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Ethylene as a Signal Mediating 
the Wound Response of Tomato Plants 

P. J. O'Donnell, C. Calvert, R. Atzorn, C. Wasternack, 
H. M. 0 .  Leyser, D. J. Bowles* 

Plants respond to physical injury, such as that caused by foraging insects, by synthe- 
sizing proteins that function in general defense and tissue repair. In tomato plants, one 
class of wound-responsive genes encodes proteinase inhibitor (pin) proteins shown to 
block insect feeding. Application of many different factors will induce or inhibit pin gene 
expression. Ethylene is required in the transduction pathway leading from injury, and 
ethylene and jasmonates act together to regulate pin gene expression during the wound 
response. 

T h e  wound rebponse o i  tomato plants has 
been studied for some 25 years and repre- 
sents a model system for the analysis of cell 
signaling pathways in plants ( I  ) .  Proteinase 
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of York, P.O. Box 373, York YO1 5YW 
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inhibitor (pin) genes are up-regulated 
throughout aerial tissues in response to 
wounding ( 2 ) .  Pin genes are also responsive 
to c o m p o u n d s a p p l i e d  experimentally 
through the  transpiration stream of excised 
leaves and the use of this bioassa\- has iden- 
tified a range of positive and negarive reg- 
ulators. Posltlve regulators (elicitors) in- 
clude clligogalacturoniik fragments of pec- 
tin polysaccharides ( O G A s )  ( 3 ) ,  an  18mer 
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peptide called systemin (4), and fatty acid 
derivatives including jasmonic acid (JA) 
(5). Negative regulators that block wound 
and elicitor induction of pin gene expres- 
sion include aspirin (ASA) and salicylic 
acid (6-8). The current model for wound 
signaling places elevated JA as a common 
downstream event in the transduction 
pathways from injury, OGAs and systemin, 
acting as the sole causal agent of pin gene 
ex~ression (9) .  We now show that another . . 
plant hormone, ethylene, is an absolute re- 
quirement for the response. Our evidence 
leads to a model for wound signaling in 
which JA and ethylene act together to reg- 
ulate pin gene expression. 

Wounding induces ethylene biosynthe- 
sis (1 0). Ethvlene is made from S-adenosvl- 
meihidnine ;hrough the sequential acti6n 
of two enzymes, 1 -aminocylopropane- 1 -car- 
boxylate synthase (ACS) and l-aminocylo- 
propane-1-carboxylate oxidase (ACO) 
(1 I) ,  and transcripts encoding both of these 
enzymes are known to accumulate tran- 
sientlv in wounded leaves ( 12). Earlier stud- . , 

ies investigated a role for ethylene in the 

induction of wound-responsive pin genes by 
gassing the tomato plants with the hormone 
(13). Since these results proved negative, 
ethylene was discarded as a causal agent. 
Subsequently, systemin and JA have both 
been shown to induce ethylene in suspen- 
sion-cultured cells of tomato (14). Follow- 
ing leaf injury, or application of OGAs, 
systemin, or JA through the transpiration 
stream, pin 2 transcripts become detectable 
after 2 to 4 hours (Fig. 1). Steady-state 
levels can remain high for up to 24 hours 
(1 5). Ethylene is produced rapidly and tran- 
siently on challenging the plant with each 
of the four stimuli, with levels detectable 
within 30 min and decreasing to near basal 
levels within 4 hours. These data suggest 
that the two wound responses, ethylene 
production and pin gene expression, share 
certain signaling events. 

Aspirin (acetyl salicylic acid, ASA) 
blocks pin gene expression in tomato plants. 
It is a rapid and reversible inhibitor in the 
bioassay that must be applied prior to 
wounding or treatment with elicitors such 
as OGAs and chitosan (6). Its effect could 

Fig. 1. The effect of wounding and 
elicitor treatment on amounts of pin A 
2 transcripts and ethylene accumu- 0 0 . 5 1 2  4 6  8 
lation in tomato plants. Wounding I 1 > 
was performed by crushing the ter- 
minal leaflets of 21 -day-old tomato 
plants (Lycopersicon esculentum 
Mill. cv Moneymaker) with a pair of I 
tweezers. For elicitor treatments, 
alants were excised at the base of om I 
the stem and incubated for 30 min 
in OGAs with degree of polymeriza- 
tion 1 through 8 at (1 mg/ml) (6), 
systemin (100 nM) or JA (100 pM) 'ySfemin 

before transfer to water for the re- 1 
mainder of the incubation period. - 
For all treatments plants were main- 
tained under constant light at a J A 
temperature of 22°C. Leaf material 
was harvested at the indicated 
times. (A) Northern blot analysis 
(27). Total RNA was extracted (28) 

-4 rRNA 

and hybridized with a 32P-labeled 
pin 2 (29) probe. Equal loading was 
confirmed by re-hybridizing 
stripped blots with a labeled ribo- B 

somal RNA probe. (B) Ethylene ac- 
cumulation was measured as de- 
scribed in (30) with the use of a Pye 
Unicam series 204 gas chromato- 
graph fitted with a flame ionization -- - -~ 

detector and a packed glass col- Systemin: 
umn, 6foot x 1/4 inch, 4-mm inter- 
nal diameter, containing alumina F1 
80/100 mesh. The flow rate of car- 
rier gas (nitrogen) was 60 mVmin. 
Harvested leaf material from six Time (h) 
plants was placed in 20-ml gas- 
tight vessels and incubated under constant light at 22°C for 30 min prior to removal of 1 ml of the head 
space for ethylene determination. All experiments were repeated at least three times and in each figure 
representative results are shown. 

arise from disruption of H+/K+ transport at 
the plasma membrane, a property ascribed 
to ASA, salicylic acid (SA) and related 
hydroxybenzoic acids (1 6). Additional sites 
of inhibition by ASA are at a step leading 
to JA synthesis (7) and at steps downstream 
of JA in the later events of the wound signal 
transduction pathway (8). ASA pretreat- 
ment prevents the induced increase in 
steady-state levels of pin 2 transcripts by 
each of the four stimuli, confirming the 
presence of a site or sites of inhibition by 
ASA downstream of JA (Fig. 2). Aspirin 
also inhibits ethylene production by each of 
the four stimuli. Thus. there is a correlation 
between the plant's ability to produce eth- 
ylene in response to injury and elicitor ap- 
plication, and the plant's ability to express 
pin genes. 

To determine whether there is a causal 
relationship between ethylene and pin gene 
ex~ression. we used a varietv of methods to 
block the action or synthesis of the hor- 
mone. Silver thiosulphate (STS) is thought 
to act by disrupting the binding of ethylene 
to its receptor (17). STS blocks the induc- 
tion of pin gene expression by wounding or 
elicitor treatments (Fig. 3). Norbornadiene 
(NBD), a competitive inhibitor of ethylene 
(18), also affects the induction of pin gene 
expression by each of the four stimuli. The 
inhibitory effect of NBD could be overcome 
by excess exogenous ethylene, consistent 

Fig. 2. The effect of aspirin on the accumulation of 
pin 2 transcripts and ethylene production in re- 
sponse to wounding or elicitor treatment of toma- 
to plants. Twenty-one-day-old plants were ex- 
cised at the base of the stem and pretreated in 
aspirin (2 mM) for 30 min immediately prior to 
wounding or elicitor treatment. Plant treatments 
and incubations were as described in Fig. 1 ex- 
cept wounding was performed on excised plants. 
Control plants were either pretreated in water for 
30 min, prior to wounding or elicitor treatment, or 
maintained in water throughout the incubation pe- 
riod. Leaf material was harvested either at 4 hours 
and pin 2 transcript accumulation determined by 
Northern blot analysis (A), or at 1 hour for ethylene 
quantitation (B) as described in Fig. 1. 
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with its action as a competitive inhibitor. 
These data suggest that the hormone is 
required for the wound response. Wound- 
induced pin transcript accumulation is also 

D 
Hours 

Fig. 3. The effect of inhibiting ethylene action and 
ethylene biosynthesis on wound- and elicitor-in- 
duced pin 2 gene expression. Ethylene action was 
blocked by pretreating plants with silver thiosul- 
phate (5 mM) (A) and 2,5,-Norbornadiene (2.5 ml/ 
liter) (B). STS pretreatment was performed as de- 
scribed in Fig. 2 for aspirin pretreatments. For 
NBD, plants were allowed to equilibrate in gas- 
tight chambers containing either air or NBD for 1 
hour. Wounding and elicitor treatments were as 
described in Fig. 2, except in the NBD pretreat- 
ments when incubations were performed in gas- 
tight chambers. Control plants were incubated in 
water within a NBD atmosphere. (C) Wound-in- 
duced pin 2 gene expression can be restored in 
NBD pretreated plants if ethylene (100 ppm) is 
present for the first 30 min following wounding. The 
effect of inhibiting ethylene biosynthesis on pin 2 
gene expression was investigated in tomato plants, 
(Lycopersicon esculentum Mill cv Ailsa Craig), ex- 
pressing an ACO construct in antisense orientation 
and driven by the 35s CaMV promoter. (D) Steady- 
state levels of pin 2 transcripts in wounded trans- 
formed plants over an 8-hour time course were 
compared with those in wild-type plants 8 hours 
after wounding. Total RNA extraction and Northern 
analysis was performed as described in Fig. 1 using 
a 32P-labeled pin 2 probe (29). 

delayed in the Never-ripe (NR) mutant of 
tomato. The NR mutation results in only a 
partial loss of ethylene sensitivity (19). As 
further confirmation, we used a reverse ge- 
netic approach to block ethylene biosyn- 
thesis. On wounding transgenic tomato 
plants expressing an ACO gene in antisense 
orientation (20), no pin transcripts could be 
detected, establishing an ethylene require- 
ment for pin gene expression. 

These results indicate a causal role for 
ethylene in the regulation of pin genes and 
contrast with earlier conclusions drawn 
from the lack of effect of ethylene on gas- 
sing tomato plants (13). The current model 
for up-regulation of pin genes by injury plac- 
es JA at a common downstream step linking 
the effects of wounding, OGAs and syste- 
min (9). Other factors that affect pin gene 
expression, such as abscisic acid levels in 
the plant (21 ), and the proteinase-sensitive 
step inhibited by bestatin (22) are thought 
also to be located on this pathway. JA levels 
increase following wounding (7) and syste- 
min treatment (15), and the importance of 
JA to wound-responsive gene expression 
has been confirmed by known inhibitors of 
the octadecanoid pathway (7, 22), and 
analyses of Arabidopsis plants transformed 
with a chloroplast-targeted lipoxygenase in- 
volved in JA biosynthesis (23). We rea- 
soned that ~roduction of ethvlene in the 
wound response would always occur in con- 
ditions of elevated JA, and that if both 
signals were required simultaneously to trig- 
ger pin gene expression, direct gassing of 
plants with ethylene would have no effect. 
Because ASA blocks ethylene production 
and at least one site of ASA action is on the 
pathway leading to elevated JA (8), we 
attempted to rescue ASA pretreated plants 
with ethylene, JA, and combinations of the 
two (Fig. 4). Neither ethylene nor JA alone 
could rescue pin gene expression. Rather, a 
combination of the two hormones is re- 
quired. The level of expression of pin genes 

Fig. 4. The expression of pin genes in aspirin 
pretreated plants can be rescued by JA and eth- 
ylene. Plants were pretreated in water or ASA for 
30 min. Water pretreated plants were treated with 
ethylene or JA for 30 min in gas-tight chambers 
before removal of the plants and incubation in the 
open. ASA pretreated plants were treated with 
either ethylene, JA, or a combination of ethylene 
and JA for 30 min in gas-tight chambers before 
transfer to the open. Control plants were treated 
with water for the experimental duration. Leaf ma- 
terial was harvested at 4-hour posttreatment, total 
RNA extracted, and Northern analysis performed 
using a 32P-labeled pin 2 probe (29). 

in the rescue ex~eriment is much lower 
than that observed, for example, in the JA 
control. This may reflect additional conse- 
quences of ASA beyond its inhibition of JA 
and ethylene biosynthesis, such as nonspe- 
cific inhibition of kinases and inhibition of 
any nonheme Fez+-containing proteins 
(24). .- ., 

Exogenous JA induces ethylene, and ap- 
plication of JA is ineffective in the induc- 
tion of pin gene expression in the presence 
of ethylene action inhibitors, suggesting 
that ethylene is downstream of JA in the 
wound transduction pathway. To investi- 
gate the events upstream of JA and whether 
these could also involve ethylene, we mea- 
sured changes in JA levels in wounded 
plants. [Leaf material was harvested 30 min 
post-wounding and used for quantification 
of JA (25). For each determination, the 
lower leaf from six plants, wild-type or 
ACO antisense (20), was wounded as de- 
scribed in Fig. 1; plant pretreatments using 
2 mM ASA, 5 mM STS, or 2.5 ml/liter 
NBD, were performed as described in Figs. 2 
and 3.1 In wild-type plants, JA levels were 
9499 f- 1796 pmol/g FW at 30 min after 
wounding. Pretreatment with ASA held JA 
to 483 2 263, which was not significantly 
different (P > 0.2) from that of the healthy 
plant (JA: 252 1- 29 pmol/g FW). In con- 
trast, modifying ethylene action or synthesis 
reduced JA levels in the wounded plants to 
values that were not significantly different 
from one another [silver versus NBD (P > 
0.2); silver versus wounded ACO antisense 
(P > 0.2); NBD versus wounded ACO 
antisense (P > O.l)] but were significantly 
above those in the healthy plant (P < 
0.001) and below those in wounded wild- 
type plants (P < 0.001). JA levels after 
pretreatment with silver were 2203 f- 219 
pmol/g FW, after NBD, 2319 f- 146 pmol/g 
FW, and in wounded ACO antisense 
plants, 1645 2 191 pmol/g FW. 

These data suggest that at least one site 
of ethylene action in the wound response is 
the regulation of JA levels in the plant. 
Whereas ASA pretreatment abolishes any 
rise in JA, presumably through its multiple 
inhibitory effects, the specific inhibition of 
ethylene synthesis or action only reduces 
the overall level to some 20 to 30% of that 
found in wild type. This suggests that two 
Drocesses contribute to the wound-induced 
increase in JA, only one of which is ethyl- 
ene-dependent. The data suggest a working 

expression 
OGA's 'Ethylen 

Fig. 5. Model for the function of ethylene and JA in 
the wound response. 
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model of the wound signal transduction path- 
way, in which JA and ethylene are both re- 
quired for pin gene expression (Fig. 5). On 
wounding, ethylene regulates endogenous JA 
levels, and application of exogenous JA in- 
duces ethylene biosynthesis, which is required 
to induce a positive effect. As yet we cannot 
discriminate between parallel events in which 
wounding induces a small rise in JA, together 
with a rise in ethylene which triggers an ad- 
ditional rise in JA, and sequential events in 
which the wound-induced small increase in 
JA causes ethylene synthesis and its action in 
turn further amplifies the JA signal. 

Jasmonaty are much discussed currently 
for their importance as wound, abiotic 
stress, and developmental signals (26). At 
least during the wound response, ethylene 
and J A  influence each other's levels in the 
plant and together act to regulate pin gene 
expression. It will be interesting to deter- 
mine how many other effects of J A  and 
related fatty acids require,ethylene action. 
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immunologic NO Synthase: Elevation in Severe 
AIDS Dementia and Induction by HIV-1 gp41 
D. Cory Adamson,* Brigitte Wildemann,*t Masayuki Sasaki, 

Jonathan D. Glass,$ Justin C. McArthur, Vesselin I. Christov, 
Ted M. Dawson, Valina L. Dawsons 

Indirect mechanisms are implicated in the pathogenesis of the dementia associated with 
human immunodeficiency virus-type 1 (HIV-1) infection. Proinflammatory molecules 
such as tumor necrosis factor a and eicosanoids are elevated in the central nervous 
system of patients with HIV-1-related dementia. Nitric oxide (NO) is a potential mediator 
of neuronal injury, because cytokines may activate the immunologic (type II) isoform of 
NO synthase (iNOS). The levels of iNOS in severe HIV-1-associated dementia coincided 
with increased expression of the HIV-1 coat protein gp41. Furthermore, gp41 induced 
iNOS in primary cultures of mixed rat neuronal and glial cells and killed neurons through 
a NO-dependent mechanism. Thus, gp41 -induced NO formation may contribute to the 
severe cognitive dysfunction associated with HIV-1 infection. 

Neurocognitive deficits are common in 
HIV-1 infection. Twenty to 30% of patients 
with acquired immunodeficiency syndrome 
(AIDS) develop dementia during the 
course of their illness (1). HIV-1 frequently 
enters the central nervous system (CNS) 
early in the course of infection and repli- 
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cates particularly in cells of macrophage 
origin, including microglia and perivascular 
macrophages (2, 3). In human brain tissue, 
HIV-1 has occasionally been detected in 
astrocytes but rarely if ever in neurons (2- 
4). Despite the lack of productive HIV-1 
infection in neurons, there is modest neu- 
ronal loss in the cortex as well as synaptic 
loss and dendritic simplification (5). The 
pathological changes of myelin pallor and 
breakdown of the blood-brain barrier are 
associated with HIV-1 dementia (5. 6). ~, , 

However, the degree of neuropathologic 
change may not parallel the severity of 
neurological symptoms (6-8), and thus in- 
direct mechanisms are most likelv to be 
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ation between HIV-1 infection of macro- 
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