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Ethylene modifies the rate of photosynthesis depending on 
plants’ sensitivity and rate of ethylene production.1,2 Ethylene 
also increases tolerance of plants to cadmium (Cd) stress. It has 
been shown that blocking ethylene synthesis results in lower thiol 
contents and tolerance to Cd stress.3 We have recently published 
that ethylene is involved in sulfur (S)-mediated alleviation of 
Cd (200 mg Cd kg-1 soil) stress through increased glutathione 
(GSH) synthesis.4 Plants treated with Cd were less sensitive to 
ethylene despite high ethylene evolution and showed photosyn-
thetic inhibition. Ethylene sensitivity of plants was increased 
with exogenously-sourced ethylene as ethephon (200 μl l-1) or 
with sufficient-S (100 mg S kg-1 soil) application. This resulted 
in the induction of GSH synthesis and antioxidant cycle lead-
ing to increased photosynthesis under Cd stress. The present 
work reports that in addition to the involvement of ethylene in 
alleviation of Cd stress with sufficient-S through GSH synthe-
sis, there is a relationship between ethylene, glucose (Glc) sensi-
tivity and sufficient-S in the alleviation of Cd stress in mustard 
(Brassica juncea) cv Varuna. We found that plants under Cd stress 
showed increased Glc sensitivity (Figs. 1 and 2) that resulted in 
the inhibition of Rubisco activity and photosynthesis.4 High 
endogenous Glc concentration results in the stronger repression 
of Rubisco mRNA levels and photosynthesis in ethylene insen-
sitive genotypes.5 The inability to perceive ethylene results in 
increased sensitivity to Glc, which results in negative effects on 
Rubisco content and photosynthetic capacity.6 Therefore, even 
with high ethylene evolution under Cd stress the Glc-mediated 
photosynthetic suppression is not overcome. Supplementation of 
Cd-stressed plants with sufficient-S increased ethylene sensitivity, 
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which reduced Glc sensitivity and reversed the negative effects of 
Cd on Rubisco and photosynthesis.

The content of Glc increased with Cd in comparison to con-
trol and application of both sufficient and excess-S (200 mg S kg-1 
soil) increased Glc content equally under no Cd in comparison to 
control but this increase was lesser than Cd stressed plants. The 
pathway of S-assimilation leads to ethylene synthesis through 
the formation of cysteine and methionine, which is perceived by 
plants. The increase in Glc with S was due to increase in photo-
synthesis and there was no Glc hypersensitivity. Under Cd stress, 
high Glc was synthesized and due to lesser ethylene perception 
resulted in photosynthetic inhibition. With the supplementation 
of sufficient-S to Cd stressed plants ethylene perception increased 
reversing the adverse effects of high Glc on photosynthesis. 
However, excess-S supplementation might have resulted in excess 
phytochelatins that caused damage to cells4 resulting in evolution 
of stress ethylene. Sufficient-S given to Cd-treated plants resulted 
in high Glc synthesis even more than plants under Cd stress, but 
the photosynthetic inhibition was overcome because sufficient-
S led to the increased ethylene perception, which reduced Glc 
sensitivity. However, reverse occurred in plants receiving excess 
S where due to lesser ethylene perception Glc-mediated photo-
synthetic repression was observed. This study clearly focuses that 
ethylene besides executing its role in Cd tolerance via increased 
GSH synthesis also does it via reducing Glc sensitivity. Research 
has demonstrated that constitutive ethylene biosynthesis and 
signaling mutants show insensitivity to glucose.7-9 Prolonged 
glucose treatment revealed that gin4 is allelic to ctr1, while eth-
ylene-insensitive mutants, such as ein2 and etr1-1 exhibit glucose 
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photosynthetic inhibition under Cd stress needs to be elucidated. 
High Glc causes feedback inhibition of transcription of photo-
synthetic genes and decreasing Glc content or sensitivity might 
increase photosynthesis. Seneweera et al.13 suggested that ethyl-
ene production promoted growth under circumstances where leaf 
Glc concentration was high. The developmental arrest by high 
sugar levels can be overcome by applying the ethylene precur-
sor 1-aminocyclopropane-1-carboxylic acid.14 Ethylene reduces 
the negative feedback of carbohydrates on photosynthetic gene 
expression. Although high ethylene evolution occurs under stress 
it is stress ethylene that is not perceived by the plants and the 
inability to perceive ethylene results in increased sensitivity to 
Glc and negative effects on Rubisco content and photosynthetic 
capacity.15

Our work shows that ethylene has a role in inducing 
S-mediated tolerance to Cd stress and alleviation of photosyn-
thetic inhibition through maintaining reduced Glc sensitivity. 
Under Cd stress, plants exhibited less sensitivity to ethylene 
which increased with sufficient-S.
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hypersensitivity. These results confirm that ethylene could over-
come the glucose-dependent developmental arrest.10

For the experimental verification of the role of ethylene in tol-
erance to Cd via Glc sensitivity, we tested whether S and Cd are 
related to Glc content, and further to confirm the role of ethylene 
in Cd alleviation via reducing Glc sensitivity we used ethephon as 
ethylene source and 1-aminoethoxy vinyl glycine (AVG) as ethyl-
ene biosynthesis inhibitor. The content of Glc increased with Cd 
alone or in the presence of S but the Glc sensitivity was reduced 
only with sufficient S under Cd stress where the ethylene evolved 
was perceived by the plants and thus promoted photosynthesis 
by reducing the negative effect of Glc on Rubisco gene expres-
sion. However, in the presence of AVG even with sufficient S 
photosynthetic inhibition occurred because of lesser ethylene 
evolution that could not suppress Glc sensitivity (Fig. 2). An 
interaction between ethylene and the Glc has been shown in 
genomic studies.11,12 Leon and Sheen10 show antagonistic relation 
between ethylene and glucose, as ethylene insensitive mutants 
were found to exhibit glucose hypersensitivity, whereas the con-
stitutively responsive mutant ctr1 was shown to possess glucose 
insensitivity. The reduction in Glc sensitivity by ethephon has 
been reported,6 but the role of ethylene in reducing Glc mediated 

Figure 1. Leaf glucose content in mustard after treatment with Cd and/or S treatments at 30 d after sowing. Plants were grown with 0, 200 mg Cd kg-1 
soil (200 Cd), 100 mg S kg-1 soil (100 S) or 200 mg S kg-1 soil (200 S) with combined Cd and S treatments. Means values ± SE are shown (n = 4). Means de-
noted by the same letter are not significantly different at p < 0.05 according to least significant difference test. Cd, cadmium; DW, dry weight; S, sulfur.
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Figure 2. Leaf glucose content after treatment with 200 mg Cd kg-1 soil (200 Cd), 200 Cd in combination with 100 mg S kg-1 soil (100 S) or 20 μL L-1 eth-
ephon (200 E) or 200 Cd + 100 S + 50 μL L-1 aminoethoxyvinylglycine (AVG) at 30 d after sowing. Ethephon or AVG was sprayed along with 0.5% teepol 
as surfactant at 20 d after sowing. Mean values ± SE are shown. (n = 4). Means denoted by the same letter are not significantly different at p < 0.05 
according to the least significant difference test. Cd, cadmium; E, ethephon; DW, dry weight; S, sulfur.




