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Cytokinin Action Is Coupled to Ethylene in Its Effects on the
Inhibition of Root and Hypocotyl Elongation in
Arabidopsis thaliana Seedlings

Andrew J. Cary, Wennuan Liu, and Stephen H. Howell*

Boyce Thompson Institute, Cornell University, Ithaca, New York 14853

Cytokinins have profound effects on seedling development in
Arabidopsis thaliana. Benzyladenine (BA) inhibits root elongation in
light- or dark-grown seedlings, and in dark-grown seedlings BA
inhibits hypocotyl elongation and exaggerates the curvature of api-
cal hooks. The latter are characteristic ethylene responses and,
therefore, the possible involvement of ethylene in BA responses was
examined in seedlings. It was found that the inhibitory effects of BA
on root and hypocotyl elongation were partially blocked by the
action of ethylene inhibitors or ethylene-resistant mutations (ein7-7
and ein2-1). Ethylene production was stimulated by submicromolar
concentrations of BA and could account, in part, for the inhibition
of root and hypocotyl elongation. It was demonstrated further that
BA did not affect the sensitivity of seedlings to ethylene. Thus, the
effect of cytokinin on root and hypocotyl elongation in Arabidopsis
appears to be mediated largely by the production of ethylene. The
coupling between cytokinin and ethylene responses is further sup-
ported by the discovery that the cytokinin-resistant mutant ckrf is
resistant to ethylene and is allelic to the ethylene-resistant mutant
ein2.

The responses of seedlings to developmental and envi-
ronmental cues have been useful in studying signal trans-
duction pathways in plants. Arabidopsis thaliana seedlings
respond to exogenously added or endogenous cytokinins,
and in light-grown seedlings the application of exogenous
cytokinins inhibits primary root growth. On the basis of the
root inhibition response, Su and Howell (1992) selected
ckr1 mutants in Arabidopsis that were resistant to cytokinin.
Arabidopsis mutants that overproduce endogenous cytoki-
nins, called ampl mutants, have also been reported
(Chaudhury et al,, 1993). The ampl mutants have multiple
cotyledons and produce more leaves.

Cytokinin produces certain effects in dark-grown Arabi-
dopsis seedlings that are similar to those caused by ethylene
(Lieberman, 1979) and light (Chory et al., 1994). Ethylene
produces a characteristic “triple response” in seedlings that
includes inhibition of hypocotyl growth and expansion of
the hypocotyl base (Crocker et al., 1913). In addition, eth-
ylene produces an exaggeration in the curvature of the
apical hook and inhibits primary root elongation (Guzmén
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and Ecker, 1990). Some of these features have been utilized
in the isolation of mutants with altered responses to ethyl-
ene (Rothenberg and Ecker, 1993). Ethylene-resistant mu-
tants (ein or etr mutants) were identified by selecting seed-
lings that fail to express the triple response in the presence
of ethylene. Other mutants were identified that produced a
triple-response phenotype constitutively, i.e. when no eth-
ylene was applied. These mutants have been grouped into
two classes, ethylene overproducers (eto) and constitutive
triple-response mutants (ctr), distinguished on the basis of
whether the phenotype is suppressed by inhibitors of eth-
ylene biosynthesis or action (Guzmén and Ecker, 1990).
Through epistasis analysis of the mutants, ethylene-re-
sponse genes have been ordered on an unbranched path-
way (Kieber and Ecker, 1993; Kieber et al., 1993). Interest-
ingly, ein or etr mutants appear to have very little effect on
the normal growth and development of light-grown Arabi-
dopsis seedlings in the absence of supplied ethylene.

We have examined the relationship between cytokinin
and ethylene responses in Arabidopsis seedlings and have
found that ethylene largely mediates a number of re-
sponses to exogenous cytokinin, such as the inhibition of
root and hypocotyl elongation. Cytokinin stimulates ethyl-
ene production, which, in turn, inhibits root and dark-
grown hypocotyl elongation. Because of that, the effects of
cytokinin on root and hypocotyl elongation can be blocked,
in part, by the action of ethylene inhibitors or by ethylene
mutants. These results constitute genetic proof of the idea
put forth by Lieberman (1979) that cytokinin is coupled to
ethylene action in seedlings.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

All plants, including mutant lines, were of the Arabidop-
sis thaliana Columbia (Col-0) ecotype. ckrl mutants were
described by Su and Howell (1992). The ckr1-109 line used
in this study was recovered from two back-crosses of the
mutant to wt plants. Ethylene-resistant mutants (einl1-1 and
ein2-1) were obtained from the Arabidopsis Biological Re-
source Center at The Ohio State University. Prior to sow-
ing, seeds were surface sterilized for 7 min in 70% ethanol

Abbreviations: AVG, aminoethoxyvinylglycine; CAPS, cleaved
amplified polymorphic sequences; RFLP, restriction fragment
length polymorphism; wt, wild type.
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and for 15 min in 30% (v/v) bleach and 0.01% Triton X-100
with periodic agitation, and then rinsed three times with
sterile, deionized water. Seedlings were grown in sterile
conditions on mineral nutrient medium (Lincoln et al.,
1990), with cytokinin (BA), ACC, AVG, or AgNO; added to
the medium after autoclaving. After sowing, seeds were
stratified in the dark for 3 d at 4°C and then exposed to
white light (30 pE m™2 s™") for 2 h. Although wt seeds of
Columbia ecotype do not require light for germination,
seeds were exposed to light to ensure germination of mu-
tants and to increase synchrony of germination. All seeds,
except those used to determine ethylene evolution, were
sown on media in 100 X 20 mm Petri dishes at a density of
about 100 seeds per plate. Four days after germination,
morphological measurements were made on at least 20
seedlings for each treatment, except where noted.

Ethylene Application and Measurement

For treatment with exogenous ethylene, seedlings in
Petri dishes were placed in 2.5-L flow-through aeration
chambers. Air was scrubbed of ethylene by passage
through Purafil (Purafil Inc., Atlanta, GA) and pumped to
a four-outlet manifold (Lee and LaRue, 1992). Ethylene was
then added through micro valves (Nupro Co., Willoughby,
OH) to three outlets to give concentrations ranging from
0.05 to 1.0 pL L™". Seedlings received air at a flow rate of
0.6 L min~" through the sample chambers, and ethylene
levels were monitored daily. Ethylene was measured using
a Varian (Sunnyvale, CA) model 3700 gas chromatograph
fitted with a Porapak Q column and a flame ionization
detector.

Ethylene Evolution

To measure ethylene production, 500 Arabidopsis seeds
were sown on the surface of agar in a 5.9-mL (1 dram) shell
vial. Each vial contained 1.8 mL of agar medium that was
allowed to solidify at about a 45° slant to increase the
surface area. At that density the seeds spread into a mono-
layer on the surface of the medium. The seeds were ger-
minated in the dark as described above. Three days after
germination the vials were sealed with a septum, and
ethylene was collected for the next 24 h. A 1-mL air sample
was removed from each vial for measurement. Ethylene
values represent the average of three separate samples and
experiments were repeated at least three times.

CKR1 Gene Mapping

DNA samples were extracted as described by Bernatzky
and Tanksley (1986) from 90 F, individuals or F; families of
BA-resistant lines from Su and Howell (1992). The chromo-
somal location of the CKRI gene was determined by mea-
suring the recombination frequency between the mutation
and CAPS that mark different Arabidopsis chromosomes
(Konieczny and Ausubel, 1993). The CKR1 gene was lo-
cated at the top of chromosome 5, and the map position
was further refined by scoring the recombination fre-
quency relative to nearby markers on chromosome 5, RFLP
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marker AR119 (Rose et al.,, 1992), and a CAPS marker
generated from the published sequence of CTR1 (Kieber
et al., 1993). The CTR1 CAPS marker was amplified with
oligonucleotide primers, 5'-CGATCCTGCATCAGGTAT-
TCC-3' and 5'-CTTACTTAGACGCGAAGGC-3’, and
cleaved with Bcll.

RESULTS
Cytokinin and the Triple Response

Arabidopsis seedlings are very sensitive to applied cyto-
kinin. Previously, it was shown that root elongation in
light-grown seedlings was inhibited by submicromolar to
micromolar levels of BA (Su and Howell, 1992). However,
when seedlings were grown in the dark, BA produced
other effects more characteristic of the triple response pro-
duced by ethylene. In the dark, BA inhibited both the
growth of the roots, as it did in the light, and the growth of
hypocotyls (Fig. 1A). In addition, BA accentuated the cur-
vature of apical hooks (Fig. 1C) in a manner similar to that
seen when seedlings were grown in the presence of exog-
enous ethylene (Fig. 1D).

Ethylene-Resistant Mutants Are Resistant to Cytokinin

Because BA-treated seedlings show triple-response char-
acteristics, we tested the idea that certain BA effects are
mediated by ethylene. As a first test we examined the
effects of BA on the growth of two well-characterized

Figure 1. Effect of cytokinin and ethylene on the growth of dark-
grown seedlings in Arabidopsis. wt seedlings (A) were grown for 4 d
in the absence of hormone (left), on 5 um BA (center), or in 0.7 uL
L~ " ethylene in air (right). Enlargements show detail on cotyledons
and apical hooks in the seedlings grown in the absence of hormone
(B) and in the presence of BA (C) or ethylene (D).
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ethylene-resistant mutants, ein1-1 and ein2—1. Root growth
(expressed as relative growth = [length of the root in the
presence of BA/length in the absence] X 100) was inhibited
in wt seedlings by concentrations of BA as low as 10 nm
(Fig. 2A). Root growth in both of the ethylene-resistant
mutants, einl-1 and ein2-1, was more resistant to BA than
it was in wt. As a control, the growth of a standard allele of
the cytokinin-resistant mutant, ckr1-109, was also exam-
ined and showed marked resistance, as previously re-
ported (Su and Howell, 1992). In fact, the degree of BA
resistance in the ein mutants was indistinguishable from
that in ckr1-109.

Since hypocotyl elongation was also inhibited by cytoki-
nin, the BA sensitivity of hypocotyl elongation was com-
pared in the seedlings of wt, ckrl, and ein mutants. Hypo-
cotyl elongation in wt seedlings was as sensitive to BA as
was root elongation (Fig. 2B). In the ethylene-resistant mu-
tants, einl-1 and ein2-1, hypocotyl elongation was as resis-
tant to BA, if not more so, than root elongation. The ckrl-
109 seedlings were also resistant to BA in a manner
indistinguishable from the ein mutants.

Ethylene Inhibitors Partially Relieve Cytokinin Inhibition

As a second test of the involvement of ethylene in the
action of cytokinin, we determined if the effects of cytoki-
nin on hypocotyl and root elongation could be blocked by
ethylene inhibitors (as in Corriveau and Krul, 1986). Silver
ions (from 20 uM AgNQO;), an ethylene-response inhibitor
(Beyer, 1979), were able to overcome to a large extent the
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Figure 2. Dose response of wt and various Arabidopsis mutants
(ckr1-109, ein1-1, and ein2-1) to cytokinin. Seedlings were germi-
nated in the dark on medium containing varying concentrations of
BA. Root and hypocotyl length were measured 4 d after germination.
Root (A) and hypocoty! (B) lengths are expressed as relative lengths
(compared to seedlings grown in the absence of BA). Each point
represents the measurement of at least 20 seedlings, and the error
bars represent the sk.
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Figure 3. The effects of Ag*, an ethylene-response inhibitor, on the
BA-induced inhibition of root and hypocotyl elongation. wt seedlings
were germinated in the dark on medium containing 5 um BA and/or
20 um AgNO,, as indicated. Root (A) and hypocotyl (B} lengths were
measured and are expressed as in Figure 2.

inhibition of root and hypocotyl elongation brought on by
5 pMm BA in wt seedlings (Fig. 3). Five micromolar BA
limited elongation of roots and hypocotyls to about 40% of
untreated controls. In the absence of BA, 20 um AgNO;,
stimulated both root and hypocotyl elongation somewhat,
probably by counteracting the growth-inhibitory effects of
endogenous ethylene production. When added with 5 um
BA, 20 um AgNO; was able to overcome much but not all
of the inhibition caused by cytokinin. Lower or higher
concentrations of AgNO; were unable to relieve the BA
inhibition further (not shown). Thus, an inhibitor of ethyl-
ene response blocked the action of cytokinin and was able
to restore, in part, normal root and hypocotyl growth.

A similar approach was used to determine whether cy-
tokinin action was blocked by an inhibitor of ethylene
biosynthesis, AVG, an inhibitor of ACC synthase (Yang
and Hoffman, 1984). AVG (at 2 um) also restored, albeit not
completely, normal root and hypocotyl growth in the pres-
ence of 5 uM BA (Fig. 4), similar to the effects of Ag™. As
with Ag™, lower or higher concentrations of AVG were
unable to relieve the BA inhibition further (not shown).
Because Ag* and AVG blocked BA action, it was con-
cluded that cytokinin acts “upstream” from the ethylene-
response pathway and that ethylene mediates a major por-
tion of the action of BA on the inhibition of root and
hypocotyl elongation.

Although both AVG and Ag™ blocked the effect of BA,
they did not do so completely (Figs. 3 and 4). Because of
this, it was asked whether the inhibitors blocked the eth-
ylene response incompletely or whether BA inhibition in-
volved more than one mechanism. To answer this question
we tested the ability of Ag™ to block the effects of applied
ethylene. In contrast to its effect on BA inhibition, Ag* (at
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Figure 4. The effects of the ethylene biosynthesis inhibitor AVG on
the BA-induced inhibition of root and hypocotyl elongation. wt
seedlings were germinated in the dark on medium containing 5 um
BA and/or 2 um AVG, as indicated. Root (A) and hypocotyl (B)
lengths were measured and are expressed as in Figure 2.

the concentration described above) was able to relieve com-
pletely ethylene-induced inhibition of root and hypocotyl
elongation (data not shown).

ckr1 Is Resistant to Ethylene and Allelic to ein2

Since the action of cytokinin can be blocked by ethylene
inhibitors, it was important to determine whether the ckrl
mutants were also resistant to ethylene. It was found that,
indeed, root and hypocotyl elongation in ckr1-109 was as
resistant to the growth-inhibitory effects of ethylene as it
was in the ein mutants (Fig. 5, A and B). Both root and
hypocotyl elongation were inhibited above 0.1 pL L7!
ethylene (in air) in wt seedlings, whereas no statistically
significant effects were observed in einl1-1, ein2-1, or ckrl—
109 up to about 1 uL L™" ethylene.

Because ckr1-109 is resistant to ethylene, the relationship
of the genes responsible for ckrl and known ethylene mu-
tants was examined. In an earlier report, ckrl was mapped
to chromosome 5 in the Arabidopsis genome. Further map-
ping analysis confirmed that ckrl was indeed located on
chromosome 5 but not near RFLP marker 211, as previ-
ously reported. Using CAPS markers, we found that ckrl
was located near the top of chromosome 5, in the vicinity of
CTR1 (Fig. 6). A CAPS marker was developed for CTR1
based on the published sequence, but it was found that ckrl
did not co-segregate consistently with CTRI, but was lo-
cated about 2 centimorgans away, close to the ethylene-
resistance gene EIN2. EIN2 was originally reported on
chromosome 4 (Kieber et al., 1993); however, the map
position of EIN2 has been corrected to chromosome 5 (Ara-
bidopsis data base). To determine whether ckr1 is allelic to
ein2, ckr1-109 and ckr1-50 were crossed with ein2-1. The F;
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progeny were cytokinin resistant (non-complementing
phenotype), indicating that the ckr1-109, ckr1-50, and
ein2-1 are allelic.

Cytokinin Stimulates Ethylene Production

The above data show that ethylene appears to mediate
the cytokinin inhibition response; in part, however, they do
not address the question whether cytokinin stimulates the
production of ethylene. Therefore, ethylene production in
response to varying concentrations of BA was measured
over a 24-h period between 3 and 4 d after germination.
(This time was chosen because it represents a period in
seedling development when the difference in root and
hypocotyl growth between untreated and BA-treated seed-
lings was most apparent.) The amount of ethylene pro-
duced in response to different doses of BA was compared
to the inhibition of root and hypocotyl elongation. Ethylene
production was detected at low concentrations of BA but
was most significant above 0.1 um BA (Fig. 7). There was a
close correlation between the increase in ethylene produc-
tion and the inhibition of root and hypocotyl e.ongation.
(The dose responses are somewhat different from those
shown in Fig. 1. To collect detectable quantities of ethylene,
seeds had to be sown more densely. The seedlings may be
more sensitive to BA when sown at higher density because
of the accumulation of ethylene and CO, and the depletion
of O,.)

To determine whether the amount of ethylene produced
in response to cytokinin could account for the inhibition in
root and hypocotyl elongation, an approach was taken
similar to that described by Bertell and Eliasson (1992). The
amount of ethylene generated in response to cytokinin that
produces a given growth inhibition effect was coinpared to
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Figure 5. Dose response of wt and various Arabidopsis mutants to
ethylene. Seedlings were germinated in the dark and exposed to
varying concentrations of ethylene. Root and hypocoty! length were
measured 4 d after germination. Root (A) and hypocotyl (B) lengths
are expressed as described in Figure 2.
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CKR1/EIN2 2.4+ 0.2 M
CTR1 (n=190)
49+0.2cM
ASA-1 (n=63)
(14.8)
17.0+£ 3.3 cM
(n=43)
AR119 -
(25.9)
42.4+7.3cM
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Figure 6. Location of CKRT on chromosome 5 of the Arabidopsis
genome. The map position of CKRT was determined in relationship
to standard CAPS markers ASA-T and DFR, to a CAPS marker gen-
erated from the sequence of CTR7, and to an RFLP marker, AR779.
The markers and their map positions, in parentheses, are shown on
the left. The distance in centimorgans (£st) between CKR1 and the
other markers is shown on the right. The number (n) of F, progeny
used in the mapping analysis is indicated in parentheses below the
map distances.

the amount of ethylene that gives the same inhibitory effect
in response to ACC, a precursor of ethylene (Fig. 8). If all
the growth inhibition from cytokinin resulted from the
production of ethylene, then the amount of ethylene gen-
erated in response to cytokinin should be the same as the
ethylene levels generated in response to concentrations of
ACC that inhibited hypocotyl elongation to a similar ex-
tent. We found that the amount of ethylene produced by
BA application corresponding to a 50% reduction in
growth of the hypocoty! (22 uL h™! seedling™ 107®) was
less than that produced by ACC application at a similar
level of inhibition (48 uL h™" seedling ™" 10~®). The differ-
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Figure 7. Ethylene production in dark-grown, wt Arabidopsis seed-
lings in response to various concentrations of BA. Ethylene was
collected over a 24-h period between 3 and 4 d after germination.
Hypocotyl lengths were measured and are expressed as in Figure 2.
Arrows indicate the rate of ethylene production corresponding to
50% inhibition of hypocotyl elongation.
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Figure 8. Ethylene production in dark-grown, wt Arabidopsis seed-
lings in response to various concentrations of ACC. Ethylene was
collected over a 24-h period between 3 and 4 d after germination.
Hypocotyl lengths were measured and are expressed as in Figure 2.
Arrows indicate the rate of ethylene production corresponding to
50% inhibition of hypocotyl elongation.

ences in the amount of ethylene evolved (in the linear
phases of ethylene evolution) were generally greater for
ACC treatment than for BA, but the differences were more
pronounced at higher levels of inhibition. Roots showed a
similar relationship between the levels of ethylene pro-
duced in response to BA and ACC at comparable levels of
growth inhibition (data not shown).

Sensitivity to Ethylene Is Unaffected by Cytokinin

We have shown above that BA stimulates ethylene pro-
duction, which can, in part, account for the inhibitory effect
of cytokinin on seedling growth. It is possible that BA
might also enhance the sensitivity of seedlings to ethylene.
To examine this possibility, dose responses to ethylene
were determined in seedlings grown in the presence of
various concentrations of cytokinin. Because it has been
shown that BA stimulates the production of ethylene, the
production of endogenous ethylene was controlled by 5 um
AVG. Under these conditions a family of dose-response
curves was generated, each at a different concentration of
BA (Fig. 9). It can be seen that the ethylene dose responses
at different concentrations of BA are similar, indicating that
under these conditions cytokinin did not significantly alter
the seedling response to ethylene.

DISCUSSION

The role of cytokinin in seedling developmental pro-
cesses is not well established. Many of the morphogenic
changes produced by cytokinin in Arabidopsis seedlings are
similar to those that result from the action of ethylene
(Guzmaén and Ecker, 1990). In our experiments we have
seen diagnostic signs of an ethylene response after treat-
ment of seedlings with BA. In addition, we have shown
that cytokinin generates ethylene in seedlings and that the
production of ethylene accounts in large part for action of
BA on root and hypocotyl elongation. However, as has
been pointed out by others, cytokinin also causes morpho-
genic changes in seedlings that are similar to those pro-
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Figure 9. Dose response to ethylene of dark-grown, wt Arabidopsis
seedlings grown in various concentrations of BA in the presence of 2
uM AVG. Ethylene dose responses were generated as described in
Figure 2. Root (A) and hypocotyl (B) lengths were measured and are
expressed as in Figure 2.

duced by light (Chory et al, 1994). In particular, the
de-etiolated phenotype exhibited by det mutants is remi-
niscent of cytokinin action. Because of that it has even been
suggested that cytokinin may be an intermediate in the
light-response pathways. However, our results show that
some of the prominent cytokinin responses, such as inhi-
bition of hypocotyl elongation, are largely mediated by
ethylene. Obviously, light, cytokinin, and ethylene re-
sponses are not serially coupled to effectuate the action of
light. If they were, then light-induced de-etiolation effects
could be blocked by ethylene inhibitors or ethylene-resis-
tant mutants. In addition, as has been pointed out by
workers in the ethylene field, the effects of light and cyto-
kinin/ethylene on hypocotyl elongation are different (Eis-
inger, 1983). Ethylene inhibits hypocotyl elongation by re-
directing longitudinal growth in a radial direction.

The coupling between cytokinin and ethylene was not
obvious in establishing conditions used to screen for cyto-
kinin-resistant mutants (Su and Howell, 1992). First, the
levels of BA used in the screens were low (micromolar to
submicromolar) to avoid the general stress responses usu-
ally associated with ethylene action. Second, the mutants
were selected in the light (Su and Howell, 1992), and light
masks most ethylene growth responses except for its effects
on root growth. Third, even in the dark, BA-treated seed-
lings did not always display diagnostic ethylene responses.
A possible reason is that the morphology of BA-treated
seedlings appears to be a composite of cytokinin acting on
its own and cytokinin activating other responses. For ex-
ample, the tight coiling of the apical hook, one of the more
obvious diagnostic features of an ethylene response in
Arabidopsis seedlings (Guzmdn and Ecker, 1990), is BA dose
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dependent, and at high BA concentrations coiling appears
to be counteracted by other effects of cytokinin on the
apical hook (C. Smart, unpublished observations).

We have shown in this study that the effects of exoge-
nous cytokinin on root and hypocotyl elongation can be
largely, although not entirely, accounted for by the produc-
tion of ethylene. The argument is based on several exper-
iments, including an approach originally described by Ber-
tell and Eliasson (1992) in which one compares the amount
of ethylene evolved in response to two different agents (BA
and ACC) that give the same level of biological effect. In
addition, we have found that the effects of cytokinin on
root and hypocotyl elongation can be reversed, although
not entirely, by ethylene inhibitors. The same concentra-
tions of these inhibitors can entirely reverse the action of
exogenous ethylene. Therefore, it appears that BA has a
residual effect on root and hypocotyl elongation that is not
mediated by ethylene. Whether that effect is mediated
directly by cytokinin or by yet another growth regulator is
an unanswered question.

Coupling Cytokinin Action to Ethylene

Ethylene is coupled to the action of other plant hor-
mones. For example, auxin inhibition of apical hook open-
ing in bean seedlings is largely mediated by ethylene (Kang
et al., 1967). Auxin stimulates ethylene biosynthesis (Jones
and Kende, 1979) and the expression of the ACC synthase
gene encoding the controlling enzyme in ethylene biosyn-
thesis (Sato and Theologis, 1989). To distinguish between
auxin and ethylene action, a common approach has been to
use ethylene inhibitors. Romano et al. (1993) employed the
action of ACC deaminase to uncouple auxin effects from
ethylene production. The coupling between auxin and eth-
ylene action may affect the phenotypes of auxin. mutants.
Two Arabidopsis mutants selected for resistance to auxin at
the seedling stage, the dominant mutant AXR! and the
recessive mutant aux1, are both resistant to ethylene (Wil-
son et al., 1990).

Like auxins, cytokinins also stimulate ethylene produc-
tion (Mattoo and White, 1991), especially in stressed tissue
(Wright, 1980; McKeon et al., 1982; Kao and Yang, 1983;
Khan et al.,, 1988). Cytokinins are more effective in stimu-
lating ethylene production in conjunction with auxin, par-
ticularly in young tissue (Fuchs and Lieberman, 1968; Aha-
roni et al., 1979). Lau and Yang (1974) reported that the
stimulation of ethylene production by cytokinin in con-
junction with auxin was different from the stimulation by
cytokinin plus Ca®*. In particular, the time course for the
production of ethylene differed under the two conditions.
Like auxin, BA has been shown to stimulate ACC synthase
activity in mung bean hypocotyls (Yoshii and Imaseki,
1981).

Some of the characteristics of cytokinin overproduction
in transgenic plants expressing the bacterial isopentenyl
transferase gene may be, in fact, ethylene responses. For
example, cytokinin overproduction inhibits root formation
and reduces stem and leaf area (Memelink et al., 1987;
Medford et al., 1989). In addition, cytokinin overproduc-
tion stimulates the expression of genes normally expressed
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in response to stress (Memelink et al., 1987; Harding and
Smigocki, 1994). These responses might be ethylene re-
sponses elicited indirectly by the action of cytokinin. Some
of the properties of ampl, the Arabidopsis mutant with
altered levels of cytokinin, might also be a consequence of
ethylene production. For example, the ampl mutant has
a de-etiolated phenotype with a shortened hypocotyl
(Chaudhury et al., 1993). It needs to be examined if the
hypocotyl phenotype in the mutant is largely an ethylene
response.

ckr Mutants

Consistent with the observations in this study that the
action of cytokinin is coupled to the ethylene responses in
Arabidopsis seedlings, we have found that mutations in the
CKR1 gene are allelic to mutations in EIN2, a gene that
encodes a component of the ethylene-response pathway.
The ethylene-response pathway has been defined by mu-
tational analysis and largely represents a linear cascade of
protein phosphorylation steps. EIN2 occupies a position
downstream from CTR1 (Kieber and Ecker, 1993). Muta-
tions in EIN2 are epistatic to those in CTR1 in that the ctr1
phenotype is not expressed in the double ctr1 ein2 mutants
(Ecker, 1994). Although ckr1 is allelic to ein2, that fact may
not have any special significance with respect to how the
pathways are coupled. We have shown that the coupling
occurs largely through ethylene production and not
through ethylene responses. Therefore, the cytokinin signal
is probably not fed into the ethylene pathway at the site
where EIN2 acts. The fact that the five cytokinin-resistant
mutants isolated so far have turned out to be ein2 alleles, as
opposed to other ethylene-pathway mutations, may only
reflect the fact that ein2 mutations have a severe phenotype
and are more frequently picked up even in a search for
ethylene-resistant mutants (J.R. Ecker, personal communi-
cation). However, it would be interesting to determine if
the alleles obtained through cytokinin screening are a dis-
tinct class compared to those obtained by screening di-
rectly with ethylene.

Cytokinin has other effects on seedling development that
do not appear to be mediated by ethylene, such as cotyle-
don opening and expansion (A.J. Cary and C. Smart, un-
published observations). Those effects can be easily ob-
served in ein mutant seedlings treated with BA. Additional
cytokinin-response mutants could be obtained by screen-
ing for abnormal cotyledon opening and expansion re-
sponses to cytokinin in mutant seedling populations. In
addition, it is possible that other cytokinin mutants can be
obtained by the same procedures that were used to screen
for the ckrl mutants. Cytokinin-response mutants that are
defective in steps upstream from the ethylene pathway
would be expected to have the same root and hypocotyl
phenotype as ckrl, except that these mutants would be
ethylene sensitive.
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