
1Scientific Reports | 6:35392 | DOI: 10.1038/srep35392

www.nature.com/scientificreports

Ethylene and hydrogen peroxide 
are involved in brassinosteroid-
induced salt tolerance in tomato
Tong Zhu*, Xingguang Deng*, Xue Zhou*, Lisha Zhu, Lijuan Zou, Pengxu Li,  
Dawei Zhang & Honghui Lin

Crosstalk between phytohormone pathways is essential in plant growth, development and stress 
responses. Brassinosteroids (BRs) and ethylene are both pivotal plant growth regulators, and the 
interaction between these two phytohormones in the tomato response to salt stress is still unclear. 
Here, we explored the mechanism by which BRs affect ethylene biosynthesis and signaling in tomato 
seedlings under salt stress. The activity of 1-aminocyclopropane-1-carboxylate synthase (ACS), an 
ethylene synthesis enzyme, and the ethylene signaling pathway were activated in plants pretreated 
with BRs. Scavenging of ethylene production or silencing of ethylene signaling components inhibited 
BR-induced salt tolerance and blocked BR-induced activities of several antioxidant enzymes. Previous 
studies have reported that BRs can induce plant tolerance to a variety of environmental stimuli by 
triggering the generation of H2O2 as a signaling molecule. We also found that H2O2 might be involved 
in the crosstalk between BRs and ethylene in the tomato response to salt stress. Simultaneously, 
BR-induced ethylene production was partially blocked by pretreated with a reactive oxygen species 
scavenger or synthesis inhibitor. These results strongly demonstrated that ethylene and H2O2 play 
important roles in BR-dependent induction of plant salt stress tolerance. Furthermore, we also 
investigated the relationship between BR signaling and ethylene signaling pathways in plant processes 
responding to salt stress.

Environmental stresses such as temperature, drought, high salinity and other biotic or abiotic stresses influence 
plant growth and development. In response to various stresses, plants have evolved intricate defense mechanisms 
to increase their stress tolerance. Phytohormones, such as auxins, gibberellins, abscisic acid, cytokinins, salicylic 
acid, ethylene, jasmonates, brassinosteroids (BRs) and some peptide hormones are effective regulatory factors that 
are involved in plant adaptation to biotic and abiotic stresses by mediating a wide range of adaptive responses1–6. 
There are also other molecules and metabolically functional elements, such as reactive oxygen species (ROS)7 
and alternative oxidase (AOX)8,9, that are involved in the adaption of plants to environmental stresses. Although 
these hormones and molecules play important roles in plant resistance against various environmental stimuli, the 
crosstalk of these signaling pathways and the relationship between these pivotal factors are still unclear.

BRs, a class of plant polyhydroxy steroids, participate in plant growth and developmental processes such 
as cell expansion and division, senescence and photomorphogenesis. Apart from their roles in the regulation 
of plant growth and development, BRs have been implicated in the regulation of various stress responses10,11. 
The upstream and downstream elements of the BR signaling pathway and their functions have been elucidated. 
Briefly, the plasma-membrane-localized and leucine-rich-repeat receptor kinase BR insensitive 1 (BRI1)12 per-
ceives the BR signal, after which, via a series of phosphorylation and dephosphorylation events, the downstream 
transcription factors BRI1 EMS suppressor 1 (BES1) and brassinazole resistant 1 (BZR1) are activated resulting 
in the modulation of thousands of target genes13,14. The BR signaling pathway has also been connected with 
other signaling pathways, such as auxin, phytochrome and abscisic acid (ABA), in the response to environmental 
stimuli15. There is evidence to indicate that BRs also have some interaction with ethylene in various conditions, 
including environmental stresses, fruit ripening and seedling growth15–18.
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Ethylene is another important plant hormone that plays a critical role in the regulation of stress responses. In 
Arabidopsis, ethylene is perceived by five receptors (ETR1, ETR2, ERS1, ERS2 and EIN4), and its downstream 
components such as CTR1, EIN2, EIN3 and ERF (ethylene responsive factor), among others, have also been 
identified for the ethylene signaling pathway19. In tomato, there are at least six ethylene receptors (ETR1-6)20. 
The predicted structures of the tomato receptor family are very similar to those in Arabidopsis. The downstream 
signaling elements in tomato have also been verified. There are at least three genes encoding proteins with sig-
nificant homology to CTR1 in tomato. SlCTR1 has been shown to functionally complement the Arabidopsis ctr1 
mutation21. SlEIN2 is encoded by a single gene, similar to Arabidopsis. In the case of EIN3, there is a family of four 
tomato genes. The tomato genes appear to be functionally redundant and each of the EIL1-3 genes was shown 
to functionally complement the Arabidopsis ein3 mutation. EIN3, and presumably the EIL proteins, are rapidly 
degraded by the ubiquitin/proteasome pathway in the absence of ethylene but accumulate to much higher levels 
in ethylene-treated plants. The F-box proteins that mediate this degradation are themselves positively transcrip-
tionally regulated by ethylene. The ethylene response factors (ERFs) influence various developmental processes 
and are also important for adaptation to biotic or abiotic stresses such as pathogen attack, wounding, UV irradi-
ation, extreme temperature and drought22–24.

There is evidence to indicate that BRs could interact with auxin and induce ethylene production in Arabidopsis 
thaliana17. Yi et al.25 reported that BRs and auxin differentially regulated the expression of the three members of 
the 1-aminocyclopropane-1-carboxylate synthase (ACS) family in mung bean (Vigna radiata L.). Studies have 
also shown that BRs could enhance the 1-aminocyclopropane-1-carboxylic acid synthase (ACS), thereby promot-
ing ethylene accumulation26. Recent studies have shown that BR and its downstream signaling components such 
as Brassinazole resistant 1 (BZR1), are involved in fruit ripening via the regulation of ethylene accumulation27,28. 
Additionally, studies have provided evidence to support a connection between BRs and the ethylene signaling 
pathway. Moreover, whether BRs and ethylene are both involved in plant resistance to stress conditions and the 
relation between them are still unclear.

Tomato is one of the most important and widespread crops in the world. To date, few studies have focused on 
the relationship between BRs and the ethylene signaling pathway in the process of plant metabolism, especially 
in tomato plants under stress conditions. In our study, we found that BR treatment could enhance ethylene accu-
mulation in tomato seedlings by promoting ACS activity, and this activity resulted in tomato seedlings that were 
resistant to salt stress. We also found that an H2O2 was involved in this process and H2O2 inhibitor or scavenger 
could partially block this process. Interestingly, virus induced gene silencing (VIGS) experiments showed that BR 
signaling molecules and ethylene signaling molecules might interact under salt stress. Furthermore, the possible 
relationship between BR and ethylene signaling in alleviating stress-induced damage was investigated.

Results
BRs enhance ethylene production in tomato seedlings.  To investigate whether BRs could influence 
ethylene production, we detected changes in ethylene emission, ACC content, ACS activity and ACO activity by 
using different concentrations of Brassinolide (BL), or brassinazole (BRZ) treatment for 12 h. When we sprayed 
tomato leaves with 0.01 μ​M, 0.1 μ​M, 1 μ​M or 5 μ​M BL solutions, the plants showed increased ACC content, eth-
ylene emission and ACS activity; however, there was no increase in ACO activity (Fig. 1A–D). Although ACC 
content, ACS activity and ethylene emission all increased after treatment with different concentrations of BL, 
the increase in ACS activity was the most dramatic compared with others (Fig. 1C). Concomitantly, ethylene 
accumulation was significantly induced in the presence of BL. Concentrations of BL between 0.01 and 0.1 μ​M 
promoted obvious ethylene accumulation, but a further increase in BL concentration from 0.1 to 5 μ​M had no sig-
nificant effects on additional increases in ethylene accumulation. This result indicated that a relatively high con-
centration of BL solution, (e.g., 5 μ​M) could not induce significantly more ethylene accumulation than a 0.1 μ​M  
BL solution. Based on these results, we used 0.1 μ​M BL in our subsequent experiments. To further confirm that 
BL could induce ethylene accumulation, we examined a time course of ethylene accumulation after BL treatment 
(Fig. 1E–H). As the results showed, ACC content (Fig. 1E), ethylene emission (Fig. 1F) and ACS activity (Fig. 1G) 
were significantly induced after 0.1 μ​M BL treatment with time, and the effect peaked at 12 h. By contrast, ACO 
activity only showed a slight increase at 9 h after BL treatment (Fig. 1H). In comparison, BRZ treatment had little 
effects on ethylene accumulation. Interestingly, the increase of ACS activity was earlier and more obvious than the 
increase of ACC and ethylene emission, which were induced by BRs. These results suggested that BR-induced eth-
ylene accumulation was probably attributed to the BR-induced ACS activity. ACS is the key enzyme in ethylene 
synthesis, catalyzing the conversion of S-adenosyl-L-methionine (SAM) to 1-aminocyclopropane-1-carboxylate 
(ACC). ACC is then converted to ethylene by ACO. The transcriptional changes of genes in the ethylene pathway 
after BL treatment are shown in Fig. S1.

BRI1 and its down-stream signal is involved in BR-induced ethylene accumulation.  Next, we 
determined whether the BR signaling is involved in BR-induced ethylene accumulation. We used TRV-based 
VIGS system in tomato plants to silence BR insensitive 1 (BRI1), BRI1-Associated receptor kinase1/Somatic 
embryogenesis receptor kinase 3 (BAK1/SERK3), and 6-deoxocastasterone oxidase (DWARF). Silencing effi-
ciency was confirmed by qRT-PCR 2 weeks after sprout vacuum-infiltration (Fig. S2). Database searches showed 
that tomato possessed the potential to encode at least the up-stream components of the canonical BR signal 
transduction pathway (Figs S3A,B, S4 and S5). As shown in Fig. 2, ACC content, ethylene emission, ACS activity 
and ACO activity were measured in silenced plants. These results demonstrated that in the SlDWARF-silenced 
plant, exogenous BL could enhance ethylene synthesis whereas in SlBRI1-scilenced plants, exogenous BL barely 
influenced ethylene accumulation. As BRI1 is an important BR receptor in tomato, when BRI1 was knocked down 
its down-stream signaling pathway would not be induced by BR treatment. These results suggest that BRI1 or its 
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down-stream BR signaling molecules play an important role in BR-induced ethylene accumulation; that is, BRI1 
or its downstream components may be involved in this process.

To confirm these results, we used bikinin, a chemical that effectively activates BRI1 downstream signaling, to 
trigger the BR signaling pathway instead of BL. In accordance with previous results, ethylene accumulation was 
significantly increased after bikinin treatment (Fig. S3C).

Figure 1.  Effects of different BRs levels on ethylene accumulation. Tomato plants were sprayed with 0.01, 
0.1, 1 or 5 μ​M BL solutions while the control plants were sprayed with distilled water or 1 μ​M BRZ. 12 h after 
treatment, the sixth leaf of tomato plants was used for ACC content (A), ethylene emission (B), ACS activity 
(C) and ACO activity (D) measurement. The time courses of BR-induced changes in ACC content (E), ethylene 
emission (F), ACS activity (G) and ACO activity (H). Tomato plants were sprayed with distilled water, 0.1 μ​M 
BL or 1 μ​M BRZ and the sixth leaf was harvested at the indicated time points for the assays. Bars represent the 
mean and standard deviation of values obtained from three biological repeats. Significant differences (P <​ 0.05) 
are denoted by different lowercase letters. FW, fresh weight.
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The relationship between BR-induced H2O2 and ethylene accumulation.  As ROS play important 
roles in several phytohormone signaling pathways, we investigated the effects of BR-induced H2O2 on BR-induced 
ethylene accumulation. The H2O2 level was measured using 2′​,7′​-dichlorofluorescin diacetate (H2DCF-DA) as a 

Figure 2.  Changes of ethylene emission (A), ACC content (B), ACS activity (C) and ACO activity (D) in H2O2 
scavenger DMTU or inhibitor DPI pre-treated plants as influenced by 0.1 μ​M BL. Tomato plants were treated 
with 5 mM DMTU for 8 h and then treated with 0.1 μ​M BL for another 12 h. Single treatment of BL or DMTU/
DPI was included as control.Changes in ethylene emission (E) ACC content (F), ACS activity (G) and ACO 
activity (H) in SlBRI1-, SlBAK1- and SlDWARF-silenced plants as influenced by 0.1 μ​M BL. Involvement of 
H2O2 in the BR-induced ethylene accumulation. Bars represent mean and standard deviation of values obtained 
from three biological repeats. Significant differences (P <​ 0.05) are denoted by different lowercase letters. FW, 
fresh weight.
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fluorescence probe (Fig. 3A). The fluorescence intensity represents the internal H2O2 level. Compared with CK 
plants, the fluorescence level was much higher in BL-pretreated plants and, the fluorescence level was much lower 
in BRZ-pretreated plants. This result suggested that the internal H2O2 generation was triggered by exogenous BL 
and BRZ +​ BL treatment further verified this result. To determine the relationship between BR-induced H2O2 
and ethylene accumulation, we first used 5 μ​M aminoethoxyvinylglycine (AVG) to inhibit the ethylene produc-
tion and then treated the tomato seedlings with 0.5 μ​M BL. The results showed that the fluorescence level was 
increased but not as high as BL treatment, which means that the BR-induced H2O2 generation was impaired when 
ethylene synthesis was blocked. Interestingly, when we first used 1 μ​M BRZ to block BR production followed 
by 10 μ​M ACC to promote ethylene generation, we found that there was still some fluorescence (Fig. 3A,B). 
Therefore, these results demonstrated that ethylene could also trigger H2O2 generation. To further test whether 
H2O2 is involved in BR-induced ethylene accumulation, we used Dimethylthiourea (DMTU) to scavenge H2O2 
or used DPI to inhibit H2O2 generation, and then we examined the ethylene synthesis capacity after BL treat-
ment. As shown in Fig. 2, ACC content, ethylene emission and ACS activity in plant treated with BL +​ DMTU 
and BL +​ DPI (diphenylene iodonium, an NADPH oxidase inhibitor) were slightly higher than in water- treated 
plants (Fig. 2A,C). However, these increasing levels were much lower compared with BL treated plants, which 
demonstrated that BR-induced ethylene accumulation was blocked, at least to a certain extent. However, ACO 
activity was only slightly altered after such treatments (Fig. 2D). These results illustrate that BR-induced H2O2 
generation is a part of BR-induced ethylene accumulation and that ethylene could also promote H2O2 generation. 
To confirm the results, we determined the H2O2 content in plants subjected to different treatments and the results 
are consistent with the above results (Fig. 3C).

BRs enhanced tomato seedling tolerance to salt stress condition.  To determine the roles of BR 
and its signaling molecules in stress tolerance, SlBRI1-, SlBAK1- and SlDWARF-silenced tomato plants were chal-
lenged with salt stress. The salt tolerance of the silenced plants was determined by measurement of physiological 

Figure 3.  Responses of H2O2 generation in the sixth leaf of tomato plants by different chemical treatment. 
H2DCFDA staining and a fluorescence microscope were used for detection of H2O2 fluorescence. H2O2 
increasing was showed by the green fluorescence at 12 h after treatments. Bars, 75 μ​m. Fluorescence imaging of 
H2DCFDA-loaded leaves (A). Average fluorescence intensity (B). H2O2 content (C). Bars represent the mean 
and standard deviation of values obtained from three biological repeats. Significant differences (P <​ 0.05) are 
denoted by different lowercase letters. FW, fresh weight.
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parameters 3 weeks after 200 mM NaCl treatment. The phenotype of silenced tomato seedlings are shown in 
Fig. 4. In addition, the plants grown under salt stress and pretreated with BL presented better growth pheno-
type than plants pretreated with water alone. When treated with 200 mM NaCl, the tomato seedlings exhibited 

Figure 4.  Phenotypes of SlBRI1-, SlBAK1 and SlDWARF-silenced and corresponding empty vector control 
plants treated with water or 200 mM NaCl for 21 d. The seedlings were treated with water or 0.1 μ​M BL from 
the cotyledon stage to the six-leaf stage under salt condition. Plant height (A), fresh weight (FW) (B), CO2 
assimilation rate (C) and chlorophyll content (D) of the silenced plants determined after 21 d of water or NaCl 
treatment with or without 0.1 μ​M BL pretreatment. Bars represent the mean and standard deviation of values 
obtained from three biological repeats. Significant differences (P <​ 0.05) are denoted by different lowercase 
letters. FW, fresh weight.
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reduced growth, biomass, chlorophyll content and photosynthetic rate, whereas BL- pretreaed plants showed a 
better performance regarding these indices (Fig. 4A–D). Therefore, BRs could obviously enhance the tolerance 
of tomato seedlings to high salinity. However, in BL- pretreated TRV:SlBRI1 plants, the physiological param-
eters were lower compared with other silenced plants or control plants under salt stress, which indicated that 
BR-induced salt tolerance was blocked in TRV:SlBRI1 plants (Fig. 4). These results demonstrated that exogenous 
BL could enhance tomato plants salt tolerance and BR signaling molecules play an important role in BR-induced 
salt stress tolerance.

Ethylene signaling is involved in BR-induced salt stress tolerance.  To study the relationship 
between BR and ethylene signaling in BR-induced salt stress tolerance, we first used 1-methylcyclopropene 
(1-MCP) pretreatment to monitor the BR-induced salt tolerance. The results showed that when ethylene sig-
naling pathway is blocked, the BR-induced salt tolerance was reversed (Fig. S6). Then, we constructed SlCTR1, 
SlEIN2, SlEILs, SlERFs-silenced plants using VIGS. To co-silence all of the members of the SlEIL gene family to 
prevent functional redundancy of these genes, we constructed a co-silencing vector that targeted three SlEIL 
genes, SlEIL-1/2/3, based on a 478 bp fragment of the SlEIL3 ORF. qRT-PCR results revealed that the transcripts 
of the three EIL genes were down-regulated significantly in the TRV2:SlEILs-inoculated plants compared with 
the control plants infected with TRV empty vector (Fig. S7). As Fig. 5 shows, silencing of ethylene signaling mol-
ecules impaired BR-induced salt stress tolerance. The tomato seedlings growth, biomass, chlorophyll content and 
photosynthetic rate were lower in BL +​ TRV:SlEIN2, BL +​ TRV:SlEINLs and BL +​ TRV:SlERFs plants compared 
with BL +​ TRV:00 and BL +​ TRV:SlCTR1 plants under salt conditions. In addition, in BL +​ TRV:SlEILs plants, the 
tomato seedlings exhibited severe growth defects (Fig. 5B–E).

To further investigate the roles of ethylene signaling molecules in BR-induced salt stress tolerance, we tested 
the photochemical efficiency (Fv/Fm) and maximum quantum yield of photosystem II (PSII), which reflects the 
tomato seedlings photosystem (Fig. 6). We first analyzed the effects of AVG (an ACS inhibitor) in BR-induced 
salt stress tolerance. The results showed that in BL-treated plants, the Fv/Fm was higher than that of water-treated 
plants under salt stress conditions, which was consistent with Φ​PS II (Fig. 6A,B). However, BR-induced salt 

Figure 5.  Phenotypes of SlCTR1-, SlEIN2-, SlEILs- and SlERFs-silenced and corresponding empty vector 
control plants treated with water or 200 mM NaCl for 21 d influenced by 0.1 μ​M BL (A). Plant height (B), fresh 
weight (FW) (C), CO2 assimilation rate (D) and chlorophyll content (E) of the silenced plants determined after 
21 d of water or NaCl treatment. Bars represent the mean and standard deviation of values obtained from three 
biological repeats. Significant differences (P <​ 0.05) are denoted by different lowercase letters. FW, fresh weight.



www.nature.com/scientificreports/

8Scientific Reports | 6:35392 | DOI: 10.1038/srep35392

tolerance, expressed as Fv/Fm, was obviously inhibited when plants were pretreated with AVG. To further inves-
tigate the role of ethylene signaling molecules in BR-induced salt stress tolerance, we examined the Fv/Fm and  
Φ​PS II in TRV:SlCTR1, TRV:SlEIN2, TRV:SlEILs and TRV:SlERFs plants pretreated with BL under salt stress. 
Similar to AVG pre-treatment, in BL-pretreated TRV:SlEIN2, TRV:SlEILs and TRV:SlERFs plants, the Fv/Fm and  
Φ​PS II were significantly lower than BL pretreated TRV:00 plants under salt stress, particularly in TRV:SlEILs 
plants (Fig. 6A,B). Interestingly, we also found that when H2O2 was scavenged or its synthesis were inhib-
ited by DMTU or DPI pretreatment, the BR-induced salt tolerance were partially blocked as the Fv/Fm in 
BL +​ DMTU +​ NaCl−​or BL +​ DPI +​ NaCl−​treated plants was lower than BL +​ NaCl−​treated plants. These 
results showed that the ethylene signaling pathway and H2O2 were both involved in BR-induced salt stress 
tolerance.

Furthermore, better understanding the cross-talk between BL and ethylene under salinity stress, we used BR 
silenced plants treated with ACC to obtain a complete picture of BL and ethylene interplay. As shown in Fig. S8, 
after ACC treatment, the BR silenced plants still exhibited better growth than untreated plants, indicating that 
ethylene works down-stream in BR-induced salt tolerance. In other words, these results further confirmed that 
ethylene participates in BR-induced salt stress tolerance.

The ethylene signaling pathway is involved in BR-induced alleviation of oxidative damage and 
increases antioxidant enzyme capacity.  Previous studies have suggested that BR could alleviate oxi-
dative damage in plants in response to various abiotic stresses. Here, we monitored the relative water content 
(RWC), electrolyte leakage (EL), malondialdehyde (MDA) content and the level of cell death of tomato seedlings 
under NaCl treatment (Fig. 7). Similar to previous results, the RWC was lower in BL pretreated TRV:SlEIN2, 
TRV:SlEILs and TRV:SlERFs plants compared with the other plants under salt stress (Fig. 7A). The EL and MDA 

Figure 6.  Photosystem damage in BR-induced salt stress tolerance. Images of the photochemical efficiency 
(Fv/Fm) (A) and maximum quantum yield of photosystem II (PS II) (B) in the sixth leaf of each tomato plant 
under salt stress for 5 d. Everage values of Fv/Fm (C) and Φ​PS II (D) for the respective chlorophyll fluorescence 
images. The chemical inhibitor pretreated or silenced plants were first treated with 0.1 μ​M BL and then exposed 
to 200 mM NaCl for 3 d. At least nine plants were used for each treatment and a picture of one representative 
leaf is shown. Bars represent mean and standard deviation of values obtained from the six independent plants. 
Significant differences (P <​ 0.05) are denoted by different lowercase letters.
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content significantly increased in these plants compared with the other plants (Fig. 7B,C). We also detected the 
Typan Blue staining to monitor the level of cell death. As Fig. 7D shows, the staining was obviously deeper in 
BL-pretreated TRV:SlEIN2, TRV:SlEILs and TRV:SlERFs plants under salt condition. These results demonstrated 
that the BR-induced alleviation of oxidative damage was partly diminished when the ethylene signaling pathway 
was blocked.

ROS generation is a common response when plants are exposed to environmental stresses. We detected the 
accumulation of superoxide and H2O2 using NBT and DAB staining, respectively (Fig. 8E,F). BL pretreatment 
decreased the superoxide and H2O2 generation under salt stress but increased when pretreated with AVG, DMTU 
and DPI or when the ethylene signaling pathway was inactivated by the VIGS approach.

We next monitored the activity of antioxidant enzymes, which plays key roles in plants to antagonize oxida-
tive damage. As Fig. 8A–D shows, the activity of SOD, CAT, APX and GPX were significantly increased under 
salt stress and the increase was elevated by BL pretreatment. Moreover, the BR-induced increase of antioxidant 
enzyme activities was blocked when ethylene production, H2O2 generation or the ethylene signaling pathway was 
inhibited by chemical inhibitors or gene silencing. Therefore, exogenous BRs induced plant responses to salt stress 
in an H2O2 and ethylene-dependent manner.

Discussion
Several studies have shown that BRs play a pivotal role in plant response to various stresses. In our study, we pro-
vided evidence that H2O2, ethylene and its signaling molecules are involved in BR-induced salt stress tolerance. 
In BL-treated tomato seedlings, we observed an increase in H2O2 content and ethylene production. Our results 
demonstrated that BR-induced H2O2 generation was a part of BR-induced ethylene accumulation and ethylene 
could also in turn promote H2O2 generation. The H2O2 and ethylene accumulation, which was promoted by 
exogenous BL treatment, appeared to be positive signals that contributed to the alleviation of oxidative damage 
in tomato. In addition, ethylene signaling molecules were essential components of BR-induced salt tolerance 
in tomato. Tomato seedlings pretreated with BL demonstrated better growth under salt stress than plants that 
were pretreated with water alone. Furthermore, the antioxidant system was activated by exogenous BL treatment. 
Taken together, these studies support the involvement of BRs in plant responses to salt stress.

It is well known that, crosstalk between plant hormones participates in the regulation of various processes 
of plant growth and development. For instance, BR and auxin signaling transcription factors participate in the 
promotion of hypocotyl cell elongation29. “Triple response”, is a well- documented ethylene response of etiolated 
seedlings, i.e., short, thickened hypocotyl and root and exaggerated curvature of the apical hook30. Therefore, 
auxin, BRs and ethylene are functioning in the early development of seedlings. There is also genetic and molecular 
evidence for the crosstalk between BRs and ABA in tomato stress tolerance31. Studies have indicated that inter-
actions must exist between BR and ethylene in many aspects of plants development32. Hansen et al. reported that 

Figure 7.  Ethylene signal pathway is involved in BR-induced alleviates of oxidative damage. Quantitative 
measurements of RWC (A). Quantitative measurements of EL (B). Quantitative measurements of MDA content 
(C). Trypan blue (1.25 mg ml−1) staining was used to detect the degree of cell death (D). The chemical inhibitor 
pretreated or silenced plants were first treated with 0.1 μ​M BL and then exposed to 200 mM NaCl for 5 d. 
Experiments were repeated at least three times with similar results. Bars represent mean and standard deviation 
of values obtained from three biological repeats. Significant differences (P <​ 0.05) are denoted by different 
lowercase letters. FW, fresh weight.
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BRs increased the stability of two type 2 ACS proteins26. Studies of mung bean demonstrated that the transcrip-
tion level of VrACS7 was regulated by BRs25. Recent research reports that ethylene is an important phytohormone 
in the response to several abiotic stresses and revealed the action of its signaling pathway in plant abiotic stress 
tolerance33. Xia et al. reported that upon perception of BR signal, NADPH oxidases might be activated to generate 
ROS, which initiates a protein phosphorylation cascade34. There are also studies reporting that H2O2 is critical 
for brassinosteroid (BR)- and abscisic acid (ABA)-induced stress tolerance in tomato35. Nie et al. reported that 
silencing of tomato RBOH1 and MPK2 abolishes brassinosteroid-induced H2O2 generation and stress tolerance36. 
Therefore, our results support the finding of previous studies. Studies have also shown that BL interaction with 
IAA could produce higher levels of ethylene than either alone24. Li et al. reported that overexpression of DWARF 
(DWF), the key BR biosynthetic gene, led to elevated ethylene production in tomato plants18. However, few stud-
ies have focused on the changes in ethylene biosynthesis and signaling genes. Therefore, there is still a need for 
more in-depth studies to explore how ethylene production is triggered by BRs. Although H2O2 and ethylene are 
both induced by BRs, the relation between them is still unclear. In the present study, we observed that both H2O2 
and ethylene accumulation were increased after BL treatment in tomato. Tomato seedlings treated with differ-
ent concentrations of BL solution exhibited a significant increase in ethylene accumulation (Fig. 1). We further 
monitored the time course of 0.1 μ​M BL treatment and confirmed the BR-induced ethylene accumulation mainly 
came from increased ACS capacity. The results showed that BR signaling molecules have participated in these 
processes. This finding is supported by results that show that BR-induced ethylene production almost vanished 
in SlBRI1-silenced plants, but not in SlDWARF-silenced plants (Fig. 2). BR signaling starts at the cell surface and 
is perceived by a small family of plasma membrane-localized leucine-rich repeat receptor kinases (LRR-RKs). 
BRASSINOSTEROID INSENSITIVE 1 (BRI1) is the founding member of this small family of receptors and 
accounts for most of the binding activities of BRs in Arabidopsis37,38. Therefore, it has been suggested that BRI1 
or its down-stream molecules must be involved in the process of BR-mediated ethylene production. Interestingly, 
BL-pretreated SlBAK1-silenced plants showed a slight increase in ethylene accumulation. This effect is mainly due 
to the functional redundancy of other family members39,40. To investigate the relationship between H2O2 and eth-
ylene upon exogenous BL treatment, we first used AVG to inhibit ethylene synthesis and then we monitored H2O2 
generation that is induced by BRs. The results suggested that BR-induced H2O2 generation was partially blocked 
when ethylene synthesis was inhibited. BRZ +​ ACC treatment showed increased fluorescence, which suggested 
that ethylene could also trigger H2O2 generation. To detect whether BR-induced H2O2 generation is involved in 
BR-induced ethylene production, we used DMTU and DPI to scavenge or inhibit H2O2 generation. The ethylene 
accumulation induced by BRs was influenced when the plants were pretreated with these chemical inhibitors 
(Fig. 2A–D). These results demonstrated that BR could either promote ethylene production or H2O2 generation. 
In addition, our research suggested that BR-induced H2O2 was a part of BR-mediated ethylene production and 
that the ethylene production that is triggered by BL also participated in H2O2 generation. Evidence indicates that 
ethylene-induced stomatal closure is mainly due to the promoting of NADPH oxidase-mediated ROS production 
in stomatal guard cells41. There are also studies suggesting that H2O2 may be involved in the induction of ethylene 
biosynthesis genes42. Therefore, based on our results, we hypothesize that BR-induced ROS generation proba-
bly activates mitogen-activated protein kinases (MAPKs), which could enhance ACS stabilization and thus may 
enhance ACC generation and, in turn, affect ethylene production.

Figure 8.  Changes in the activities of SOD (A), CAT (B), APX (C), GR (D) in tomato plants under salt stress. 
The chemical inhibitor pretreated or silenced plants were first treated with 0.1 μ​M BL and then exposed to 
200 mM NaCl for 5 d. Superoxide contents were detected by 0.5 mg/mL nitro blue tetrazolium (NBT) staining 
(E). H2O2 levels were detected by 2 mg/mL 3,3-diaminobenzidine (DAB) staining (F). Ten plants were used for 
each treatment and a picture of one representative leaf is shown. Bars represent mean and standard deviation 
of values obtained from three biological repeats. Significant differences (P <​ 0.05) are denoted by different 
lowercase letters.
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Currently, BRs have attracted increasing attentionfrom phytologists and are believed to play a critical role in 
stress alleviation. Several studies have revealed that BRs play an important role in enhancing plant tolerance to 
a variety of environmental stresses43,44. In our study, we provided several lines of evidence that BRs could also 
improve the tolerance of tomato response to salt stress. Furthermore, ROS and ethylene are very likely to partici-
pate in BR-induced salt stress tolerance.

ROS generation is regarded as a common cellular response during stressful conditions. H2O2 is considered 
a central signaling molecule in plant responses to various environmental stresses45. Form another point of view, 
ROS overproduction might causes serious oxidation damage which could influence the ordinary operation of 
plant metabolism46. Similar to other studies, we found that H2O2 also participates in BR-induced salt stress toler-
ance. When tomato plants were pretreated with DMTU or DPI, BL-induced salt tolerance was partially impaired 
(Figs 6, 7 and 8). It is interesting that there is a discrepancy in H2O2 generation, as shown in Figs 3 and 8. The 
BL- treated plants in Fig. 3 exhibited elevated H2O2 generation, whereas the BL- pretreated plants in Fig. 8 showed 
divergent results compared with the control. However, the time at which H2O2 was detected is different between 
Figs 3 and 8. BR-induced H2O2 generation reached peak levels at approximately 12–24 h after BL treatment, then 
decreased and was maintained at normal conditions, which we also noted in our previous study9. ROS generation 
is a common cellular response during stressful conditions. On the one hand, the generation of ROS is necessary 
for signaling in individual stress responses. On the other hand, ROS overproduction causes oxidation damage 
to cellular components, which is a common destructive effect of abiotic stress. Time courses experiments of the 
effects of BL on H2O2 accumulation showed that BRs induced ROS production mildly under normal growth 
conditions. Interestingly, when exposed to stress conditions, water-treated plants suffered a dramatic increase in 
H2O2 accumulation, forming a sharp contrast with BL-treated plants, which had a comparatively slight increase. 
This result is mainly because BL-treated plants have a sharper increase in alternative respiration and other defense 
system when compared with water-treated plants. The enhancement of these defense systems by BL pre-treatment 
might play a key role in ROS avoidance under stress conditions9.

Seldom has research focused on the relationship between BRs and ethylene under stress condition. Divi et al.  
reported that BR-mediated stress tolerance in Arabidopsis showed interactions with ethylene, salicylic acid 
and abscisic acid pathways. Some studies also supported the crosstalk between BRs and ethylene under stress 
conditions47. However, it is still unclear whether and how ethylene and its signaling molecules are involved in 
BR-mediated salt stress tolerance in tomato plants. In our study, we used AVG, a specific ACS inhibitor, to block 
ethylene accumulation before BL treatment under salt stress. The results showed that BR-induced salt tolerance 
was inhibited when ethylene synthesis was blocked in tomato plants (Figs 6, 7 and 8). Furthermore, the VIGS 
assay suggested that ethylene signaling molecules, such as EIN2, EILs and ERFs, also participated in BR-mediated 
salt tolerance (Fig. 5). The oxidative damage was obviously higher in SlEIN2, SlEILs and SlERFs-silenced 
BL +​ NaCl tomato plants than control BL +​ NaCl treatment plants. Interestingly, our results showed that in 
SlEILs-silenced plants, the damage was significantly higher than in any other plants (Figs 7 and 8). In Arabidopsis, 
the ethylene signaling pathway is well understood. As we all know, unlike the repressor CTR1, EIN2 is a central 
component of the ethylene signaling transduction pathway, and its null mutant ein2 is completely insensitive 
to ethylene48. EIN3/EIL1 is positively regulated by EIN2 and the activated EIN3/EIL1 results in the activation 
of transcription of ERF1, the ethylene transcription factor, and other downstream genes49. Recent, studies have 
suggested that ethylene stabilizes EIN3/EIL1 mainly by promoting the proteasomal degradation of EBF1/EBF2, 
and EIN2 is indispensable for mediating ethylene-induced EIN3/EIL1 accumulation and EBF1/2 degradation50. 
However, the salt-induced EIN3/EIL1 protein stabilization was promoted by EBF1/EBF2 proteasomal degrada-
tion probably in an EIN2 independent manner, in Arabidopsis. In Solanum lycopersicum, four cDNAs encoding 
EIN3-like proteins were cloned from tomato and designated as LeEIL1-4 51,52. Each of the LeEIL1-3 genes comple-
mented the transgenic Arabidopsis ein3 mutant, indicating that they are involved in ethylene signaling. Antisense 
suppression of one LeEIL gene in the tomato plant did not reduce ethylene sensitivity, whereas the reduction of 
the three LeEILs resulted in the loss of ethylene responses. In our study, we constructed a co-silencing vector 
that targeted three SlEIL genes, SlEIL-1/2/3, based on a 478 bp fragment of the SlEIL3 ORF. When the EILs were 
silenced in tomato plants, BR-induced salt tolerance was severely affected (Figs 7 and 8). These results indicated 
that EILs-dependent transduction pathway was critical in BR-induced salt tolerance in tomato plants.

GSK3-like kinase (BIN2) is a key master regulator that transduces BR signals to a large repertoire of physiolog-
ical targets that act in various aspects of plant development, metabolism and other signaling pathways. Previous 
studies have reported that BIN2 phosphorylates YODA (YDA) and MKK4, two proteins that act upstream of 
MPK3/6 in stomata patterning53,54. Once BIN2-mediated phosphorylation of YDA and MKK4 was released by 
BRs, the activation of MKK4 leads to the activation of MPK3/6. MAPKs play important roles in ET signaling, 
the MPK3/MPK6 pathway, and positively regulating EIN3, which is also required for the activation of ACS genes 
involved in ET biosynthesis55,56. In our study, we found an increased activity of ACS and transcriptional changes 
in ACS, ACO and ethylene signaling pathway genes which probably contributed to the elevated ACC and eth-
ylene production (Figs 1 and S1). Meanwhile, an EILs-dependent signaling pathway is highly correlated with in 
BR-induced salt tolerance. Because MAP kinase pathway (MKK, MKK9 and MPK3/6) positively regulates EIN3 
activity, and these pathways (e.g., mkk9) loss-of-function mutants lead to increased salt sensitivity, we suppose 
that MAPK pathway very likely participates in BR-induced ethylene accumulation and EILs-dependent salt tol-
erance which could be triggered by exogenous BL treatment in tomato plants.

Taken together, we presented physiological and genetic evidence of the dynamic interplay between BRs and 
ethylene in tomato salt stress tolerance. Following the perception of BR signal, there appeared to be enhanced 
ethylene synthesis and EILs stabilization. At the same time, the increased ROS acting as a secondary messenger 
can also trigger increased ethylene biosynthesis and ROS down-stream responses. The elevated ethylene accu-
mulation and activated EILs-dependent signaling pathway then activate specific defense responses (i.e., the AOX 
capacity, ERFs or the transcription of its responsive genes), which lead to salt stress tolerance (Fig. 9).
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Methods
Plant material and growth conditions.  Tomato (Solanum lycopersicum cv. Yuanbao) plants were grown 
in a growth room under the following conditions: 16/8 h day/night cycle, 25/20 °C day/night temperature (for 
VIGS plant, 23/18 °C day/night), 50 ±​ 10% humidity and 100 μ​mol m−2s−1 light intensity. After germination on 
water-soaked filter paper in Petri dish for 3 d in the dark, the sprouting seeds were transplanted in pots containing 
humus-vermiculite mixture (1:1, v/v), and watered every three days in subsequent culture until use. For salt stress 
tolerance measurement, plants were exposed to 200 mM NaCl for 3 d.

Chemical treatments.  Brassinolide (BL, the most active BR) and brassinazole (BRZ, a specific inhibitor of 
BR biosynthesis) were purchased from Wako Pure Chemical Industries (Chuo-Ku, Osaka, Japan) and Santa Cruz 
Biotechnology (Dallas, Texas, USA), respectively. 1-Aminocyclopropane-1-carboxylic acid (ACC; precursor of 
the ethylene biosynthesis) and ethylene biosynthesis blocker aminoethoxyvinylglycine (AVG) were purchased 
from Sigma-Aldrich (Shanghai, China). Dimethylthiourea (DMTU, an H2O2 scavenger), 1-methylcyclopropene 
(1-MCP) and diphenylene iodonium (DPI, an NADPH oxidase inhibitor) were purchased from Sigma (St Louis, 
USA). The hormone and inhibitor solutions were prepared in distilled water containing 0.02% (v/v) Tween 20. 
The chemicals and the concentrations used are as follows: BL, 0.01, 0.1, 1, and 5 μ​M; BRZ, 1 μ​M; DMTU, 5 mM; 
DPI, 100 μ​M; AVG, 5 μ​M. ACC, 10 μ​M. Distilled water containing 0.02% (v/v) Tween 20 was used as a control 
treatment. For DMUT/DPI +​ BL treatment, plants were first sprayed with 5 mM DMTU/100 μ​M DPI, and 8 h 
later they were sprayed with 0.1 μ​M BL for another 12 h. For BL +​ AVG or BRZ +​ ACC treatment, plants were first 
sprayed with 5 μ​M AVG or 10 μ​M ACC, and 8 h later they were sprayed with 0.1 μ​M BL or 5 μ​M BRZ for another 
12 h. The plants were then exposed to 200 mM NaCl.

VIGS vector construction.  Virus-induced gene silencing (VIGS) of genes in tomato seedlings was con-
ducted according to the previously described protocols using tobacco rattle virus with little modification9,57. The 
vector was kindly provided by Dr. GZ Qin (Key Laboratory of Plant Resources, Institute of Botany, Chinese 
Academy of Sciences,). To silence BR and ethylene signal elements, partial cDNA of SlBRI1, SlBAK1, SlDWARF, 
SlCTR1, SlEIN2, SlEILs and SlERFs were amplified by RT-PCR using primers (supplementary Table S1). The 
amplified fragments were then cloned into pTRV2 vector. For the VIGS assay, Agrobacterium tumefaciens strain 
GV3101 containing pTRV1, pTRV2 (with the inserted fragment) were used for RNAi. The infiltration mix-
ture and germinating seeds (approximately 10 seeds) were placed in each 1.5 or 2.0 mL centrifuge tubes. Then, 
centrifuge tubes were placed into a vacuum dryer. Agrobacterium was infiltrated into sprouts using a sprout 
vacuum-infiltration system [a vacuum dryer connected to a portable air compressor (GAST. INC)] set at relative 
vacuum degree of −​25 kPa for tomato. Vacuum pressure was maintained for approximately 10 s and then released 
rapidly to atmospheric pressure. This operation was repeated once or twice. Treated sprouts were sown in nutri-
tional soil in pots.

After the cotyledon fully developed, the mixture of the Agrobacterium strain containing TRV1 and TRV2 or 
its derivatives was infiltrated to the cotyledon with 1 mL needle-less syringe to keep the silence effect persist long 
enough. The plants were used for further study after 2 weeks.

PDS-silenced tomato seedlings are shown in Fig. S2.

Determination of ethylene emission.  The measurement of ethylene production was performed 
according to Xu et al.8. Tomato seedlings were placed in 100 mL gas-tight glass vessels and incubated at room 
temperature (25 °C) for 2 h. Then, 1 mL sample of gas was removed and analyzed with a flame ionization gas 
chromatograph (Agilent 6890 Series GC system, Salem, MA, USA) equipped with an activated alumina stainless 
steel (SS) column. The carrier gas (helium) flow rate was 0.5 mL s−1. The detector and injector were operated at 
100 °C, and the oven was at 50 °C.

To determine ACC content and ACS activity, tomato leaves were extracted according to the methods described 
by Wang et al. 1992 with slight modifications58. Tissues from tomato seedling leaves were extracted in 1 volume 
of 1.0 M potassium phosphate buffer (pH 8.0) containing 0.5 mM pyridoxal-5-phosphate and 4.0 mM DTE. ACO 
activity was measured according to Bulens et al.59.

Detection of ROS accumulation.  ROS accumulation was also detected using the fluorescent probe  
2′,7′​-dichlorofluorescin diacetate (H2DCFDA) (Sigma-Aldrich). Briefly, leaf disks were first vacuum-infiltrated 
(twice for 5 min) in 10 μ​M of H2DCFDA and observed under a Nikon Eclipse E600 epifluorescence microscope 

Figure 9.  A proposed model for the induction of salt stress tolerance by BRs in tomato plants. 
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(Nikon, Tokyo, Japan) equipped with a Nikon B-2A filter block (450–490 nm excitation filter, 505 nm dichroic 
mirror, 520 nm barrier filter). The pixel intensities of fluorescence images, acquired using the microscope, were 
determined by using Image, J-software (NIH, USA).

H2O2 content was detected by the Amplex red hydrogen peroxide/peroxidase assay kit (Invitrogen).

CO2 assimilation and Chlorophyll content measurements.  The CO2 assimilation rate (net photosyn-
thetic rate, Pn) was determined using an open system (TPS-1, PP system, UK) at a CO2 content of 360 cm3 m−3, 
70% relative humidity. The total chlorophyll content of leaf was extracted with 80% acetone from the fresh leaves 
and measured according to Lichtenthaler & Wellburn60.

RNA extraction and qRT-PCR.  Total RNA was extracted from Solanum lycopersicum leaves using Trizol 
reagent (Invitrogen, Shanghai, China) according to the manufacturer’s recommendations, followed by further 
purification with DNase I treatment before PCR. First-strand cDNA was synthesized using Moloney murine leu-
kemia virus reverse transcriptase (Invitrogen). Quantitative real-time PCR analysis was performed on an iCycler 
(Bio-Rad, Beijing, China) using the comparative Ct (threshold cycle) method9. ACTIN was used as the internal 
control. All of the qRT-PCR primers are listed in Supplementary Table S1. At least three biological replicates were 
performed for each sample and at least three technical replicates were analyzed for each biological replicate.

Analysis of chlorophyll fluorescence.  Chlorophyll fluorescence was determined with an imaging pulse 
amplitude modulated fluorometer (IMAG-MINI, Heinz Walz, GER). For Fv/Fm measurement, plants were dark 
adapted for 30 min. Maximal fluorescence (Fm) was measured by a 0.8 s pulse of light at about approximately  
4 μ​molm−2 s−1, minimal fluorescence (Fo) was measured during the weak measuring pulses. Chlorophyll fluores-
cence quenching and Φ​PS II were measured as previously described, respectively.

Superoxide and H2O2 staining.  Superoxide and H2O2 staining were visually detected with nitro blue tetra-
zolium (NBT) and 3,3′​-diaminobenzidine (DAB). Tomato leaves were vacuum infiltrated with NBT (0.5 mg ml−1) 
solutions for 2 h or DAB (2 mg ml−1) solutions for 8 h. Leaves were then decolorized in boiling ethanol (95%) for 
15 min.

Oxidative damage estimation.  Leaf relative water content (RWC) is defined in the equation: RWC =​ (Fw − Dw)/ 
(Tw − Dw) ×​ 100%. Fw represents fresh leaf weight, Dw represents dry leaf weight and Tw represents turgid leaf 
weight. Electrolyte leakage (EL) was measured according to Deng et al.9. The different samples were boiled at 
100 °C for 10 min to achieve 100% electrolyte leakage after measuring electrical conductivity. The relative conduc-
tivity of plasma membranes was calculated based on the ratio of electrical conductivity before and after boiling. 
Lipid peroxidation was estimated by measuring the malondialdehyde (MDA) as previously described61. Trypan 
Blue staining was performed to show cell death.

Enzyme activity assays.  For the enzyme assays, 500 mg of leaf samples were homogenized in 5 ml 25 mM 
PBS buffer (pH =​ 7.8) containing 0.2 mM EDTA, 2 mM ASA and 2% PVP. The homogenate was centrifuged at  
12 000 g for 20 min at 4 °C, and the supernatant was immediately used for the determination of enzymatic activity. 
SOD CAT and APX activity, was measured according to Deng et al.57, by monitoring the decrease in absorbance 
at 290 nm as ascorbate was oxidized. Glutathione reductase (GR) activity was detected following the modified 
method (Meloni et al.62).

Statistical analysis.  Statistical analysis of the results from experiments with three or more mean values was 
performed using a one-way ANOVA as dictated by the number of main effects. The difference was considered to 
be statistically significant when P <​ 0.05.
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