G), and POD (H) were analyzed. The error bars represent the SD. 
The different letters indicate significantly different values (P < 0.05 according to Turkey’s multiple range test)
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Meanwhile, no significant change or weaker increment 
in above enzymatic activities was observed between AB 
alone and the normal growth condition. Importantly, 
the changes in transcriptional profiles of correspond-
ing genes, including APX, Mn-SOD, Cu/Zn-SOD, CAT 
, and POD, displayed the similar tendencies (Fig. 3E-H), 
reflecting that AB regulated above antioxidant enzymes 
both at enzymatic and transcriptional levels when chal-
lenged with cold stress.

Endogenous  H2S production was intensified by AB
In order to assess the possibility of an inter-relationship 
between AB and  H2S in plant tolerance against cold 
stress, the kinetics of  H2S production in seedling roots 
after cold stress were analyzed. As expected, the basal 
level of  H2S production as determined by spectropho-
tography in roots was stimulated upon cold stress during 
a 72-h period, showing a rapid and maximum increase 
of endogenous  H2S after 6 h of treatment followed by a 
gradual decrease (Fig. 4A). We also clearly observed that 
cold stress-elicited  H2S production was further strength-
ened by the AB addition, which was especially observed 
at a peaking time point. Interestingly, the changes in the 
transcripts and activities of DES (an important  H2S syn-
thetic enzyme) showed the similar tendencies, both of 
which peaked at 3 h of treatment, 3 h early than the  H2S 
production (Fig. 4B, C). Above results provided a hypoth-
esis that AB control of cold tolerance might be associated 
with  H2S signaling.

AB‑induced cold tolerance achieved by the stimulation 
of  H2S biosynthesis
In order to further verify the above hypothesis, the 
pharmacological manipulation of endogenous  H2S lev-
els was utilized to investigate a potential causal link 
between endogenous  H2S and AB governing plant toler-
ance against cold stress. Here, NaHS (a well-known  H2S 
donor), HT (a  H2S scavenger), and PAG (an inhibitor of 
DES) were used individually or simultaneously together 
with AB in the presence or absence of cold stress. For 
endogenous  H2S tracked in  situ, a commercial specific 
fluorescent probe AzMC for  H2S was applied together 
with confocal laser scanning microscopy. As expected, 
NaHS addition could increase AzMC-related florescent 
density in roots, and contrasting results were observed 
after the application with either HT or PAG (Fig.  5). 
These results clearly confirmed that the AzMC-depend-
ent fluorescence is related to endogenous  H2S level in 
rapeseed seedling roots; thus, this fluorescence was 
applied to report endogenous  H2S level through the fol-
lowing study.

Similar to the results analyzed spectrophotometrically 
(Fig.  4A), cold stress-triggered AzMC-related florescent 

density was obviously stimulated in the presence of AB 
or NaHS individually or combination (especially) addi-
tion (Fig. 5). While, both HT and PAG inhibition of AB-
induced florescent density in roots was also observed in 

Fig. 4 Cold-induced  H2S production was positively regulated by AB. 
After treatments, changes in  H2S content (A), transcriptional (B) and 
activity (D) levels of DES were analyzed. The error bars represent the 
SD
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the presence or absence of cold stress, compared to cor-
responding controls.

Subsequent results showed that the alleviation of cold 
stress-induced growth inhibition and oxidative damage 
achieved by AB might be in a  H2S-dependent fashion. 
For example, results shown in Fig. 6A revealed that com-
pared to the stress alone plants, the addition with HT or 
PAG alone significantly strengthened the inhibition in 
root length, and the improving changes were observed 
when either NaHS or AB was added together with cold 

stress. Importantly, above effects achieved by NaHS or 
AB could be obviously abolished by the co-treatment 
with HT or PAG. We also noticed that in response to 
cold stress, unlike the additive role of the addition with 
NaHS and AB in the changes in endogenous  H2S pro-
duction (Fig.  5), no significant alteration in root length 
was discovered. Combined with changes in endogenous 
 H2S, above results clearly indicated the important role of 
endogenous  H2S homeostasis in the AB-conferred cold 
tolerance.

Fig. 5 Altered endogenous  H2S production by AB, PAG, and HT in response to cold stress. Three-day-old seedlings were kept at 21 °C (Con) 
or exposed to cold stress (Cold) condition (4 °C) with or without AB, NaHS, HT, and PAG alone and their combinations for 6 h. Afterwards, 
corresponding images of AzMC-dependent fluorescence in roots tips were provided to represent endogenous  H2S contents (A), and the relative 
fluorescence was presented as values relative to Con (B). The error bars represent the SD. The different letters indicate significantly different values 
(P < 0.05 according to Turkey’s multiple range test)

Fig. 6 AB control of cold tolerance might be associated with the alteration of endogenous  H2S production. After treatments for 3 d, the 
corresponding photos were taken, and changes in the root growth (A) were recorded. Meanwhile, the contents of TBARS (B) and REC (C) were also 
analyzed, and the distribution of  O2..− and  H2O2 (D) was histochemically determined. The error bars represent the SD. The different letters indicate 
significantly different values (P < 0.05 according to Turkey’s multiple range test)

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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Further evaluation of the responses in oxidative damage 
revealed that both AB and NaHS alleviated the increases 
in TBARS (Fig.  6B) and relative electrical conductivity 
(REC; Fig. 6C). We also noticed that the AB- and NaHS-
regulated reduction in  H2O2 and  O2

.− accumulation were 
visualized by histochemical staining in cold stress condi-
tion (Fig.  6D, E). The above positive effects achieved by 
AB and/or  H2S were significantly impaired by the addi-
tion with HT or PAG. When applied alone, HT or PAG 
administration could intensify TBARS accumulation and 
REC, and increase  H2O2 and  O2

.− contents after cold 
stress. Contrasting responses were observed when NaHS 
was added after cold stress. Therefore, above results sug-
gested that the AB-induced cold tolerance was achieved 
by the stimulation of  H2S biosynthesis in rapeseed plants.

Field experiments showed that AB positively regulates cold 
tolerance
TO test the potential of AB used in agriculture, a field 
trial was conducted in Nanjing, Jiangsu Province, China 
from winter season (November) in 2021 to early spring 
(February, 2022). Similar with the results in labora-
tory experiments (Fig.  1A, B and G), the fresh weight 
of shoot parts and chlorophyll contents were negatively 
affected during cold temperature from winter and early 
spring seasons (Cold), but both of which were obviously 
enhanced by AB addition (Cold + AB; Fig. 7A-C). Mean-
while, net photosynthetic rate (Pn) and stomatal con-
ductance (Gs) were also positively improved by applying 
AB, compared with AB-free plants (Fig.  7D-E). Mean-
while, the intercellular  CO2 concentration (Ci) was 

Fig. 7 Field experiments showed that AB could be used to increase fresh weight and photosynthesis. During the winter season, seedlings were 
treated with or without AB for one month. At the early spring season (Feb, 16, 2022), the fresh weight of the shoot parts was measured, and the 
representative third leaves were chosen and imaged (B). Meanwhile, photosynthetic parameters, including total chlorophyll (C), Pn (D), Gs (E), and 
Ci (F) were measured. The error bars represent the SD. The ** or *** indicate significantly different values (P < 0.01, P < 0.001 according to t test)
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decreased by the AB addition (Fig. 7F), obviously in the 
early spring. Similarly, further qRT-PCR results showed 
that the most studied cold-stress response pathway, the 
ICE1-CBF-COR transcriptional cascade (Chinnusamy 
et  al., 2007), including the transcripts of ICE1, CBF5, 
CBF17, and COR, was significantly increased by the addi-
tion with AB (Fig.  8). All above results clearly showed 
that the AB administration could confer the adaptation of 
the field-grown rapeseeds against cold stress.

Discussion
Normally, cold stress is an important environment fac-
tor that can substantially decrease the yield of crops to 
reduce their productivity, and limit their geographical 
distribution due to conditions often prevailing during the 
winter and early spring in the northern hemisphere [50–
52]. When challenged with cold stress, since plants can-
not run or hide, they develop some unique mechanisms 

to enhance their cold tolerance during cold acclimation 
[53, 54]. Similar to the responses of  H2S [29, 43], we pre-
viously discovered that the increased production and 
subsequent action of  H2 might be a key plant response 
to cold stress in alfalfa plants [33]. However, the biosyn-
thetic pathway of  H2 in cold stressed plants and mecha-
nism underlying corresponding cold tolerance achieved 
by electrolytically produced HRW have not yet been fully 
elucidated. Most importantly, the short retention time 
of  H2 in liquid solution and the expensive cost of the 
 H2 supplied with conventional electrolytically produced 
HRW limit its large scale application in agriculture [55, 
56].

In this study, several lines of evidence clearly sug-
gested that exogenous application with AB, a solid and 
relatively idealized  H2 donor in industry [38], could 
attenuate cold stress-induced rapeseeds growth and pho-
tosynthetic inhibition in both laboratory and field levels. 

Fig. 8 Cold response genes were positively regulated by AB in field. The third leaves were collected and used to extract RNA, and then the 
expression of some cold response genes, including ICE1 (A), CBF5 (B), CBF17 (C), and COR (D) were analyzed by qPCR. The error bars represent the 
SD. The *** indicate significantly different values (P < 0.001 according to t test)
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The evidence includes: (i) simultaneous treatment with 
AB in both laboratory and field experiments obviously 
recovered the inhibited seedling growth and decreased 
photosynthesis caused by cold stress (evaluated by the 
changes in chlorophyll content and Pn, Gs, and Ci; 
Figs.  1, 7); (ii) cold stress-elicited oxidative damage was 
obviously abolished by AB via stimulating oxidative 
defense, which was evaluated by the increased activities 
and corresponding transcripts of representative anti-
oxidant enzyme, including APX, SOD, CAT, and POD 
(Figs.  2, 3); and (iii) the ICE1-CBF-COR transcriptional 
cascade, a cold-stress response pathway [57], which has 
been confirmed to be coupled with  H2S-dependent mito-
gen-activated protein kinase (MAPK) signaling transduc-
tion pathways upon cold stress [29], was stimulated by 
AB, and this result was obtained from a field experiment 
(Fig.  8). Combined with AB control of alfalfa tolerance 
against salinity, drought, and cadmium stress in labora-
tory experiments and the appropriate  H2 releasing per-
formance of AB chemical [35], we further deduced that 
AB might be used as a potential  H2 donor in large scale 
agriculture.

How does AB mediate the induction of plant cold tol-
erance? Are other signals downstream of AB control of 
cold tolerance? Ample evidence has showed that  H2S 
functions as a signal and bioregulator molecule in plant 
adaptive or responsive mechanism against abiotic stress, 
including cold stress [8, 26], salinity [45], and heavy metal 
exposure [58]. In our experiment conditions, cold stress-
stimulated  H2S synthesis in root tissues was further 
intensified by the AB addition (Fig. 4), and this result is 
a new finding. More specifically, we showed that above 
marked increase in endogenous  H2S production achieved 
by AB resulted from enhanced DES activity due to the 
further up-regulation of DES gene expression. These 
results, together with that of Zhang et al. [36], highlight 
the novel function of DES in the mediation of  H2S pro-
duction elicited by  H2. The requirement of DES in AB-
intensified  H2S synthesis was further confirmed by the 
findings that the addition of PAG, an inhibitor of DES 
enzyme [59], and HT, the scavenger of endogenous  H2S 
[60], not only inhibited  H2S production (Fig. 5), but also 
differentially abolished AB-recovered seedling growth 
inhibition caused by cold stress (Fig. 6A).

Ample evidence confirmed that ROS not only act as 
signals [60, 62], but also have cytotoxic effects in both 
animals and plants, especially under the stressed con-
ditions [63]. The increased activities of antioxidant 
enzymes, including SOD, CAT, APX, and GR achieved 
by  H2S, were discovered in cucumber and pepper plants, 
which therefore regulated the ROS homeostasis and 
lipid peroxidation in response to salinity [18]. Notably, a 
series of constitutive proteins such as actin were included 

in the persulfidome [22]. Further study showed that the 
ROS level could be regulated by  H2S via persulfidation of 
the NADPH oxidase [23]. Upon cold stress, an increased 
generation of ROS and induced lipid peroxidation were 
evident in various plant tissues [54, 61, 64]. In this study, 
we found that AB addition negatively altered the accu-
mulation of ROS  (H2O2 and  O2

.−) and TBARS as well as 
higher level of REC in cold-stressed conditions (Fig.  2). 
And most importantly, above responses achieved by AB 
were abolished by endogenous  H2S deprivation by PAG 
or HT (Fig. 6B-D). Thus, combined with the physiologi-
cal and biochemical parameters, it can be easily hypoth-
esized that AB control of plant cold tolerance might be 
attributed to its ability to intensify  H2S signal. These 
results were summarized in Fig.  9. In this model, AB-
induced  H2S homeostasis could participate in the pro-
cess of the cold tolerance by maintaining ICE1-CBF-COR 
pathway and redox homeostasis (especially).

Conclusion
In summary, this study clearly showed that AB can 
alleviate cold stress damage on rapeseed seedling 
growth inhibition (including root/shoot length, stem 
diameter, seedling weight, RWC, and chlorophyll con-
tent), observed in both the laboratory and partly in 
the field experiments. Specifically, the oxidative dam-
age (expressed as the contents of  H2O2 and  O2

.−) and 
member lipid peroxidation (represented by TBARS 
value and REC) triggered by cold stress were also sig-
nificantly reduced by intensifying antioxidant defense 

Fig. 9 Schematic of the mechanism underlying ammonia borane 
(AB) positively regulating cold tolerance via hydrogen sulfide  (H2S) 
signaling in B. napus. A rapid response of  H2S production was 
observed after AB addition under cold stress. This enhanced  H2S 
signal could enable plant to cope with cold stress via maintaining 
ICE1-CBF-COR pathway and redox homeostasis (especially)
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(activities and transcriptional profiles of some antioxi-
dase). Most importantly, we presented a novel signaling 
pathway where  H2S acts downstream of AB governing 
cold stress in rapeseed plants.

On the other side, these findings expand our under-
standing on the roles of AB functionings in the regu-
lation of plant physiology. Since AB is a powder which 
can be more easily transported and stored, as well as 
steadily used to release  H2, both laboratory and field 
trials further confirmed the potential of the application 
of AB in a large-scale agricultural production.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12870- 022- 03973-3.

.Additional file 1: Supplementary Table 1. The sequences of primers for 
qPCR. Fig. S1. During rape planting, the field daily average temperature 
and mean temperature in the past five years.

Acknowledgements
We thank the Nanjing Agricultural University for providing the test platform. 
We also thank Evan Evans PhD. from the University of Tasmania to help us edit 
the English language.

Authors’ contributions
P.C., L.F., and W.S. designed the experiment; P.C., L.F.., S.Z., R.G. and W.L., Z.X., J.Z. 
performed the research. P.C., L.F. and W.S. analyzed the data. P.C. and W.S. wrote 
the manuscript. All authors have read and agreed to the published version of 
the manuscript.

Funding
This work was financially supported by the National Key R&D Program of 
China (No. 2020YFD1000904).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
The Brassica napus material (Zhongshuang 11) used in this study was 
obtained from Jiangsu Academy of Agricultural Sciences. Brassica napus is a 
plant commonly used in molecular biology, and this study complied with the 
laws and regulations of the People’s Republic of China.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 College of Life Sciences, Laboratory Center of Life Sciences, Nanjing Agri-
cultural University, Nanjing 210095, Jiangsu, China. 2 National Key Laboratory 
of Crop Genetics and Germplasm Enhancement, Jiangsu Collaborative Innova-
tion Center for Modern Crop Production, Nanjing Agricultural University, Nan-
jing 210095, Jiangsu, China. 3 The Institute of Industrial CropsJiangsu Academy 
of Agricultural Sciences, Nanjing 210014, Jiangsu, China. 

Received: 24 August 2022   Accepted: 1 December 2022

References
 1. Fedoroff NV, Battisti DS, Beachy RN, Cooper PJM, Fischhoff DA, et al. Radi-

cally rethinking agriculture for the 21st century. Science. 2010;327:833–4.
 2. Barrero-Gil J, Huertas R, Rambla JL, Granell A, Salinas J. Tomato plants 

increase their tolerance to low temperature in a chilling acclimation pro-
cess entailing comprehensive transcriptional and metabolic adjustments. 
Plant Cell Environ. 2016;39:2303–18.

 3. Lv XZ, Li HZ, Chen XX, Xiang X, Guo ZX, Yu JQ, Zhou YH. The role of 
calcium-dependent protein kinase in hydrogen peroxide, nitric oxide and 
ABA-dependent cold acclimation. J Exp Bot. 2018;69:4127–39.

 4. Ensminger I, Busch F, Huner NPA. Photostasis and cold acclimation: 
sensing low temperature through photosynthesis. Physiol Plant. 
2006;126:28–44.

 5. Xin Z, Browse J. Cold comfort farm: the acclimation of plants to freezing 
temperatures. Plant Cell Environ. 2000;23:893–902.

 6. Suzuki N, Mittler R. Reactive oxygen species and temperature stresses: 
a delicate balance between signalling and destruction. Physiol Plant. 
2006;126:45–51.

 7. Colebrook EH, Thomas SG, Phillips AL, Hedden P. The role of gibberellin 
signalling in plant responses to abiotic stress. J Exp Biol. 2014;217:67–75.

 8. Shi H, Ye T, Chan Z. Exogenous application of hydrogen sulfide donor 
sodium hydrosulfide enhanced multiple abiotic stress tolerance in 
Bermuda grass (Cynodon dactylon (L). Pers.). Plant Physiol Biochem. 
2013;71:226–34.

 9. Zhang HF, Liu SY, Ma JH, Wang XK, Haq SU, Meng YC. CaDHN4, a salt and 
cold stress-responsive dehydrin gene from pepper decreases abscisic 
acid sensitivity in Arabidopsis. Int J Mol Sci. 2019;21:26.

 10. Kaya C, Sarıoğlu A, Ashraf M, Alyemeni MN, Ahmad P. Gibberellic 
acid-induced generation of hydrogen sulfide alleviates boron toxic-
ity in tomato (Solanum lycopersicum L.) plants. Plant Physiol Biochem. 
2020;153:53–63.

 11. Wang L, Qian B, Zhao L, Liang M, Zhan X, Zhu J. Two Triacylglycerol lipases 
are negative regulators of chilling stress tolerance in Arabidopsis. Int J 
Mol Sci. 2022;23:3380.

 12. Liu T, Ye XL, Li M, Li JM, Qi HY, Hu XH.  H2O2 and NO are involved in 
trehalose-regulated oxidative stress tolerance in cold-stressed tomato 
plants. Environ Exp Bot. 2020;171:103961.

 13. Liu T, Xu JJ, Li JM, Hu XH. NO is involved in JA- and  H2O2-mediated 
ALA-induced oxidative stress tolerance at low temperatures in tomato. 
Environ Exp Bot. 2019;161:334–43.

 14. Bai X, Chen J, Kong X, Todd CD, Yang YP, Hu XY, Li DZ. Carbon monoxide 
enhances the chilling tolerance of recalcitrant Baccaurea ramiflora seeds 
via nitric oxide-mediated glutathione homeostasis. Free Rad Bio Med. 
2012;53:710–20.

 15. Wang R. Gasotransmitters: growing pains and joys. Trends Biochem Sci. 
2014;39:227–32.

 16. Wilson LG, Bressan RA, Filner P. Light-dependent emission of hydrogen 
sulphide from plants. Plant Physiol. 1978;61:184–9.

 17. Harrington HM, Smith IK. Cysteine metabolism in cultured tobacco cells. 
Plant Physiol. 1980;65:151–5.

 18. Hancock JT, Whiteman M. Hydrogen sulfide and cell signaling: team 
player or referee? Plant Physiol. Biochem. 2014;78:37–42.

 19. Zhao M, Liu Q, Zhang Y, Yang N, Wu G, Li Q, Wang W. Alleviation of 
osmotic stress by  H2S is related to regulated PLDα1 and suppressed ROS 
in Arabidopsis thaliana. J Plant Res. 2020;133(3):393–407.

 20. Alvarez C, Calo L, Romero LC, García I, Gotor C. An O-acetylserine(thiol) 
lyase homolog with L-cysteine desulfhydrase activity regulates cysteine 
homeostasis in Arabidopsis. Plant Physiol. 2010;152:656–69.

 21. Corpas FJ, González-Gordo S, Cañas A, Palma JM. Nitric oxide and hydro-
gen sulfifide in plants: which comes first? J Exp Bot. 2019;70:4391–4404.

 22. Vojtovič D, Luhová L, Petřivalský M. Something smells bad to plant 
pathogens: Production of hydrogen sulfide in plants and its role in plant 
defence responses. J Adv Res. 2021;27:199–209.

 23. Zhang J, Zhou M, Zhou H, Zhao D, Gotor C, Romero LC, Shen J, Ge Z, 
Zhang Z, Shen W, Yuan X, Xie Y. Hydrogen sulfide, a signaling molecule in 
plant stress responses. J Int Plant Biol. 2021;63:146–60.

 24 Banerjee A, Roychoudhury A. Roles of hydrogen sulfide in regulating 
temperature stress response in plants. Plant Growth Regulators. Cham: 
Springer; 2021. p. 207–15.

 25. Fu P, Wang W, Hou L, Liu X. Hydrogen sulfide is involved in the chilling 
stress response in Vitis vinifera L. Acta Soc Bot Pol. 2013;82:295–302.

https://doi.org/10.1186/s12870-022-03973-3
https://doi.org/10.1186/s12870-022-03973-3


Page 14 of 14Cheng et al. BMC Plant Biology          (2022) 22:585 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 26. Zhang XW, Liu FJ, Zhai J, Li FD, Bi HG, Ai XZ. Auxin acts as a downstream 
signaling molecule involved in hydrogen sulfide-induced chilling toler-
ance in cucumber. Planta. 2020;251:69.

 27. Li D, Limwachiranon J, Li Li, Du R, Luo Z. Involvement of energy metabo-
lism to chilling tolerance induced by hydrogen sulfide in cold-stored 
banana fruit. Food Chem. 2016;208:272–8.

 28. Joshi NC, Yadav D, Ratner K, Kamara I, Aviv-Sharon E, Irihimovitch V, 
Charuvi D. Sodium hydrosulfifide priming improves the response of 
photosynthesis to overnight frost and day high light in avocado (Persea 
americana Mill, cv. ‘Hass’). Physiol Plant. 2020;168:394–405.

 29. Du X, Jin Z, Liu D, Yang G, Pei Y. Hydrogen sulfide alleviates the cold 
stress through MPK4 in Arabidopsis thaliana. Plant Physiol Biochem. 
2017;120:112–9.

 30. Ohsawa I, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K, Yamagata K, 
et al. Hydrogen acts as a therapeutic antioxidant by selectively reducing 
cytotoxic oxygen radicals. Nat Med. 2007;13:688–94.

 31. Li L, Wang L, Kong L, Shen W. Hydrogen commonly applicable from 
medicine to agriculture: from molecular mechanisms to the field. Curr 
Pharm Des. 2021;27:747–59.

 32. Su J, Yang X, Shao Y, Chen Z, Shen W. Molecular hydrogen-induced salin-
ity tolerance requires melatonin signalling in Arabidopsis thaliana. Plant 
Cell Environ. 2021;44:476–90.

 33. Xu S, Jiang Y, Cui W, Jin Q, Zhang Y, Bu D, Fu J, Wang R, Zhou F, Shen W. 
Hydrogen enhances adaptation of rice seedlings to cold stress via the 
reestablishment of redox homeostasis mediated by miRNA expression. 
Plant Soil. 2017;414:53–67.

 34. Cui W, Gao C, Fang P, Lin G, Shen W. Alleviation of cadmium toxic-
ity in Medicago sativa by hydrogen-rich water. J Hazard Mater. 
2013;260:715–24.

 35. Zhao G, Cheng P, Zhang T, Abdalmegeed D, Xu S, Shen W. Hydrogen-rich 
water prepared by ammonia borane can enhance rapeseed (Brassica 
napus L.) seedlings tolerance against salinity, drought or cadmium. 
Ecotoxicol Environ Saf. 2021;224:112640.

 36. Zhang Y, Cheng P, Wang Y, Li Y, Su J, Chen Z, Yu X, Shen W. Genetic elu-
cidation of hydrogen signaling in plant osmotic tolerance and stomatal 
closure via hydrogen sulfide. Free Rad Biol Med. 2020;161:1–14.

 37. Shen W, Sun X. Hydrogen biology: it is just beginning. Chin J Biochem 
Mol Biol. 2019;35:1037–50.

 38. Guo R, He G, Liu L, Ai Y, Hu Z, Zhang X, et al. Selective synthesis of 
symmetrical secondary amines from nitriles with a Pt−CuFe/Fe3O4 
catalyst and ammonia borane as hydrogen donor. ChemPlusChem. 
2020;85:1783–8.

 39. Staubitz A, Robertson APM, Manners I. Ammonia-borane and related 
compounds as dihydrogen sources. Chem Rev. 2010;110:4079–124.

 40. Akbayrak S, Özkar S. Ammonia borane as hydrogen storage materials. Int 
J Hydrogen Energ. 2018;43:18592–606.

 41. Loqué D, von Wiren N. Regulatory levels for the transport of ammonium 
in plant roots. J Exp Bot. 2004;55:1293–305.

 42. Dinh AQ, Naeem A, Sagervanshi A, Wimmer MA, Mühling KH. Boron 
uptake and distribution by oilseed rape (Brassica napus L.) as affected by 
different nitrogen forms under low and high boron supply. Plant Physiol 
Biochem. 2021;161:156–65.

 43. Du X, Jin Z, Liu Z, Liu D, Zhang L, Ma X, Yang G, Liu S, Guo Y, Pei Y.  H2S per-
sulfidated and increased kinase activity of MPK4 to response cold stress 
in Arabidopsis. Front Mol Biosci. 2021;8:81.

 44. Mei Y, Zhao Y, Jin X, Wang R, Xu N, Hu J, Huang L, Guan R, Shen W. 

L-Cysteine desulfhydrase-dependent hydrogen sulfide is required for 
methane-induced lateral root formation. Plant Mol Biol. 2019;99:283–98.

 45. Cheng P, Zhang Y, Wang J, Guan R, Pu H, Shen W. Importance of hydrogen 
sulfide as the molecular basis of heterosis in hybrid Brassica napus: a case 
study in salinity response. Environ Exp Bot. 2021;193:104693.

 46. Mehmood SS, Lu G, Luo D, Hussain MA, Raza A, Zafar Z, Zhang X, Cheng 
Y, Zou X, Lv Y. Integrated analysis of transcriptomics and proteomics pro-
vides insights into the molecular regulation of cold response in Brassica 
napus. Environ Exp Bot. 2021;187:104480.

 47. Xiao W, Hu S, Zou X, Cai R, Liao R, Lin X, Yao R, Guo X. Lectin receptor-like 
kinase LecRK-VIII.2 is a missing link in MAPK signaling-mediated yield 
control. Plant Physiol. 2021;187:303–1320.

 48. Su J, Nie Y, Zhao G, Cheng D, Wang R, Chen J, Zhang S, Shen W. Endog-
enous hydrogen gas delays petal senescence and extends the vase life of 
lisianthus cut flowers. Postharvest Biol Technol. 2019;147:148–55.

 49. Livak KJ, Schmittgen TD. Analysis of relative gene expression data 
using real-time quantitative PCR and the  2−ΔΔC

T method. Methods. 
2001;25:402–8.

 50. Yan SP, Zhang QY, Tang ZC, Su WA, Sun WN. Comparative proteomic 
analysis provides new insights into chilling stress responses in rice. Mol 
Cell Proteom. 2006;5:484–96.

 51. Ruelland E, Vaultier MN, Zachowski A, Hurry V. Cold signalling and cold 
acclimation in plants. Adv Bot Res. 2009;49:35–150.

 52. Miura K, Furumoto T. Cold signaling and cold response in plants. Int J Mol 
Sci. 2013;14:5312–37.

 53. Mehrotra S, Verma S, Kumar S, Kumari S, Mishra BN. Transcriptional 
regulation and signalling of cold stress response in plants: An overview of 
current understanding. Environ Exp Bot. 2020;180:104243.

 54. Ritonga FN, Chen S. Physiological and molecular mechanism involved in 
cold stress tolerance in plants. Plants. 2020;11:560.

 55. Wang YQ, Liu YH, Wang S, Du HM, Shen WB. Hydrogen agronomy: 
research progress and prospects. J Zhejiang Univ Sci B. 2020;21:841–55.

 56. Hancock JT, Russell G. Downstream signalling from molecular hydrogen. 
Plants. 2021;2021(10):367.

 57. Chinnusamy V, Zhu J, Zhu JK. Cold stress regulation of gene expression in 
plants. Trend Plant Sci. 2007;12:444–51.

 58. Yang X, Kong L, Wang Y, Su J, Shen W. Methane control of cadmium 
tolerance in alfalfa roots requires hydrogen sulfide. Environ Pollut. 
2021;284:117123.

 59. García-Mata C, Lamattina L. Hydrogen sulphide, a novel gasotransmitter 
involved in guard cell signalling. New phytol. 2010;188:977–84.

 60. Papanatsiou M, Scuffi D, Blatt MR, García-Mata C. Hydrogen sulfide regu-
lates inward-rectifying K+ channels in conjunction with stomatal closure. 
Plant Physiol. 2015;168(1):29–35.

 61. Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, Vandepoele K, 
Gollery M, Shulaev V, Van Breusegem F. ROS signalling: the new wave? 
Trends Plant Sci. 2011;16:300–9.

 62. Noctor G, Mhamdi A, Foyer CH. Oxidative stress and antioxidative sys-
tems: recipes for successful data collection and interpretation. Plant Cell 
Environ. 2016;39:1140–60.

 63. Lamb C, Dixon RA. The oxidative burst in plant disease resistance. Annu 
Rev Plant Biol. 1997;48:251–75.

 64. Choudhury FK, Rivero RM, Blumwald E, Mittler R. Reactive oxygen species, 
abiotic stress and stress combination. Plant J. 2016;90:856–67.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Ammonia borane positively regulates cold tolerance in Brassica napus via hydrogen sulfide signaling
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Chemicals
	Determination of chlorophyll a and chlorophyll b contents
	Analyses of oxidative damage assay
	Analyses of antioxidant enzymes analysis and oxidative damage assay
	Analyses of hydrogen sulfide (H2S) content and cysteine desulfhydrase (DES) activity
	Real-time quantitative reverse transcription-PCR (qRT-PCR)
	Field experiments
	Statistical analysis

	Results
	Cold tolerance achieved by AB
	AB control of redox homeostasis in response to cold stress
	Regulation of antioxidant defense by AB
	Endogenous H2S production was intensified by AB
	AB-induced cold tolerance achieved by the stimulation of H2S biosynthesis
	Field experiments showed that AB positively regulates cold tolerance

	Discussion
	Conclusion
	Acknowledgements
	References


