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Abstract . To examine in more detail the mechanisms of cocklebur
(Xanthium pennsylvanicum Wallr.) seed germination and rice (Oryza sa-
liva L . cv. Sasanishiki) coleoptile elongation that were responsive to both
C2H4 and CO2 , the effects of NBD (2,5-norbornadiene), a cyclic olefin
known as a competitive inhibitor of C 2H4 , on those phenomena were
tested under various conditions . NBD strongly inhibited germination of
cocklebur seeds and their axial and cotyledonary growth . The NBD effects
were significantly negated by endogenously evolved and exogenously ap-
plied CO2 regardless of incubation temperature . Similarly, the inhibitory
NBD effect was negated by C2H4 at 23°C, but at 33°C a low concentration
(3 µl/L) of C 2H4 rather enhanced the inhibitory NBD effect . This phenom-
enon reflected the growth responses of the tip zone of axial tissues in
cocklebur seeds to NBD and C 2H4, in which both gases were antagonistic
in regulating the axial growth at 23°C but additive in inhibiting it at 33°C .
Maximal negation of these inhibitory NBD effects was brought about by
simultaneous application of CO 2 and C2H4 . Similarly, elongation of rice
coleoptiles was suppressed by NBD, and when they were immature, its
inhibitory action was counteracted by both C2H4 and C02 , especially
during simultaneous application . However, the inhibitory NBD effect was
Completely negated by C 2H4 applied alone at concentrations above 500
µ11L regardless of the physiological age of coleoptiles . These inhibitory
NBD effects are additional evidence suggesting that C2H4 acts as a growth
regulator in both cocklebur seed germination and rice coleoptile elonga-
tion. That NBD was capable of counteracting CO 2 action in some cases but
was incapable of negating inhibitory C2H4 action, such as that observed in
cocklebur seeds, suggests that NBD acts with some side effects besides
being a competitive inhibitor of CA actions .
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NBD (2,5-norbornadiene), a cyclic olefin, was used for analysis of C 2H4 -iii-
volving phenomena in plants because it is a competitive inhibitor of C ZH4 ac'
tion (Sisler and Pian 1973, Sisler et al. 1983, 1985, Sisler and Yang 1984, Veen
1985, Hoekstra and Weges 1986, Curtis 1987) . Kepczynski and Karssen (1985)
Saini et al . (1986), and Abeles (1986) found that NBD inhibits seed germination
and that its inhibitory effect is competitively counteracted by C 2H4 . From
these results it was suggested that endogenous C 2H4 plays an important role in
seed germination .
CO2 has been known to act as a competitive inhibitor of C 2H4 action (Burg

and Burg 1967) . However, both CO2 and C2H4 stimulated the germination of
cocklebur seeds (Katoh and Esashi 1975, Esashi et al . 1978) and the elongation
of rice coleoptiles (Ku et al . 1970, Ishizawa and Esashi 1984, Raskin and
Kende 1983) in which CO2 was additive to or synergistic with C 2H4 . These
findings have raised doubts as to whether CO2 is an actual competitive inhib'
itor of C2H4 or not. More recently, Satler and Kende (1985) found the full
recovery from NBD inhibition of rice coleoptile elongation by C 2H4 . However,
the effect of the ambient CO2 levels on the experiments was not examined . In
cocklebur seed germination, on the other hand, CO2 was capable of counterac •
ting C 2H4 under some conditions, in which both gases were applied at temper'
tures above 27°C to seeds presoaked for more than 8 h at 23°C . The results
obtained with cocklebur seeds suggest that the effects of NBD on cocklebur
seed germination and rice coleoptile elongation may change depending on ex-
perimental conditions, and that NBD may have some bearing not only on C2H4
but also on CO2 in regulating cocklebur seed germination and rice coleoptile
elongation. If so, NBD may be useful to shed further light on the interrelation
between CO 2 and CZH4 actions .

Materials and Methods

Germination Test

Most experiments were performed using the lower cocklebur (Xanthium pee"
sylvanicum Wallr.) seeds, which were harvested in the fall of 1985, after-r!'
pened in dry storage for 5 months at room temperature, and stored at 8°C until
used . Triplicate samples of 20 seeds, uniform in size, were placed on 2 disks of
filter paper wetted with 4 ml of distilled water in a 125-m1 flask . The flasks
contained small glass tube(s) with 0 .5 ml of 2 .5 M NaOH as a CO2 absorben t
and/or with liquid NBD in microliter quantities and they were sealed with a
rubber stopper. Then necessary volumes of CO2 and C2H4 were syringe d
through the stopper into the flasks, and the needle perforations on the stoppers
were covered with a piece of adhesive vinyl tape . The flasks were placed in the
dark at 23°C . In an experiment at 33°C, however, after-ripened upper cock'
lebur seeds were used instead of the lower ones .

Axial and Cotyledonary Growth

Axial and cotyledonary tissues were separated 3 mm below the tip of the em'
bryonic axis of lower cocklebur seeds according to procedures previously de'
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scribed (Esashi and Katoh 1975) . Ten axial and 14 cotyledonary segments were
presoaked for 5 h at room temperature, decoated, washed several times with
tap water, rinsed with distilled water, blotted dry, weighed, and placed in the
flasks as in the germination test . After specified periods of incubation at 23 or
33°C, their fresh weights were again measured . Results are the means ± SE of
four replicates as percent increase of fresh weight .

tonal Growth in Axial Tissues

tonal growth of axial tissue of cocklebur seeds in response to NBD in combi-
nation with CO and/or C H was tested according to previously described
methods (Esashi et al . 1987b). Prior to decoating, lower cocklebur seeds were
Presoaked for 12 h at 23°C . The axial 3 .0-mm tissues, containing a radicle tip,
an embryonic hypocotyl, and cotyledonary petioles of 17 seeds were marked
with black ink for dividing into four zones at an interval of 0 .75 mm from the
axial tip and exposed to various gases in a 400-m1 glass vessel for described
Periods. Growth of each axial zone was measured under magnification (13 x )
and shown by the means -!' SE of 17 determinations .

RiCe Coleoptile Elongation
Rice (O,yza sativa L . cv . Sasanishiki) caryopses were husked, sterilized in 5%
sodium hypochloride solution for 20 min, and washed thoroughly with tap
water. The husked caryopses were sown on a cotton net spread on a Petri dish
filled with deionized water, germinated, and grown under saturated moisture at
30°C in the dark for described periods . The small Petri dishes with 17 rice
seedlings, selected for uniformity, were put in a 400-m1 glass vessel for gas
treatments . After incubation at 30°C in the dark for described periods, the co-
leoptile lengths were measured, and their elongation was expressed as the dif-
ference between the initial and final lengths .

Results

Inhibition of Germination of Lower Cocklebur Seeds by NBD

Liquid NBD at amounts above 3 µl strongly inhibited germination of lower
cocklebur seeds (Fig. 1). At a saturation level of 100 µl, NBD almost com-
PletelY suppressed germination, suggesting that the germination of cocklebur
seeds is controlled by endogenously evolved C 2H4 if NBD is an actual compet-
it1e inhibitor of C 2H4 .
The germination-inhibiting effect of NBD was very pronounced when NBD

W48 applied early in the soaking process, and it decreased gradually with prog-
ress of germination (Fig. 2). However, NBD was capable of inhibiting germina-
tion even when applied at 20 h, at which time the lower seeds started to germi-
nate (Fig . 3) .
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Fig . 1 . Effect of NBD on the germination
of lower cocklebur seeds at 23°C .
Nonimbibed lower seeds were incubated Or

23°C in the dark for 56 h in the presence of
different amounts of liquid NBD in a 125 .10
flask but in the absence of a CO2 absorber"'

Fig. 2 . Time-sequence responses in the
germination at 23°C of lower cocklebur
seeds to NBD . Nonimbibed lower seeds
were exposed to 10 µl NBD at different
times after the start of soaking at 23°C,
except for the control . Data were taken 3g
h after soaking in the absence of a C0z
absorbent.

Removal of Germination-Inhibiting Effect of NBD by C 2H4 andlor CO2

The germination-inhibiting effect of NBD, applied during an early period of
soaking, was almost completely negated by C ZH4 and CO2 in combination, al-
though germination of NBD-pretreated seeds occurred very slowly in th e
C2H4- and C02-free air as compared with the nonpretreated seeds (Fig . 3). C0
was more effective than C zH4 in negating the inhibitory NBD effect, although it
was less effective than C ZH4 during the earlier periods of posttreatment . These
results imply that NBD has some connection not only with C zH4 but also With
CO2 in regulating seed germination .
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W N ' UPonsaking, to eor seeds were either exposed to C0 2 - andrC ZH4 fee air (A) orto air with 5
gb (a) in a 125-m1 flask for 16 h at 23°C, and then exposed to Co t- and C 2 1-14 free air (O), 3%

CO2 alone (p) l0 Of- C 2H4 alone (d.), or 3% CO 2 plus 10 p,I/L C2H, (•) at 23°C in the dark .

rn terQCtion in the Regulation of Seed Germination Between NBD and CO 2 or
CZN4
As

suggested in Fig. 3, the germination-inhibiting effect of NBD was counter-acte
d not only by C ZH4 but also by CO Z (Table 1) . The NBD effect was greatly

removed by C '2H4 regardless of the presence of CO 2. On the other hand, 3%

C~2 could also alleviate NBD-induced inhibition . NBD inhibition was partially

reduced even by the CO2 that accumulated in flasks in the absence of NaOH .

Moreover, the NBD-counteracting effects of both gases decreased with in-
creasing the amounts of NBD . Thus, there was no apparent difference between
C2H4 and CO2 in counteracting NBD . It is thus doubtful that NBD is a specific
tnhibitor of C2H4 action .
Lower concentrations of C2H4

are known to prevent germination of pre-
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Table 1 . Interactions between NBD and C 2H 4 and/or CO, in the regulation of germination of l0Wd
cocklebur seeds at 23°C .

Lower seeds were exposed to different amounts of liquid NBD in the absence or presence of l0
µUL CA with or without a CO 2 absorbent or 3% C07. from the start of water imbibition . Data
after 48 h are shown as the means ± SE of triplicate samples .

Table 2 . Interactions between NBD, C21-141 and CO2 in the regulation of germination of presoak
ed

upper cocklebur seeds at 33°C .

Upper seeds presoaked at 23°C for 2 weeks were exposed to different amounts of liquid N]31)' a

combination with C2H 4 and/or 3% CO2 for 40 h at 33°C. Data are the means ± SE of triplicate
samples .

soaked cocklebur seeds at higher temperatures (Esashi et al . 1986) . Therefore '
if NBD is a specific inhibitor of C2H 4 action, NBD would be expected to P
mote the germination of cocklebur seeds at 33°C . However, NBD at 2 or 10 W
failed to stimulate germination of upper cocklebur seeds at 33°C and strong ly
inhibited it (Table 2) . Moreover, the inhibitory effect of NBD on germination a
33°C was not negated by C2H4 . On the contrary, the inhibitory effect of C 2Nt
was further enhanced by NBD . In contrast, at 33°C, CO 2 counteracted Pot
only C 2H 4 but also NBD, thus alleviating their germination-inhibiting effect s '
However, NBD inhibition was slightly counteracted by high C 2H4 concentra
tion of 30 µ1/L (Table 2), which was less inhibitory than 3 µ11L . This phenorn"
enon may be associated with the dual actions of C 2H 4 in regulating the growt

h

NBD
(µl)

	

CZH4

Germination (%) __1
+NaOH -NaOH +CO2~

0

	

- 45.0 ± 3 .4 71 .7 ± 5 .6 98 .3 =
1,4

+ 93 .3 ± 2 .6 100 .0 100 .0

	

2
3

	

- 18.3 ± 3 .2 28 .5 ± 4 .8 35 .0 ' S 0+ 48 .3 ± 4 .1 60 .0 ± 3 .5 61.6= 6 '9
10

	

- 3.3 ± 1 .2 6 .7 ± 1 .8 23 .8 = 3 4
+ 33 .5 ± 4 .0 40 .0 ± 5 .6 78.7 j

NBD CA4
Germination (%)

(µl/125 ml) (µ11L) -COZ +C02

0 0 81 .6±3.3 95 .0= 1 ' f
0 3 29.0±5.2 91 .9

	

4'
B

2 0 44.4 ± 6 .0 65.1 1- 5 .6
2 3 17.5±2 .0 59.4± 6 .1

0 0 85 .9 ± 2 .4 86 .0

	

1 ' 2
0 3 34 .2 ± 2 .9 91.7=3.b

610 0 8 .2 ± 1 .0 38 .0 =
10 3 0 234± A.

0 0 80.3 ± 2 .9 96.7 + 1 '

2

2
0 30 53.4±4.8 91 .6 +3.10 0 15.0 ± 0 32 .5 - 9
10 30 29.2 ± 4 .5 80 .5
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Table 3. Effects of NBD on the growth of axial tissues of cocklebur seeds at 23 or 33°C in combi-nation with CO2 and/or C2H4 .

Temp
(°C)

23

Anal Segments from lower cocklebur seeds were presoaked for 5 h at room temperature and
e xposed in 125-ml flasks to variously combined gases for 17 h at 23 or 33°C . Data are the means ±
Sg of four replicate samples .

Table 4, Effects of NBD on the growth of cotyledonary tissues of cocklebur seeds at 23 or 33°C inco
nation with CO 2 and/or C2H 4 .

Temp
l°q

33

23

r
~otyladonary segments from lower cocklebur seeds were presoaked for 5 h at room temperature
id exposed in 125-m1 flasks to variously combined gases for 64 h at 23°C and for 46 h at 33°C,
Spectively, Data are the means ± SE of four replicate samples .

Of cocklebur seed axial tissues-i .e., inhibition at their tip zone and promotion
at their distal zone (Esashi et al . 1987b) .

144 bition by NBD of the Axial and Cotyledonary Growth of Cocklebur Seeds
and Effect of CO 2 and C2H4

NBD suppressed both axial (Table 3) and cotyledonary (Table 4) growth in

CZH4
(µl/L)

CO2
(3%)

Fresh-weight increase (%)

None 2 µL NBD 20 r- NBD

0 55 .1 ± 3 .4 8 .4 ± 0 .7 1 .9 ± 0 .4
0 + 64 .1 ± 1 .2 24 .5 ± 3 .0 9 .7 ± 1 .6
1 68 .4 ± 1 .9 31 .8 ± 4 .2 16 .1 ± 1 .9
1 + 69 .0 ± 1 .0 41 .4 ± 2 .5 26 .5 ± 4 .0

10 - 66 .9 ± 2 .6 44.7 ± 3 .1 25 .0 ± 1 .4
10 + 64 .5 ± 2 .1 57 .6 ± 1 .8 27 .6 ± 1 .1
0 55 .8 ± 3 .2 28 .9 ± 1 .1 17 .6 ± 1 .6
0 + 66 .5 ± 2 .6 50 .4 ± 1 .9 38 .6 ± 1 .4
1 69 .4 ± 4.8 41 .7 ± 2 .7 30 .8 ± 3 .4
1 + 70 .7 ± 0 .4 58 .8 ± 3 .8 48 .1 ± 2 .6

10 - 71 .7 ± 4 .6 60 .1 ± 4 .3 43 .2 ± 2 .4
10 + 71 .9 ± 6 .4 61 .8 ± 4 .8 50 .9 ± 3 .1

CZH4
(µUL)

CO 2
(3%)

Fresh weight increase (%)

None 2 µl NBD 20 µl NBD

0 - 53 .5 ± 2 .0 30 .3 ± 1 .6 11 .6 t 1 .6
0 + 66 .5 ± 2 .6 50 .4 ± 1 .9 38.6 ± 1 .4
1 - 69 .4 ± 4 .8 41 .7 ± 2 .7 30.8 ± 3 .4
1 + 70 .7 ± 0 .4 58 .8 ± 3 .8 48.1 t 2 .6

10 - 71 .7 ± 4 .6 60 .1 ± 4 .3 43.2 ± 2 .4
10 + 76 .4 ± 7.9 61 .8 ± 4 .8 50.9 ± 3 .1
0 - 102 .6 ± 4 .4 99 .1 ± 6 .2 61 .6 ± 7 .3
0 + 114 .0 ± 3 .7 104 .4 ± 4 .1 70.5 ± 2 .1
1 - 111 .4 ± 6.9 96 .8 ± 7 .0 65.9 t 7 .4
1 + 112.6 ± 3 .1 107 .5 ± 5 .3 72.0 t 3 .9

10 118 .1 ± 5 .3 99 .3 ± 6 .3 68.4 ± 4 .1
10 + 120.6 ± 3 .0 109 .4 ± 3 .8 74.8 ± 6 .9
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cocklebur seeds at 23 and 33°C . The degree of growth inhibition by NBD W0
less at 33°C than at 23°C . Importantly, CO2 as well as C2H4 counteracted the
NBD effect at 23°C . The similar interrelations between NBD and CO 2 or C2 Pi4
were found even at 33°C in the cotyledonary growth (Table 4) . In all cases ,
maximum recovery from the inhibitory NBD effect was obtained by exposur e
to both CO2 and C2H4 in combination . However, the additive inhibition b'1
NBD and C2H4 at its lower concentration as seen in seed germination at 33 °C
(Table 2) was not found in the growth of either tissue at 33°C .

Zone Growth of Axial Tissues in Response to NBD and Its Mediation by C02
and/or C2H4

Zones A and B, including the radicle tip, and zones C and D, corresponding to
the embryonic hypocotyl and cotyledon petioles, respectively, have been
known to respond differently to C2H4 depending on temperature : growth of
zones A and B was stimulated by C2H4 at 23°C but inhibited at 33°C, wherea s
C2H4 stimulated the growth of zones C and D regardless of temperatur e
(Esashi et al . 1987b). The effects of NBD on the zonal axial growth at 23 or
33°C were examined in the absence or presence of CO2 and/or C2H4 (Figs . 4,
5). NBD strongly inhibited growth of all axial zones regardless of temperature
but zone A was less responsive to NBD at 33°C than at 23°C (compare Figs .,
and 5) . At 23°C, CA, which is known to greatly promote the axial growth In

zones C and D (Esashi et al . 1987b), markedly negated the growth inhibition V
NBD in zones C and D, whereas C0 2 , which promotes growth in zones A and
B, negated the NBD effect in zones A and B . Simultaneous application of C02
and C2H4 resulted in maximal recovery in zone B .

At 33°C, on the other hand, CO2 negated NBD inhibition of axial growth' n
all zones, but negation by C 2H4 occurred only in zones C and D . The growth
inhibition in zone A by NBD was rather increased by C 2H4 (Fig . 5). That iS,

C2H4 , unlike C0 2, could not counteract NBD in zone A . Interestingly, growth
in the presence of CO2 was greater than that in air, which implied that C02
counteracted the growth inhibition at zone A by endogenously evolved C2H 4 '

Interaction in the Regulation of Rice Coleoptile Elongation Between NBD,
C02 , and C2H4

In rice coleoptiles as well as cocklebur seeds, NBD strongly inhibited the elon'
gation. Its inhibitory action was partially removed by CO 2 , and maximum ne•
gation occurred by simultaneous application of C 2H4 and CO2 (Table 5). C2114
could always antagonize NBD, but CO 2 applied singly was effective only
the coleoptiles were immature at the time of application . Relatively mature
coleoptiles were insensitive to CO2 but were sensitive to CO 2 in the presence

of C2H4 , as seen in the germination of secondarily dormant cocklebur seeds
(Esashi et al. 1987) . In these coleoptiles, CO2 had little effect on NBD activity
(Table 5) .
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Table 5
. Effects of NBD on the elongation of rice coleoptiles in combination with C0 2 and!or C zH 4.

Exp

RiCe seedlings growth for 36 h (A) or 62 h (B) were exposed to different amounts of liquid NBD in
400-,n1 glass vessels at 30°C in the absence or presence of 5 µ11L C zH 4 and/or 3% CO 2 . Data were
taken after 30 h in A and after 24 h in B and are shown by means ± SE of 15-18 determinations .
Initial coleoptile lengths were 2 .6 ± 0.1 mm in A and 11 .5 ± 0.2 mm in B .

Table 6 . Recovery of elongation of rice coleoptiles from its NBD inhibition by C21-14-

A

Rice Seedlings grown for 30 h (A) or 72 h (B) were incubated with or without 20 µt NBD andexposed to different concentrations of C 2H4 for 42 h or 24 h, respectively, at 30°C in the presence

leng lengthsoof coleoptilesdwere 0 .8a
are
0 .1
shown
mm in A and 13 .5

S
03
of
mm in

replicate experiments .lt"tial

germination of cocklebur seeds and the growth of cocklebur cotyledons was
not completely negated by C2H4 , even if its concentration was increased up to
10'000 µ11L (data not shown) . In rice coleoptiles, on the contrary, increase in
C2H4 concentration induced progressively higher recovery from the NBA inhi-
bition of their elongation even in the absence of CO 2 , and CZH 4 at 500 µUL or
more completely negated the NBD inhibition, regardless of the physiological
a$e of coleoptiles (Table 6) .

Discussion

IF NBD is an actual competitive inhibitor of only C 2H 4 action, as has been

Growth increase (mm)
Exp

C 2H4

	

C02 2 µl NBD 20 µl NBDNone
A

-

	

- 9.5 ± 0 .4 8.5 ± 0 .413 .6 ± 0.5
+ 14 .3 ± 0.4 10.5 ± 0 .3 9.3 ± 0 .3

+

	

- 17.3 ± 0 .4 15.1 ± 0 .5 12 .1 ~- 0 .4
B

	

+

	

+ 23.9 ± 0 .7 16.5 ± 0.5 12.8 ± 0 .5
-

	

- 6.1 ± 0 .5 1 .7 ± 0 .4 0 .9 ± 0 .5
+ 5.8 ± 0 .7 2 .1 -!- 0.4 1 .4 ± 0 .4

+

	

- 11 .6 ± 0 .6 6.8±0.5 3.9-±0.4
	+	+ 15.3 ± 0 .7 7 .9 ± 0 .5 5 .4 ± 0 .4

C 2H4
Growth increase (mm)

(µl/L) Control 20 µI NBD

0 21 .1 ± 0 .5 15 .2 ± 0 .4
10 23.5 ± 0 .6 18.5 ± 0 .2

100 27 .0 -± 0 .6 24.7 ± 0 .7
500 25.6 ± 0 .8 25.3 ± 1 .2
1000 24.8 ± 0 .7 23.5 ± 0.9
5000 24.9 i- 0 .7 23.5 ± 0.8

0 1 .7 ± 1 .0 0.7 ± 0 .6
50 7.8 ± 0 .4 5.4 ± 0 .8

100 7.6±0.5 6.4±0.5
500 7.6 ± 0 .3 8.5 ± 0 .4
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presumed by Sisler and Pian (1973), the findings that NBD inhibits germination
of cocklebur seeds (Figs. 1, 2 ; Table 1), and growth of their axial and cotYle .
donary tissues (Tables 3, 4) and elongation of rice coleoptiles (Tables 5, 6) maY
be additional evidence for confirming that all of these phenomena are mediated
by endogenously evolved C 2H4 . However, evidence showing that NBD is a
specific antagonist against only C 2H4 was not obtained . The inhibitory effects
of NBD on seed germination, axial and cotyledonary growth, and coleoptil e
elongation were alleviated not only by C 2H4 but also by CO2 (Figs . 3, 4 ; Tables
1, 3, 4, 5) . The inhibition by NBD of cocklebur seed germination at 33°C was
increased by C2H4 at a low concentration (Table 2), and the NBD inhibition of
axial tip zones in cocklebur seeds was also strengthened by C 2H4 (Fig . 5 )'
From these results, it is difficult to explain the action of NBD as a spectfl c
competitive inhibitor of C 2H4 action .

We questioned the views of Burg and Burg (1967) that CO 2 is a competitive
inhibitor of C 2H4 , because CO2 and C2H4 are synergistic or additive in regu'
lating cocklebur seed germination (Katoh and Esashi 1975) and its axial and
cotyledonary growth (Esashi and Katoh 1975) . Later, we reported that Cat
and C 2H4 act to regulate the elongation of cocklebur and bean hypocotYl s
(Gotoh and Esashi 1974a,b) and the germination of cocklebur seeds (Esashi et
al. 1987) in different tissue zones . In the former cases, the gases are antago'
nistic, but in the latter case they behave synergistically . Recently, we found
that under some conditions the interaction between C02 and C2H4 shifts from
synergism toward antagonism, and came to the view that CO 2 and C2H4 are
antagonistic when the ratio of alternative respiration to cytochrome respiratioi <
is high, whereas they are synergistic when low (Esashi et al . 1986, 1987a,c) . In

these cases, there was a prerequisite that the plant tissues favor the cY'
tochrome path rather than the alternative path for growth . Similarly, NBD was
antagonistic to C2H4 when CO2 and C2H4 were synergistic (Tables 1, 3, 4, 5)'
and it was additive to C2H4 when CO2 and C2H4 were antagonistic (Table 2,
Fig. 5) . These phenomena seem to be associated with the reversal of C2 144
action on seed germination depending on temperature shift . On the other hand ,
the interrelation between CO 2 and NBD did not change in all cases : NBD ef'
fects were always negated by CO2 (Fig. 4 ; Tables 1, 3, 4), suggesting that NBD
can counteract CO2 actions with some side effect besides being a competitiv e
inhibitor of C2H4 action .

In rice coleoptiles, the growth-inhibiting effect of NBD was partially negated
not only by C 2H4 but also by CO 2, as in cocklebur, when they were immature ,
but it was mitigated only by C 2H4 when more mature (Table 5) . However, th e
inhibitory NBD effect was almost completely removed in the presence of C 2 144
at high concentrations above 500 µl/L even without CO 2 (Table 6), which
agreed with the finding by Satler and Kende (1985) . Moreover, full recovery
took place regardless of the physiological age of coleoptiles (Table 6) . This
result clearly shows that NBD is a specific competitive inhibitor of C2H4 ac'
tion. This paradox from different experimental materials might be associate d
with differences in the involvement of CO 2. Probably, NBD acts as a typica l
competitive inhibitor against C2H4 only when the experimental systems are no t
greatly responsive to CO2 applied alone .

In cocklebur, high concentration (30 µl/L) of C2H4 slightly counteracted the
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inhibitory NBD effect on germination at 33°C (Table 2), although even C 2H4 at
lp,ppp Al/L could not completely negate the NBD-inhibited germination or co-
tYledonary growth (data not shown), On the other hand, C 2H4 was inhibitory to
radlc)e tip growth of axial tissue at 33°C (Fig . 5). Therefore, the NBD-counter-
aeting action of higher concentraion of C 2H4 seems to result from a superiority
°f C2H4-stimulated growth at subapical zones over CA-suppressed growth at
the radicle tip zones .
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