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Abstract. The effect of the herbicide chlorsulfuron (2-chloro-N-[(4- 
methoxy - 6 - methyl - 1,3,5 - triazin - 2 - yl)aminocarbonyl]benzenesulfonamide) 
on ethylene production in light-grown sunflower (Helianthus annuus L.) 
seedlings was examined. Application of chlorsulfuron to the apex stimu- 
lated ethylene production in all tissues examined: cotyledons, hypocotyls, 
and roots. The greatest stimulation occurred in the upper portion of the 
hypocotyl adjacent to, and including, the cotyledonary node. Ethylene 
evolution from hypocotyls excised from treated seedlings was stimulated 
over control levels 1 day after herbicide application and reached a max- 
imum (approx. 75 x control or 17 nl/g f wt/h) 2 to 3 days after treatment. 
Labeling and inhibitor studies indicated that the ethylene produced was 
derived primarily from methionine. Chlorsulfuron treatment stimulated the 
rate of accumulation of the ethylene precursor, 1-aminocyclopropane-1- 
carboxylic acid (ACC), as well as the ability of the tissue to convert ex- 
ogenous ACC to ethylene. Chlorsulfuron had little effect on ethylene pro- 
duction when administered to the hypocotyls in vitro. Removal of the 
cotyledons from treated seedlings reduced the rate of ethylene evolution 
from the hypocotyls. These results suggest that stimulation of ethylene 
production in sunflower hypocotyls by chlorsulfuron is not a wound re- 
sponse but rather is dependent on factors derived from the cotyledons. 

* Mention of a trademark or proprietary product does not constitute a guarantee or warranty of 
the product by the U.S. Department of Agriculture and does not imply its approval to the exclusion 
of other products that may also be suitable. 
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Fig. 1. Structure of chlorsulfuron (2-chloro-N-[(4- 
methoxy-6-methyl-1,3,5-triazin-2- 
yl)aminocarbonyl]benzenesulfonarnide). 

The effects of herbicides and other xenobiotics on basic aspects of  plant me- 
tabolism (photosynthesis, respiration, membrane function) are well docu- 
mented (for review see Ashton and Crafts 1981). Much less is known about 
the interaction of herbicides and other plant processes, such as phytohormone 
content and activity. A more detailed knowledge of this latter interaction is 
important in order to develop a more thorough understanding concerning the 
phytotoxic actions of herbicides and pesticides in general. 

A series of investigations have been initiated in this laboratory that are aimed 
at identifying interactions between herbicides and endogenous phytohormones. 
Once identified, these interactions may be of importance for at least two rea- 
sons: (1) the identification of novel mechanisms of action of herbicides; and (2) 
the identification of herbicides that could be used to modify phytohormone 
status in a nonlethal manner (i.e. growth modification). 

Chlorsulfuron (2 - chloro - N - [(4 - methoxy - 6 - methyl - 1,3,5 - triazin - 2 - 
yl)aminocarbonyl]benzenesulfonamide) (Fig. 1) is an experimental postemer- 
gence herbicide currently being evaluated for broad-leaf weed control in small 
grains. Chlorsulfuron is active in minute quantities (recommended rates of 
approximately 10-40 g/hectare). 

In laboratory studies, growth inhibition was observed 2 h after chlorsulfuron 
treatment, and this inhibition was attributed to a cessation of cell division (Ray 
1982). Other basic cellular processes were found to be initially unaffected (Ray 
1982). The potency of chlorsulfuron suggests that it alters plant growth in a 
novel fashion. Alterations of endogenous phytohormone levels may constitute 
a possible physiological target for chlorsulfuron action. 

Because epinasty and leaf abscission often occur in plants treated with chlor- 
sulfuron, the effect of chlorsulfuron on ethylene production was examined. 
Chlorsulfuron was shown to induce elevated rates of ethylene production and 
alterations in enzyme activity in soybeans (Suttle and Schreiner 1982). Other 
broadleaf crops exhibited similar physiological alterations with sunflower seed- 
lings exhibiting the most dramatic response. As sunflowers are often grown 
adjacent to or in rotation with small grains, chlorsulfuron injury to this crop 
represents a real concern. 

This report describes the effect of chlorsulfuron on ethylene evolution from 
sunflower seedlings and attempts to localize the biochemical mechanism by 
which chlorsulfuron exerts its effect on ethylene evolution. A preliminary re- 
port concerning a portion of this work has appeared previously (Suttle 1982). 
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Materials and Methods 

Plant Material 

Seeds of sunflower (Helianthus annuus L.) were sown in plastic pots (10 cm 
diameter) containing vermiculite. Plants were grown in a growth chamber under 
a 14-h photoperiod (light intensity at plant height, 500 p.Em-2sec - 1). Growth 
chamber day temperature was 25~ and night temperature was 21~ with a 
relative humidity of 50%. Plants were treated when they were 6 days old. The 
treatments consisted of applying a 50-1xl droplet of a solution (10 mM TRIS, pH 
8.0) containing varying amounts of herbicide to the apex of each seedling. In 
all experiments involving hypocotyl segments, a 1.5-cm hypocotyl segment 
including the cotyledonary node was excised from the treated plants. Except 
where otherwise noted, excised hypocotyl segments were allowed to stand for 
4 h prior to the determination of the rate of ethylene evolution. 

Chemicals 

Chlorsulfuron was obtained from E.I. duPont deNemours and Company. 
Chloramphenicol, aminooxyacetic acid, a-aminoisobutyric acid, 6-benzylami- 
nopurine, indole-3-acetic acid, and MES (2[N-morpholino]ethanesulfonic acid) 
were purchased from Sigma Chemical Company. 1-Aminocyclopropane-l-car- 
boxylic acid was purchased from Calbiochem Company. Cobalt chloride was 
purchased from Mallinckrodt Company. TRIS (tris-[hydroxymethyl]-amino- 
methane) was purchased from Swartz Mann Biochemical Company. L-[14C - 
U]-Methionine was purchased from Amersham. Aminoethoxyvinylglycine was 
a gift of Dr. R. W. Bagley of HLR Sciences, Inc. 

Ethylene Analysis 

Samples of the headspace of sealed flasks were removed using a 1-ml plastic 
syringe. Ethylene analysis was performed on an activated alumina column as 
previously described (Kende and Hanson 1976). The identity of ethylene was 
confirmed by absence of the peak when the tissues were incubated in the 
presence of Hg(CIO4)2. 

Ethylene Production from Various Tissues 

Seedlings were treated with buffer alone or buffer containing 10 p,g chlorsul- 
furon. Two days after treatment, the plants were dissected into roots, cotyle- 
dons, and upper, middle, and lower hypocotyls. The excised tissues were 
weighed and placed into flasks. The flasks were sealed with serum stoppers 
and were incubated in the dark at 25~ After 4 h (the minimal time required 
to detect ethylene evolution from control tissues), a gas sample was removed 
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with a syringe and the ethylene content was determined by gas chromatography 
(GC). Ethylene production was calculated on a gram fresh weight basis. 

Dose-Response Experiments 

Seedlings were treated with varying amounts of chorsulfuron in 50 p.l of buffer, 
and hypocotyl segments were excised 2 days after treatment. Groups of five 
hypocotyl segments were then placed in 25-ml flasks containing a piece of 
wetted filter paper (#1). The flasks were sealed and incubated in the dark at 
25~ After 4 h the ethylene content of the headspace was analyzed by GC. 

Time Course Experiments and the Extraction and Determination o f  1- 
aminocyclopropane-l-carboxylic acid 

Seedlings were treated with buffer alone or buffer containing 10 I~g chlorsul- 
furon. Each day post-treatment, hypocotyl segments were excised and placed 
in 25-ml flasks, and the flasks were then sealed. The flasks were incubated in 
the dark at 25~ After 4 h the ethylene content of the headspace was deter- 
mined by GC. The sections were then removed from the flasks and were 
homogenized in ice-cold 80% EtOH with a glass tissue grinder. The extracts 
were clarified by centrifugation (10,000 g/15 min). Following decantation the 
pellet was re-extracted with additional ice-cold 80% EtOH. Following centrif- 
ugation (as above) the combined supernatants were dried under a stream of 
nitrogen (35~ The dried extracts were eluted with distilled water and were 
assayed for 1-aminocyclopropane-l-carboxylic acid (ACC) as described by Li- 
zada and Yang (1979). The assay was corrected for efficiency and inhibitory 
material through the use of an internal standard. While not routinely employed, 
TLC of the extract followed by ACC assay demonstrated that the zone yielding 
the bulk of the ethylene liberated by the assay co-chromatographed with au- 
thentic ACC. 

In Vitro Treatment 

Hypocotyl segments were isolated from untreated 6-day-old seedlings and were 
allowed to stand in the dark (25~ for 4 h. At this time groups of five hypo- 
cotyls were placed in 50-ml flasks that contained 5 ml of treatment solution. 
Chemicals to be tested for their ability to induce ethylene evolution were dis- 
solved in 1 x 10 -2 M potassium phosphate buffer (pH 5.4) containing 3 • 
10 -3 M calcium chloride and 50 p.g/ml chloramphenicol. The flasks were sealed 
and incubated in the dark (25~ for 24 h. At this time a gas sample was 
removed for ethylene analysis. 

Effect o f  Selected Organ Removal 

The following tissues were removed from 6-day-old seedlings: none, roots, or 
cotyledons. These plants were transferred to a hydroponic culture system and 
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were grown in aerated nutrient solution. One half of these seedlings were 
treated with 1 p.g chlorsulfuron in buffer. Two days after treatment, hypocotyl 
segments were excised. Groups of five segments were placed in 25-ml flasks 
that were then sealed. The flasks were incubated in the dark (25~ for 4 h. A 
gas sample was then removed for ethylene analysis. 

Effect of lnhibitors 

Seedlings were treated with 10 p~g chlorsulfuron. Hypocotyl segments were 
excised from the seedlings 1 and 2 days after herbicide treatment. The fol- 
lowing inhibitors were dissolved in 10 mM TRIS (pH 8.0) containing 50 p.g/ml 
chloramphenicol:aminooxyacetic acid (0. I raM), aminoethoxyvinylglycine (0.1 
mM), cobalt chloride (1.0 mM), and a-aminoisobutyric acid (I0.0 mM). Im- 
mediately following excision, the hypocotyl segments were floated on these 
inhibitor solutions, in 50-ml flasks for 5 h. Following this incubation, the flasks 
were sealed and incubated for 4 h in the dark (25~ Ethylene evolution was 
determined by GC. 

Specific Radioactivities of Ethylene and ACC 

0.11 p.Ci of L-[U-14C]-Methionine (282 mCi/mmole) in water was applied twice 
daily to the apex of 5-day-old sunflower seedlings (for a total of five applica- 
tions/seedling). When the seedlings were 6 days old, 10 I~g chlorsulfuron was 
applied to each apex as before. Two days after herbicide treatment, hypocotyl 
segments were excised and were washed with distilled water for 15 rain. Groups 
of five hypocotyl segments were placed in flasks containing a COz trap (filter 
paper wetted with saturated Ba(OH)z in 1 N(NaOH), and the flasks were sealed. 
The sealed flasks were incubated in the dark (25~ for 4.5 h. At this time an 
aliquot of the headspace was withdrawn and the specific radioactivity of eth- 
ylene was determined as described previously (Suttle and Kende 1980). The 
hypocotyl segments were extracted in ice-cold 80% EtOH, the extract centri- 
fuged (10,000 g/15 min), and the supernatant was evaporated under a stream 
of nitrogen (35~ The ethanol solution material was eluted with distilled water, 
and ethylene was liberated from carbon atoms 2 + 3 of ACC as described 
above. The specific radioactivity of the ACC-derived ethylene was determined 
as described above. 

Effect of Exogenous 1-aminocyclopropane-l-carboxylic acid 

Seedlings were treated with 10 I~g chlorsulfuron or buffer alone. Day 0 refers 
to the day of herbicide treatment. Each morning, groups of hypocotyl segments 
were excised from control and treated seedlings. Groups of five segments were 
transferred to 25-ml flasks containing 3.5 ml of buffer solution __- 0.1 mM ACC. 
The buffer solution was 10 mM MES (pH 6.0) containing 50 ~g/ml chloram- 
phenicol. The flasks were sealed and transferred to a dark incubator (25~ 
After 4 h a gas sample was withdrawn and the ethylene content assayed by 
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GC. The ACC response was calculated by taking the difference between seg- 
ments floated on buffer alone and buffer containing ACC. 

Statistical Procedures 

In all cases, groups of five hypocotyl segments were treated as a replication. 
Each treatment within an experiment was run with three to five (usually five) 
replications. With one exception (see below), each experiment was repeated 
from one to three times, all yielding comparable data. The data from a typical 
experiment are presented. The experiment comparing the specific radioactiv- 
ities of ethylene and ACC was performed only once with three replications. 

Results 

Under the conditions employed in this study, hypocotyl growth (elongation 
and dry weight increase) had essentially ceased by 6 days post-sowing (i.e. the 
day of herbicide treatment). Thus the effects of chlorsulfuron described in this 
report were not compounded by alterations of hypocotyl growth. 

Treatment of intact sunflower seedlings with chlorsulfuron (10 ~g/seedling) 
resulted in an increased rate of ethylene evolution from all tissues examined 
(Fig. 2). Maximum rates of ethylene evolution (per gram fresh weight) from 
treated tissues were as follows (roots: 9.63 hi/4 h; cotyledons: 29.90; upper 
hypocotyl: 162.43; mid-hypocotyl: 132.94; and lower hypocotyl: 76.97). Be- 
cause the largest increase in the rate of ethylene evolution was found to have 
occurred in the upper portion of the hypocotyl, this portion of the seedling 
was used in all further studies. Unless otherwise noted, intact seedlings were 
treated with the herbicide and at various times thereafter the upper portion of 
the hypocotyl was excised and used for the subsequent determinations. 

Application of 100 ng or more of chlorsulfuron resulted in observable growth 
inhibition and a marked stimulation of ethylene evolution 2 days post-treatment 
(Fig. 3). The rate of ethylene evolution increased in a linear fashion as the 
dose of chlorsulfuron was increased logarithmically. There was no evidence of 
saturation or inhibition of the response at the highest dose employed in this 
study (10 p~g/seedling). The emission of other hydrocarbons (notably ethane) 
was also examined in chlorsulfuron-treated tissues. Untreated tissues evolved 
a small but detectable amount of  ethane, but chlorsulfuron treatment (10 
p~g/seedling) had no effect on the rate of evolution (data not shown). 

The increase in ethylene evolution following chlorsulfuron treatment was 
evident within 1 day following herbicide treatment (Fig. 4). The rate of ethylene 
evolution in herbicide-treated tissue reached a maximum 2 days post-treatment 
and declined thereafter. Seven days post-treatment ethylene evolution from 
untreated hypocotyl segments exceeded that from treated tissue. 

Treatment of excised sunflower hypocotyl segments with 100 ~M chlorsul- 
furon in vitro (Table 1) had only a marginal effect on ethylene evolution (1.6 x 
control). The observed ability of the phytohormones indole-3-acetic acid (IAA) 
and 6-benzyladenine (BA) to elicit a substantial increase in ethylene evolution 
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Fig. 2. Effect of chlorsulfuron 
treatment (10 p,g/seedling) on the 
rate of ethylene production from 
various sunflower seedling tissues 
excised 2 days post-treatment. 
Hypo = hypocotyl segment. 
Ethylene production rates were 
calculated on a per gram fresh 
weight basis and are expressed as 
the ratio of ethylene production in 
treated tissues divided by the 
production rate in control tissues 
(values >1 denote stimulation by 
chlorsulfuron). 

(33 x and 4 x control,  respectively)  indicated that these tissues were  fully 
competent  to produce ethylene. These  results suggested that the ability of  
chlorsulfuron to increase the rate of  ethylene evolution from hypocoty l  seg- 
ments  was not the result of  a direct action of the herbicide on the t issue (i.e. 
contact  activity) but rather  was mediated by a factor or factors derived f rom 
other  portions of  the seedling. 

The source or sources of  these "seedl ing fac to rs"  was determined by  ex- 
amining the effect of  selective organ removal  on the ability of  chlorsulfuron to 
stimulate ethylene evolution. With no organ removed,  chlorsulfuron t rea tment  
induced a 17.7-fold increase in the rate of  ethylene evolution (Table 2). Remova l  
of  the roots had no effect on the basal rate of  ethylene evolution but did reduce  
the chlorsulfuron effect by 43%. The most  dramatic  effect occurred when  the 
cotyledons were excised. Basal  ethylene evolution was reduced by  26%, and 
the chlorsulfuron effect was reduced by 89%. The 2-fold stimulation of  e thylene 
product ion induced by chlorsulfuron in seedlings without cotyledons is near ly 
equal to the 1.6-fold stimulation of  ethylene evolution observed when  excised 
hypocotyls  were treated with chlorsulfuron in vitro (Table 1). 

In order  to confirm the biochemical  site or sites at which chlorsulfuron acts 
to stimulate ethylene evolution,  it was necessary  to confirm the role o f  the 
methionine pathway of  ethylene biosynthesis  in treated tissues. Initially, the 
effects of  several well-known inhibitors of  the methionine pa thway were  ex- 
amined in chlorsulfuron-treated tissues. Inhibitors of  ACC synthase (aminooxy-  
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Chlorsu l fu ron  ( .ug/seedl ing) 

Fig. 3. Effect of various 
doses of chlorsulfuron on 
the rate of ethylene 
evolution from hypocotyl 
segments isolated 2 days 
post-treatment. Bars 
indicate standard error. 
Hypo = 1.5 cm hypocotyl 
segment. 

acetic acid [AOA], aminoethoxyvinylglycine[AVG]) were effective 1 day post- 
treatment (Fig. 5). However, both of these compounds were without effect 2 
days post-treatment. In contrast, inhibitors of the conversion of 1-aminocyclo- 
propane-l-carboxylic acid (ACC) to ethylene (Co ++ and ot-aminoisobutyric 
acid [etAIBA]) were effective on either day, although the degree of inhibition 
was reduced 2 days post-treatment. 

As a second test of the role of methionine in treated tissues, the specific 
radioactivities of ethylene and carbon atoms 2 + 3 of ACC were determined 
following application of L-[U-14C]-methionine to herbicide-treated seedlings. 
Two days post-treatment, radioactivity was found in both ethylene and ACC 
(Table 3). Moreover, comparisons of the specific radioactivities of  both ACC 
and ethylene revealed no significant differences. Thus it was concluded that 
the methionine pathway is operative in chlorsulfuron-treated tissues. The large 
reduction in the specific radioactivities of ACC and ethylene relative to the 
administered methionine indicated a substantial reduction by endogenous pools. 

Having established methionine as the major source of ethylene in chlorsul- 
furon treated hypocotyls, we next attempted to determine at what points along 
this pathway chlorsulfuron treatment stimulates. The effect of chlorsulfuron 
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Table 1. Effect of chlorsulfuron, indole-3-acetic acid (IAA), and 6-benzyladenine (BA) on ethylene 
production from sunflower hypocotyl segments treated in vitro. 

Concentration Ethylene production 
Treatment (mM) (nl/5 hypo/24 h, • SE) 

None - -  3.41 ___ 0.45 
Chlorsulfuron 0.1 5.44 _ 0.78 
BA 0.1 15.13 -4- 1.82 
IAA 0.1 115.11 --- 11.36 

Hypocotyl segments (1.5 cm) were isolated from 6-day-old sunflower seedlings and were floated 
on solutions of 10 mM potassium phosphate (pH 5.4) containing 3 mM CaClz and 50 ~g/ml chlor- 
amphenicol. 

treatment on the endogenous levels of ACC was determined in hypocotyls 
isolated from treated seedlings. In control hypocotyls both the rate of  ethylene 
evolution and the endogenous levels of  ACC were low and relatively constant 
(Fig. 4). One day post-treatment there was a substantial increase in the rate of  
ethylene evolution. Although not evident from the figure, chlorsulfuron treat- 



40 Jeffrey C. Suttle 

Table 2. Effects of selected organ removal on chlorsulfuron-induced ethylene production from 
sunflower hypocotyl segments. 

Ethylene production 

(hi/5 hypo/4 h) Stimulation 

Organ removed Control Chlorsulfuron ( x control) 

None 0.97 _+ 0.00 17.20 _ 3.46 17.7 
Roots 1.04 _ 0.04 10.47 --- 0.85 10.1 
Cotyledons 0.72 _.+ 0.07 1.43 • 0.47 2.0 

Organ removal was performed on 6-day-old sunflower seedlings prior to chlorsulfuron treatment 
(1 p,g/seedling). Ethylene production was determined 2 days following herbicide treatment. 
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ment also induced a 12-fold increase in endogenous ACC levels within 1 day 
of treatment (0.13 nmole in control hypocotyls vs. 1.61 nmole in chlorsulfuron- 
treated segments). Both the rate of  the ethylene evolution and the content of 
ACC continued to rise 2 days post-treatment. At this point the rate of  ethylene 
evolution began to decline. However, the maximum titer of ACC was reached 
3 days post-treatment. Thereafter it declined as well. 
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Table 3. Specific radioactivities of ethylene and carbon atoms 2 + 3 of ACC isolated from chlor- 
sulfuron-treated sunflower hypocotyl segments following administration of L-[U-~4C]-Methionine. 

Specific radioactivity 
Compound (pCi/nmole • SE) 

Ethylene 9.11 • 0.94 
ACC 11.82 • 2.67 

0.53 t~Ci of L-[U-14C]-Methionine (282 mCi/mmole) were administered to sunflower seedlings over 
a period of 3 days prior to harvesting. Chlorsulfuron (10 i~g/seedling) was applied to the seedlings 
2 days prior to harvesting. 

The effect of chlorsulfuron treatment on the ability of the tissue to convert 
ACC to ethylene was examined by providing a relatively high concentration 
of exogenous ACC (Fig. 6). The ability of control tissues to convert ACC to 
ethylene was virtually constant over the duration of the experiment (the slight 
reduction observed on day 3 occurred consistently). Chlorsulfuron treatment 
led to an enhanced ability to convert ACC to ethylene 1 day post-treatment 
(160% of control). Two days post-treatment exogenous ACC had only a mar- 
ginal effect on the rate of ethylene evolution from treated tissues, and by day 
3 it had no effect. 

Discussion 

The results presented in Figs. 2-4 clearly demonstrate that treatment of sun- 
flower seedlings with chlorsulfuron results in a marked elevation of ethylene 
evolution that is sustained for at least 4 days post-treatment. Under the con- 
ditions employed in this study, elevations of ethylene evolution were detected 
only in those seedlings that exhibited an inhibition of apical growth. The ability 
of the well-known inhibitors of the methionine pathway of ethylene biosyn- 
thesis to reduce the rate of ethylene evolution in treated seedlings (Fig. 5) 
coupled with the similarity between the specific radioactivities of ethylene and 
ACC (Table 3) support the hypothesis that methionine is the major, if not sole, 
precursor of ethylene in these tissues. 

The observed loss of efficacy of both AOA and AVG 2 days post-treatment 
(Fig. 5) could be interpreted as indicating an alternate pathway of ethylene 
biosynthesis. This conclusion is discounted by the results of the labeling study 
(Table 3) that was conducted 2 days post-treatment. Since both of these inhib- 
itors block the formation of ACC (i.e. ACC synthase activity) an alternate 
explanation for the observed loss of efficacy is that the endogenous pool(s) of 
ACC is (are) sufficient to sustain ethylene evolution over the measurement 
period (4 h). The very high levels of endogenous ACC found in these tissues 
2 days post-treatment (Fig. 4) is consistent with this explanation. Assuming a 
constant rate of ethylene evolution, there is sufficient endogenous ACC to 
sustain the observed rate of production for at least 68 h. A similar loss of 
efficacy of AVG has been noted previously during the transition of ripening 
tomato tissues from the green to pink stages (Baker et al. 1978). Subsequent 
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work demonstrated that this loss of  efficacy was correlated with elevated levels 
of endogenous ACC in the pink tissues (Boiler et al. 1979). 

Two sites of regulation in the pathway of ethylene biosynthesis are currently 
recognized: (1) the conversion of S-adenosylmethionine (SAM) to ACC; and 
(2) the conversion of  ACC to ethylene (see Yang 1980 for review). One day 
post-treatment, there was a 19-fold increase in the rate of ethylene evolution 
coupled with a 12-fold increase in ACC content (Fig. 4). Also the ability of the 
tissue to convert ACC to ethylene was enhanced 1.6 times (Fig. 6). Endogenous 
ACC reached a maximum level of  over 160 nmoles/5 hypo (5 hypo = 1 g fresh 
weight). This peak in ACC content was found to occur at the same time that 
the tissue lost its responsiveness to exogenous ACC (Figs. 4 and 6). These 
results suggest that 3 days post-treatment the system converting ACC to eth- 
ylene is saturated. Seven days post-treatment the ACC levels in treated tissues 
are still 35 x that found in the controls, yet the rate of ethylene evolution in 
treated tissue has declined below control values. These results suggest that the 
system converting ACC to ethylene is more susceptible to herbicide damage 
than is ACC synthase. Indeed, many studies have shown that this final step is 
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very sensitive to a variety of stresses: thermal (Yu et al. 1980), chemical, and 
osmotic (Abelbaum et al. 1981). The ability to simultaneously stimulate these 
two steps in the pathway of ethylene biosynthesis has also been shown to 
occur when mannitol is administered to citrus leaf tissues (Riov and Yang 
1982). 

The mechanism(s) by which chlorsulfuron exerts its stimulatory effects on 
ethylene evolution is not clear at present. Asreviewed by Abeles (1973), two 
classes of chemicals have been shown to stimulate ethylene evolution: (1) 
substances with hormonal activity (i.e. IAA, 2,4-D); and (2) chemicals that elicit 
a stress or wound reaction (i.e. paraquat). It would be tempting to include 
chlorsulfuron in either or both of these classes. However, that inclusion seems 
premature in light of several observations made in this study. First is the ob- 
served ineffectiveness of chlorsulfuron to induce ethylene evolution when ad- 
ministered to excised plant tissues (Table 1). This is in marked contrast to the 
stimulatory effects of IAA and BA observed in the same experiment. Second, 
when tested in a variety of bioassay systems that respond to chemicals with 
auxin- or cyto-kinin-like activity, chlorsulfuron failed to induce any detectable 
hormonal response (data not presented). Thus, it is unlikely that chlorsulfuron 
possesses any hormone-like activity. 

That many herbicides induce a chemical stress or wounding response in 
plants is clear. Equally well documented is the fact that elevated ethylene 
evolution is a characteristic of the herbicide-stress syndrome in plants (Yang 
and Pratt 1978, Morgan 1976). However, chlorsulfuron behaves quite differ- 
ently from those herbicides that elicit a stress reaction. First, observable tissue 
damage (necrosis) is slow to develop in chlorsulfuron-treated tissues. This is 
in marked contrast to the rapid action of contact herbicides such as paraquat. 
Since the wounding phenomenon and the resultant stress reaction is apparently 
a cellular event (Elstner and Konze 1976), the failure of chlorsulfuron to induce 
ethylene evolution in excised tissues is also not consistent with it being a 
chemical stress agent. Well-known inducers of the wound response in plants 
(Cd § Cu § § SO32-) have been shown to elicit the typical symptoms (i.e. 
elevated ethylene evolution) when administered to excised tissues (Fuhrer 1982, 
Yu and Yang 1980, Bressan et al. 1979). Ethane emission, considered to result 
from lipid peroxidation, has proved to be a far-superior assay for both me- 
chanical (Elstner and Konze 1976) and chemical wounding (Bressan et al. 
1979). The absence of any effect of chlorsulfuron treatment on the rate of 
ethane emission is also not consistent with its inclusion as a chemical stress 
agent. 

The results presented in Table 2 suggest that a factor or factors originating 
in the cotyledons is necessary for the observed effect of chlorsulfuron to stim- 
ulate ethylene evolution from the hypocotyls. The interpretation of excision 
experiments can be problematical owing to the multiple interactions that occur 
between the various plant organs. In young seedlings, the cotyledons are a 
source of both nutritional and hormonal substances. The ability of excised 
hypocotyls to respond to IAA and BA (Table 1) demonstrates that, at least in 
the short run, the hypocotyls have sufficient substrate and energy for elevated 
ethylene production. Furthermore, comparative experiments in this laboratory 
have shown that cotyledon excision has a much more dramatic effect on chlor- 



44 Jeffrey C. Suttle 

sulfuron-induced ethylene evolution as compared to 2,4-D-induced ethylene 
evolution (data not presented). Cotyledons have been shown to be required 
for the development and expression of a number of seedling responses. Cot- 
yledon excision in sunflower seedlings has been shown to reduce phototropic 
curvature (Bruinsma et al. 1975) and adventitious rooting (Fabijan et al. 1981). 
In the latter case, application of an aqueous extract of cotyledons has been 
shown to partially restore the response (Fabijan et al. 1981). The nature of the 
cotyledon factor(s) implicated in this investigation is currently being explored. 
Presently we speculate that it is (or they are) hormonal in nature. 

While the effect of chlorsulfuron on ethylene evolution from treated seed- 
lings is well documented in this study, the role of ethylene in chlorsulfuron- 
mediated injury is not known. Sunflower seedlings treated with chlorsulfuron 
exhibit the following visible symptoms: inhibition of apical growth, apical chlo- 
rosis, vein discoloration and hypocotyl browning, progressive necrosis, and 
ultimately death. Like chlorsulfuron, ethylene treatment has been shown to 
inhibit cell division in higher plants (Apelbaum and Burg 1972, Rost and Sammut 
1982). Furthermore, analyses of both chlorsulfuron- and ethylene-treated tis- 
sues have shown that, although there is a marked reduction in the number of 
mitotic figures, the frequency distribution of the mitotic stages remains un- 
changed (Ray 1982, Apelbaum and Burg 1972). Continuous exposure of sun- 
flower seedlings to 10 ppm ethylene resulted in the inhibition of apical growth 
as well as apical chlorosis (data not shown). In addition we have found that 
elevations of ethylene evolution can be detected within 9 h of chlorsulfuron 
treatment (not presented). It is therefore possible that endogenous ethylene 
mediates, or in some manner participates in, at least these two aspects of 
chlorsulfuron action. Further studies are needed to resolve this question. 

Although physiologically potent, ethylene, even at high concentrations, is 
not in itself lethal (Abeles 1973). Normal growth typically resumes following 
removal of the gas. Thus, it appears unlikely that the ultimate cause of seedling 
death following chlorsulfuron treatment is solely the result of excessive eth- 
ylene production. Nevertheless, the large and sustained elevation of ethylene 
evolution that follows chlorsulfuron treatment undoubtedly affects many sen- 
sitive physiological processes. These alterations in combination with other 
metabolic perturbations that follow chlorsulfuron treatment certainly con- 
tribute to the seedling's demise. 
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