
Evidently, the increases in ACR and MVK in the WT
seedlings coincided with the development of heat damage in
leaves (compare Fig. 2B). In contrast, (E)-2-hexenal levels
were dramatically but transiently elevated after 1 d and 2 d
in WT but not in T15 seedlings (Fig. 3A). The amounts of
HNE and MDA remained fairly stable and similar in WT
and T15 seedlings throughout the duration of the experi-
ment (Fig. 3A). It was concluded that ACR and MVK were
likely to be involved in the causation of leaf damage during
the heat exposure.

Effects of exogenous ACR and MVK on leaves

The above �ndings suggested that ACR and MVK were
involved in heat stress-induced leaf damage. To test this
idea, detached WT leaves were in�ltrated with ACR and
MVK. Under normal growth conditions, the amounts of

ACR and MVK in WT leaves (Control) were 9.9 ng g� 1

FW and 0.1 lg g � 1 FW, respectively (Fig. 3B). In contrast,
WT leaves showed wilting or browning at least over parts of
the leaf area under heat stress treatment, and ACR and
MVK accumulated to 63.0 ng g� 1 FW and 6.9 lg g � 1 FW,
respectively (Fig. 3B). In�ltration conditions that resulted in
similar levels of ACR and MVK were identi�ed. For ACR,
the optimum in�ltration conditions were 5 ppm ACR for 3 d,
resulting in 69.7 ng g� 1 FW (Fig. 3B, left). For MVK, the
optimum conditions were 50 ppm MVK for 2 d, resulting in
6.0 lg g � 1 FW (Fig. 3B, right). On the other hand, the
amounts of ACR and MVK in water-in�ltrated leaves
reached 20.5 ng g� 1 FW after 3 d of treatment, and 0.6 l g
g� 1 FW after 2 d of treatment, respectively (Fig. 3B). Under
these conditions, ACR- and MVK-in�ltrated leaves de-
veloped browning and wilting symptoms that resembled
those of heat-stressed leaves, but water-in�ltrated leaves did

Fig. 3. Changes in the levels of TA-derived compounds during heat treatment, and leaf damage caused by these compounds. Plants
were grown to the seedling stage (4–5 leaves) at 20� C under 16 h light (70l mol m� 2 s� 1). (A) Changes of candidate cytotoxic
compounds in the WT and T15 line under heat stress (38� C, constant light). ACR, acrolein; MVK, methyl vinyl ketone; HNE, 4-hydroxy-
2-nonenal; MDA, malondialdehyde. Values are means� SD (n� 3). (B) Amounts of ACR and MVK in control, water-in�ltrated, heat-
stressed (38� C, 5 d, constant light), and ACR-/MVK-in�ltrated leaves excised from WT seedlings. The in�ltrated leaves were treated with
5 ppm ACR for 3 d (ACR) or 50 ppm MVK for 2 d (MVK) at 20� C under 16 h light. Values shown are means� SD (n� 3). (C) Damage
symptoms displayed by excised WT leaves after heat stress treatment or in�ltration with water (water-in�ltrated), ACR, or MVK. The
treatment conditions were as described for B. Scale bar, 5 cm.
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not after 3 d of treatment (Fig. 3C). These results suggested

that the enhanced amounts of ACR and MVK in leaves

under heat stress could be causing the browning and wilting

symptoms.

Drought tolerance in transgenic cyclamen

Decreases in TAs of chloroplast membranes seemed to

correlate with reduced drought tolerance in tobacco (Im

et al., 2002). To see whether this also is true for cyclamen,

irrigation of WT and T15 plants was stopped for 12 d. As

a consequence, slightly more than half of all leaves showed

signs of withering, but the results for the two lines did not

differ significantly (Fig. 4A). Furthermore, when irrigation

of the plants was resumed after 18 d of drought stress, both
WT and T15 plants recovered similarly (Fig. 4B). These

results suggested that transgenic cyclamen plants with

decreased TA contents did not suffer from reduced drought

tolerance.

Discussion

Thermotolerance of transgenic cyclamen with low TA
content

To reveal the relationship between low TA levels and

thermotolerance in higher plants, transgenic cyclamen with

decreased TA content were produced and the amounts of

cytotoxic TA-derived compounds under heat stress were
monitored. The suppression of the activity of CpFAD7

resulted in a reduction of TA from ;50 mol% to <3 mol%,

and a corresponding increase of DA from 20 mol% to 70

mol% (Fig. 1). Thus, the DA/TA ratio changed dramati-

cally, from <0.5 in the WT to 25 in T31 and to ;50 in T15.

In tobacco, two transgenic lines with decreased TA content

in leaf tissue produced by gene silencing of AtFAD7 showed

DA/TA ratios of 1.5 and 2.2, compared with ;0.1 in the

WT (Murakami et al., 2000). Similarly, the DA/TA ratio in

two transgenic tomato lines with low TA contents that had

been generated through antisense LeFAD7 and the WT

were 2.8, 1.2, and 0.5, respectively (Liu et al., 2006). The

significantly higher DA/TA ratios that were found in this
study in transgenic cyclamen as compared with other

species may be due to peculiarities of the lipid biosynthesis

pathway in cyclamen and/or a particularly efficient suppres-

sion of endogenous CpFAD7. In the A. thaliana fad3fad7-

fad8 mutant which lacks plastidial TAs altogether,

a reduction of photosynthetic activity and retardation of

growth under heat stress have been observed. The growth

inhibition was ascribed to a deficiency of TA-derived
jasmonates and their derivatives (Routaboul and Browse,

2002; Wallis and Browse, 2002). In contrast, transgenic

cyclamen containing 1.4–2.8 mol% of TA may still be

able to produce sufficient essential TA derivatives to

survive under heat stress and acquire thermotolerance.

Furthermore, TA-derived jasmonates contribute to plant

responses to abiotic and biotic stresses (McConn et al.,

1997; Tuteja and Sopory, 2008) as well as anther de-
velopment and pollen maturation (McConn and Browse,

1996). In the present study, transgenic cyclamen produced

viable pollen and grew normally under appropriate con-

ditions. It would be interesting to determine changes in

jasmonate levels in response to biotic and abiotic stresses in

transgenic cyclamen with low TA contents.

On the other hand, heat and drought stress responses are

closely related in higher plants. In a previous study,
decreased TA levels in chloroplast membranes seemed to

induce thermotolerance but reduced drought tolerance (Im

et al., 2002). In the present study, the performance of

transgenic cyclamen in a drought stress test resembled that

of the WT.

Changes in TA-derived compounds under heat stress

TA is the substrate for the synthesis of various compounds

including fatty acid hydroperoxides, fatty acid ketodienes,

4-hydroxynonenal, smaller aldehydes, and numerous other

oxygenated fatty acid derivatives (Esterbauer et al., 1991;

Rustérucci et al., 1999; Howe and Schilmiller, 2002;

Alméras et al., 2003). These compounds are produced by
enzymatic and non-enzymatic oxygenation in diseased,

wounded, and stressed plant tissues, and some of these

substances appear to be involved in stress responses

(Deighton et al., 1999; Imbusch and Mueller, 2000;

Vollenweider et al., 2000; Jalloul et al., 2002; Weber et al.,

2004). On the other hand, compounds containing

a,b-unsaturated carbonyl groups may induce programmed

cell death, and may function as genotoxic agents because of
their potential to form Michael adducts. Among these

compounds, the focus of the present study was on ACR,

MVK, (E)-2-hexenal, HNE, and MDA because their

cytotoxicity has been characterized in previous studies.

Increasing accumulation of ACR and MVK was found in

Fig. 4. Evaluation of drought tolerance in the WT and T15 line.

After initial growth for 6 months in soil at 20 �C under 16 h light (70

lmol m�2 s�1), plants with 4–5 leaves were evaluated for drought

tolerance. (A) The statistical evaluation of drought tolerance was

conducted after withholding irrigation for 12 d. The numbers of

withered leaves were counted and expressed as the percentage of

all leaves. The values are means 6SD (n¼3). (B) WT (upper

container) and T15 (lower container) seedlings initially were irrigated

every 3 d for 6 months (–). Irrigation was withheld for 18 d (Drought),

and then resumed for 14 d (Resume). Scale bar, 10 cm.
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WT plants from 3 d after the start of the heat treatment,

whereas the concentration in T15 plants remained at the

basal level. Since these changes correlated with the occur-

rence of heat stress symptoms, a role for ACR and MVK in

the development of heat stress-induced leaf damage was

implied. On the other hand, the amount of (E)-2-hexenal

increased transiently in WT but not in T15 plants, from day

1 to 3. Moreover, to reveal the possible involvement in
thermotolerance of the transiently increasing (E)-2-hexenal,

heat stress treatment (38 �C) was applied for 2 d, and leaf

damage at day 7 after the end of the treatment was

subsequently evaluated. Heat-inducible damage did not

appear in the leaves (data not shown). These results did not

suggest an involvement of (E)-2-hexenal in the thermotol-

erance of cyclamen with low TA content. Though

(E)-2-hexenal was reported as a damaging factor in plant
tissues (Mano et al., 2009), it did not affect leaves in

cyclamen under the present experimental conditions. The

amounts of HNE in the WT and T15 increased similarly to

those of (E)-2-hexenal up to day 2 of the heat treatment,

and then returned to basal levels. The similarity of patterns

in WT and T15 argued against an involvement of HNE in

the thermotolerance observed in T15. HNE is produced

mainly from DA in Capsicum annuum (Deighton et al.

1999), but the biosynthesis pathway for HNE may differ in

cyclamen. Increased MDA levels in WT and T15 were

maintained from day 1 throughout the duration of the

experiment, suggesting that MDA plays no role in T15

thermotolerance. Large amounts of MDA originate from

TAs in A. thaliana, and changes in the amount and

localization of free MDA strongly affected abiotic stress-

related gene transcription (Muckenschnabel et al., 2002;
Weber et al., 2004). In cyclamen, MDA may be derived

from unsaturated fatty acids other than 18:3. Alternatively,

the 18:3 remaining in transgenic cyclamen may be sufficient

for generating MDA. While it is known that MDA can

strongly affect abiotic stress-related gene expression, an

involvement of MDA in heat stress effects has not been

demonstrated.

Effects of ACR and MVK applied to leaves

ACR and MVK levels were unaffected by heat stress until

day 3 in WT and T15 plants. Afterwards, the levels of both

substances increased in the WT but not in T15. In leaves
infiltrated with exogenous ACR and MVK, distinctive

necrotic areas appeared that resembled the damage seen in

WT leaves after heat stress for 5 d. The amount of ACR in

ACR-infiltrated leaves, the amount of MVK in MVK-

infiltrated leaves, and the amounts of ACR and MVK in

heat-stressed leaves were comparable. ACR generally causes

lesions on leaf surfaces (Haagen-Smit et al., 1952; Darley

et al., 1960). Furthermore, ACR and MVK are powerful
cytotoxic compounds affecting photosystem II (Alméras

et al., 2003; Mano et al., 2009). These studies suggested that

a variety of TA-derived compounds, including ACR and

MVK, may be generated under heat stress, and that some of

these compounds may bring about the heat damage

observed. These results may explain why transgenic plants

with suppressed FAD7 expression and reduced TA content

show reduced levels of cell death under heat stress.

Moreover, an assay for TA-derived cytotoxic compounds

such as ACR or MVK in leaves may prove to be useful for

the evaluation of thermotolerance in plants. With such

a tool it would be possible to produce thermotolerant plants

with suppressed expression of plastid-localized FAD, and
reduced TA content, by mutagenesis.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Establishment of suitable conditions for the

evaluation of thermotolerance in cyclamen.

Table S1. Thermotolerance of cyclamen cultivars, WT,

and transgenic lines.

Table S2. Compositions of fatty acids in leaf tissues of
various cyclamen cultivars.
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