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ZEA3: A Negative Modulator of Cytokinin Responses in 
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In  Nicotiana plumbaginifolia cytokinins affect seedling develop- 
ment by inhibiting root growth and hypocotyl elongation and by 
stimulating cotyledon expansion. The zea3.1 mutant was selected 
for i t s  inability to grow in  conditions of low nitrogen and for i t s  
ability to grow independently on inhibitory concentrations of zeatin 
(J.D. Faure, M. Jullien, M. Caboche [19941 Plant J 5: 481-491). The 
zea3.1 growth response to cytokinins i s  reflected by an increase in 
cotyledon expansion due to cell division and by a swelling of the 
hypocotyl dueto cell enlargement. An analysis of the seedling’s root 
length and fresh weight over a wide range of benzyladenine con- 
centrations showed that zea3.1 plants exhibit a higher sensitivity 
and an amplified response to  cytokinins. A similar response of 
zea3.1 to benzyladenine was also seen in  the expression of msrl, a 
cytokinin-regulated gene. Regulation of msrl expression by protein 
phosphorylation was unaffected by the zea3.1 mutation. No signif- 
icant differences i n  cytokinin and auxin levels were found between 
zea3.1 and wild-type seedlings, suggesting that the mutant phe- 
notype i s  not caused by an alteration of these hormone levels. The 
data presented suggest that ZEA3 negatively modulates cytokinin 
responses and may function as a broad regulator of seedling 
development. 

Cytokinins were originally identified by their role in 
plant organogenesis and by their ability to regulate the 
division of plant cells in combination with auxin (for re- 
view, see Krikorian [1995]). Today it is known that cytoki- 
nins are involved in many aspects of plant growth and 
development, such as apical dominance, photomorphogen- 
esis, chloroplast biogenesis and maintenance, assimilate 
mobilization and translocation, and senescence (for re- 
views, see Binns [1994]; Mok [1994]). Unfortunately, plant 
responses to exogenously supplied cytokinins are slow and 
influenced by environmental factors or other hormones. 
The complex nature of responses to cytokinins have hin- 
dered the biochemical and molecular analyses of cytokinin 
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action. Therefore, despite the involvement of cytokinins in 
a large number of processes, their mode of action remains 
almost unknown (Davis, 1995). 

As for other hormone systems in animals and plants, it 
can be assumed that cytokinins first bind to a receptor 
protein, inducing a cascade of reactions that finally mediate 
the expression of target genes. In fact, several cytokinin- 
binding proteins have been purified, but their confirmation 
as cytokinin receptors awaits the development of suitable 
test systems (Binns, 1994). Similarly, several cytokinin- 
regulated genes have also been isolated (for review, see 
Binns [1994]). Most of these are also regulated by other 
hormones, light, nutritional status, or various stresses. One 
of the best-characterized examples of kinetics and sensitivity 
of the response is the msrl (multiple stimulus response) gene 
from Nicotiana plumbaginifolia (Dominov et al., 2992). This 
gene is a member of a family of environmentally responsive 
genes that are related to the stringent-starvation response 
from Escherichia coli. The expression of msrl is transiently 
induced in the N. plumbaginifolia cell culture by auxin and 
cytokinin, although the kinetics differ between the two hor- 
mones. The cytokinin response peaks 24 h after hormone 
application, whereas the auxin response peaks earlier (3-6 
h). It is interesting that the cytokinin pretreatment enhanced 
a subsequent auxin treatment. Dominov and co-workers 
proposed that cytokinin may sensitize an auxin response or 
block a feedback inhibition of the auxin response. 

The genetic analysis of hormone mutants has been used 
successfully to investigate the mode of action of various 
plant hormones. To analyze the cytokinin response in 
higher plants, mutants have been isolated by selecting 
phenotypes similar to cytokinin-overproducing or -insen- 
sitive plants (Wang, 1994). Two Arabidopsis thaliana mu- 
tants belonging to the first category have been described: 
ampl (altered meristem program), which has an increased 
leve1 of endogenous cytokinin, and detl  (de-etiolated), 
which seems to have a higher sensitivity to cytokinins 
(Chory et al., 1991, 1994; Chaudhury et al., 1993). Severa1 
Arabidopsis-insensitive mutants, cyrl (cytokinin response), 
s t p l  (stunted plant), and ckrl (cytokinin resistance), were 
isolated on the basis of root elongation on inhibitory con- 
centrations of cytokinin (Su and Howell, 1992; Baskin et al., 
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1995; Deikman and Ulrich, 1995). Whereas cyrl and stpl 
seem to be specific to cytokinin, ckrl was shown to be 
insensitive to ethylene and allelic to the ethylene- 
insensitive mutant ein2 (Cary et al., 1995). In N. plumbag- 
inifolia the ckrllibalesg mutant was classified as cytokinin- 
resistant because it germinates on higher cytokinin 
concentrations than the wild type, and the mutant leaves 
continue to develop at cytokinin concentrations inhibitory 
to the wild type (Bitoun et al., 1990; Blonstein et al., 1991; 
Parry et al., 1991). As with the Arabidopsis ckrl mutant, the 
ckrllibalesg mutation is not cytokinin-specific. This mutant 
has a defect in the last step of ABA biosynthesis and is also 
insensitive to auxin and to the GA, biosynthesis inhibitor 
paclobutrazol (Bitoun et al., 1990; Blonstein et al., 1991; 
Parry et al., 1991). 

The zea mutants were isolated for their cotyledon expan- 
sion induced by a high zeatin concentration (Jullien et al., 
1992) and classified into three complementation groups 
called Zeal (three mutants), Zea2 (two mutants), and Zea3 
(mutant 203.1). A11 zea mutations were monogenic and 
recessive. On cytokinin-supplemented media, zea seedlings 
developed cotyledon and hypocotyl hypertrophy, whereas 
wild-type seedling growth was inhibited. In the absence of 
cytokinins the zea3 mutant exhibited a specific develop- 
mental phenotype. The mutant germinates with fused cot- 
yledons that never separate (Faure et al., 1994). A new 
mutant presenting a similar fused cotyledon phenotype 
(mutant 203.6) was identified in a screen for nitrate reduc- 
tase regulatory mutants on the basis of its inability to grow 
on low-nitrogen medium (Faure et al., 1994). This growth 
defect was due to the low nitrogen to SUC ratio in the 
culture medium and could be reversed by increasing the 
concentration of nitrogen in relation to SUC. Genetic anal- 
ysis showed that 203.1 and 203.6 were allelic and probably 
identical (Faure et a]., 1994). Thus, the alteration of cotyle- 
don development, primary metabolism, and cytokinin- 
growth responses appeared to be linked to a single locus, 
Zea3. 

To understand the role of zea3 in cytokinin responses, we 
undertook a detailed analysis of the developmental and the 
molecular responses of zea3.1 to cytokinins. The results 
show that the development of seedlings and the expression 
of a cytokinin-activated gene are hypersensitive to cytoki- 
nins in zea3.1. zea3.1 displayed a normal leve1 of cytokinins, 
suggesting that the mutation alters the hormone sensitiv- 
ity. The ZEA3 protein would negatively regulate cytokinin 
responses during the germination of plant seedlings. 

MATERIALS AND METHODS 

Plant Material and Crowth Conditions 

Seeds of the haplo-diploid Nicotiana plumbaginifolia cv 
Viviana line pbHID and the zea3.1 mutant (Faure et al., 
1994) were germinated on B medium (Caboche, 1987) sup- 
plemented with 10 mM nitrate (control conditions). Seed 
dormancy was broken by keeping the cultures for the first 
10 d under low-temperature /low-light conditions before 
transferring them to standard culture conditions for 10 d 
more (Faure et al., 1994). Seedlings were harvested at 3 

weeks, when the cotyledons were fully expanded but be- 
fore the first leaves appeared. 

Hormone Treatments 

BA was purchased from Sigma, and CPPU and PU-14 
were kindly provided by Michel Laloue (Institut National 
de le Recherche Agronomique, Versailles, France). BA, 
CPPU, and PU-14 were dissolved in DMSO. The final 
DMSO concentration never exceeded 1% (v/v). For short- 
term treatments, the substrates were diluted in 3 mL of 
liquid B medium on the top of plates. Control seedlings 
were treated with 3 mL of liquid B medium and the ap- 
propriate DMSO concentration. 

Root Length and Fresh Weight Measurements 

The fresh weight is given as the average fresh weight per 
seedling calculated from three pools of 10 seedlings. 

The root length was measured by harvesting 30 seed- 
lings, aligning and drying them on plastic covers at room 
temperature, and scanning the roots using the VISILOG 
software, as described by Orbovic and Kieu (1996). 

RNA Analysis 

Seedlings were harvested and frozen in liquid nitrogen. 
Total RNA was extracted and analyzed as described pre- 
viously (Kay et al., 1987; Sambrook et al., 1989). Hybrid- 
ization using nylon membranes (Hybond N+, Amersham) 
was performed in the presence of 50% formamide and 5X 
SSPE at 42°C using randomly [32P]dCTP-labeled probes. 
The membranes were washed at 65°C in 0.2x SSPE and 
0.5% SDS and subsequently autoradiographed; they were 
rehybridized severa1 times. Between each hybridization the 
membranes were stripped for 2 h at 65°C in 0.1% SDS, 0.001 
M EDTA, and 0.005 M Tris, pH 7.5. A 0.9-kb XhoI/BamHI 
cDNA insert of pLS216 (Dominov et al., 1992) was used to 
analyze msrl expression. The P-ATP synthase probe 
(ATPase) was the complete cDNA from the P-subunit of N. 
pltlmbaginifolia (Boutry and Chua, 1985). The relative RNA 
accumulation was analyzed in a11 of the experiments as 
described below. 

Computer Analysis of RNA Expression 

An XRS (3 CX:6 CS) scanner attached to a Sun Sparc IPC 
microcomputer with a color monitor (Bioimage, Ann Ar- 
bor, MI) was used as hardware. Bands were quantified 
using one-dimensional analysis software (Visage, version 
4.6, Bioimage). Each autoradiograph was scanned as de- 
scribed previously (Santoni et al., 1994). The relative RNA 
accumulation was calculated by dividing the relative msrl 
expression by the relative expression of the P-ATPase. The 
relative expression was calculated by dividing each spot- 
quantified value by the highest value of the autoradio- 
graph. For clarity, the highest relative RNA accumulation 
of the wild type was set at 100% in each experiment. 



A Cytokinin-Response Modulator 1179

Light Microscopy

Seedlings were vacuum-infiltrated with 0.2% glutaralde-
hyde and 4% formaldehyde and subsequently fixed for
24 h at 4°C. Following a dehydration in ethanol the seed-
lings were embedded in Historesin TM (Leica). Sections
(3-5 JUM) were made with a microtome (Jung RM 2055,
Leica) and stained with toluidine or methylene blue.

Hormone Measurements

Auxin and cytokinin concentrations were analyzed by
ELISA, as previously described (Kraepiel et al., 1995). The
material used in the experiments was 3-week-old seedlings
grown in a controlled culture chamber. Several hundred
seedlings were collected at a time, frozen in liquid nitrogen,
and lyophilized prior to grinding into powder. Extractions
were performed in nonoxidative methanol:water (80:20,
v/v) followed by a prepurification step and fractionation
with HPLC (Beckman) in a 0.2% formic acid:methanol gra-
dient. The fractions collected were analyzed by ELISA with
polyclonal antibodies against IAA (Julliard et al., 1992),
zeatin, and isopentenyl adenosine (Kraepiel et al., 1995). The
dosages were determined at least five times on independent
batches of seedlings.

RESULTS

BA Induces Cotyledon and Hypocotyl Hypertrophy in
Wild-Type and zea3.1 Seedlings

The phenotypes of zea3.l and wild-type seedlings grown
for 3 weeks in the presence of 0 to 50 /HM BA are shown in
Figure 1. In the absence of BA the mutant had fused coty-
ledons, longer roots, and a shorter hypocotyl than the wild
type (Fig. 1, A and C). A variety of phenotypic changes was
observed with increasing BA concentration, including in-
hibition of hypocotyl elongation in the wild type and inhi-
bition of root growth and swelling of the hypocotyl in both
the wild type and the mutant (Fig. 1, A-C). Swelling of the
hypocotyl and expansion of the cotyledons were exagger-
ated in zect3.1 at all BA concentrations tested (Fig. 1, A and
C). The response of the wild-type cotyledons to BA was
more complex and concentration-dependent. At low con-
centrations (1-100 nM BA) cotyledon expansion was inhib-
ited, whereas at higher concentrations (1-10 JUM BA) the
inhibition was partially reversed (Fig. 1 A). Further increase
in the BA concentration to 50 JUM completely blocked the
development of wild-type seedlings. The mutant cotyle-
dons and hypocotyls were still able to expand at 50 JUM BA
and in some cases adventitious shoots developed on hypo-
cotyls after 3 weeks of growth (Fig. 1A; data not shown).

BA-lnduced Hypertrophies Are Associated with Cell
Division and Cell Enlargement

In the absence of BA the mutant hypocotyl is much
shorter than the wild-type hypocotyl. Longitudinal hypo-
cotyl sections failed to show any differences in cell size or
shape between the wild type and the mutant (Fig. 2, A and

Figure 1. Phenotypes of wild-type and zea3.1 seedlings. A, Compar-
ison of wild-type and zea3.1 morphologies on increasing cytokinin
concentrations. Seedlings of wild-type (top) and zea3.1 (bottom)
were grown for 21 din the presence of 0, 1 nM, 10 nM, 100 nM, 1 /J.M,
10 /U.M, and 50 JUM BA (left to right). B, Wild-type phenotype in the
presence of cytokinin. Wild-type seedlings were grown for 21 d in
the absence (left) or in the presence (right) of 5 /HM BA. C, Phenotype
of zea3.1 in the presence of cytokinin. The zea3.1 seedlings were
grown for 21 d in the absence (left) or in the presence (right) of 5 /U.M
BA.

E), suggesting that the shorter hypocotyl of zea3.l was
caused by a reduced number of cells along the hypocotyl.
The meristem of zea3.~L seedlings showed no obvious dif-
ferences in cell size or cell number compared with the wild
type (Fig. 2, A and E). The overall cotyledon structure was
similar in both the wild type and mutant, except that the
cells were larger in the mutant and the cotyledons were
fused along their epidermis (Fig. 2, C and E; Faure et al.
[1994]).

In the presence of BA zea3.l and, to a lesser extent, the
wild type showed cell enlargement of the hypocotyl and
cell proliferation in the cell layers below the meristem (Fig.
2, B and F). The BA-induced response in the hypocotyl of
zca3.l seedlings was more pronounced (compare B and F in
Fig. 2). BA promoted greater cell proliferation in cell layers
below the meristem in zea3.1 (Fig. 2, B and F). Cotyledons
were enlarged in both the wild type and mutant in re-
sponse to BA. In the wild type this enlargement was due to
an increase of the cell size, whereas the number of cells and
cell layers did not change (Fig. 2, C and D). In the mutant
the enlargement was mainly due to an increase in cell
numbers, whereas cell size did not change significantly
(Fig. 2, E and F).



1180 Martin et al. Plant Physiol. Vol. 114, 1997

Figure 2. Sections of wild-type and zea3.1 seedlings. A and B, Longitudinal sections of wild-type hypocotyls in the absence
(A) and in the presence (B) of 5 JAM BA. C and D, Longitudinal sections of wild-type cotyledons in the absence (C) and in
the presence (D) of 5 /J.M BA. E and F, Longitudinal sections of zea3.1 seedlings in the absence (E) and in the presence (F)
of 5 PLM BA. The black arrowheads show the fusion zone of the cotyledons, m, Meristem; co, cotyledon; sc, seed coat; Ip,
leaf primordia; and hy, hypocotyl. All sections are at the same magnification and the bars represent 800 /LUTI.

zea3.1 Has Greater Sensitivity to BA

Root length and fresh weight were analyzed in wild-
type and mutant seedlings grown on a wide range of BA
concentrations, as shown in Figure 3. In the absence of
BA, the roots of the zeu3.1 seedlings were twice as long as
those of the wild-type (Fig. 3A). Increasing concentrations
of BA inhibited wild-type and zea3.1 root growth, but the
degree of inhibition was greater for zea3.\ and occurred
at lower concentrations of BA than for the wild type
(Fig. 3A). Fifty-percent inhibition of root growth was
observed at 10 nM for zea3.1 and at 50 nM for the wild
type. Mutant root growth also showed greater inhibition
by BA. Both the wild type and the mutant exhibited
maximum inhibition at 1 JIM BA, but maximum root
inhibition was 95% for mutant roots compared to 60% for
wild-type roots.

Measurements of seedling fresh weight, as shown in
Figure 3B, were used to examine the effects of BA on

cotyledon and hypocotyl growth. The normalized fresh
weight of mutant seedlings grown in the absence of BA
was 35% lower than the fresh weight of wild-type seedlings
germinated under the same conditions. In wild-type seed-
lings low BA concentrations (0.001-0.01 JIM) reduced fresh
weight to 30% of seedlings grown without BA (Fig. 3B). At
higher BA concentrations (1-10 JU.M), expansion of the cot-
yledons accounted for increased wild-type fresh weight to
65% of those grown without BA (Fig. 3B). In contrast to the
wild type, the fresh weight of the zea3.l seedlings never
decreased, but slightly increased, at low BA concentrations
(Fig. 3B). Because of cotyledon hypertrophy, the zea3.1
fresh weight further increased with increasing BA concen-
trations and reached a maximum at 1 JUM BA, 4 times
higher than the fresh weight of seedlings grown without
BA (Fig. 3B).

Comparison of the relative BA dose response of fresh
weight increase and root growth inhibition showed that in
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Figure 3. A, Cytokinin-induced root-length inhibition in wild-type
and zea3.1 seedlings. The root lengths of 3-week-old wild-type and
zea3.1 seedlings germinated in the presence of increasing BA con-
centrations were measured. Values are the means of 30 seedlings and
are expressed (mean and SE) as percentages of control root length
(without BA). The root lengths of the wild type and zea3.1 in the
absence of BA are 6.14 ± 0.32 and 11.07 ± 0.43 mm, respectively.
B, Cytokinin-induced fresh weight variation in wild-type and zea3.1
seedlings. Fresh weights of 3-week-old wild-type (wt) and zea3.1
seedlings germinated in the presence of increasing BA concentra-
tions were measured. Values correspond to the means of three
replicates of 10 seedlings and are expressed (mean and SE) as per-
centages of control fresh weight (without BA). The fresh weights of
the wild type and zea3.1 in the absence of BA are 2.72 ± 0.12 and
1.78 ± 0.18 mg per seedling, respectively.

responses were shifted to lower cytokinin concentra-
tions. Additionally, the amplitudes of these responses in
both cases were higher in the mutant than in the wild type.
This indicates that zea3.l is more sensitive and has an
amplified response to BA.

The Expression of msrt, a Cytokinin-Regulated Gene, Is
Regulated but Overexpressed in zea

Morphological responses in zea3.1 were more sensitive to
BA than in the wild type. To determine whether cytokinin-
induced gene expression was also more sensitive, the ex-
pression of the cytokinin- and auxin-regulated N. plumbag-
inifolia gene msrl was analyzed (Dominov et al., 1992).
Figure 4A shows msrl mRNA expression in mutant and
wild-type seedlings grown for 3 weeks in the absence or

msrl
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Figure 4. Regulation of msrl expression in wild-type and zea3.1
seedlings by cytokinins. A, Comparison of BA induction of msrl in
wild-type and zea3.1 seedlings. Wild-type (W) and zea3.1 (Z) seed-
lings were germinated for 21 d on B medium (-), B medium for 20 d
and supplemented with 5 JAM BA for 24 h (24h), or B medium
supplemented with 5 JU.M BA for 21 d (21 d). Ten micrograms of total
RNA was used per sample for northern-blot analysis to detect the
expression of the msr! gene. A /3-ATPase-specific probe was used for
control hybridization. B, Induction of msrl in wild-type and zea3.1
seedlings by active cytokinins. Wild-type (W) and zea3.1 (Z) seed-
lings were germinated for 21 d on B medium ( —) or B medium
supplemented for 24 h with 5 JJ.M BA (BA), 5 JU.M CPPU, or 5 /J.M
PU-14. Northern analysis was performed as described in A. C, Effect
of BA concentration on msr! expression in wild-type and zea3.1
seedlings. Wild-type (W or wt) and zea3.1 (Z) seedlings were germi-
nated for 21 d on B medium and supplemented with 0 to 20 /LIM BA
for 24 h. Ten micrograms of total RNA was used per sample for
northern-blot analysis using the msrl (inset, top row) and the
/3-ATPase-specific (bottom row) probes. The relative msr! RNA ac-
cumulation values presented here were calculated as described in
"Materials and Methods." For clarity, the highest relative RNA accu-
mulation of the wild type was set at 100% (20 H.M BA).
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presence of 5 JU.M BA (lanes — and 21d BA). The basal level
of msrl expression was nearly 3 times higher in the mutant
than in the wild type. Growth on 5 /HM BA increased the
accumulation of msrl mRNA in wild-type seedlings about
9-fold. Mutant seedlings also showed an increased level of
msrl mRNA but at about 3- to 4-fold. Consequently, the
expression levels in wild-type and mutant seedlings were
similar. It has been reported, however, that msrl expression
is inducible in cell culture by a 24-h BA treatment (Domi-
nov et al., 1992). Hence, msrl expression was used to ana-
lyze the short-term response of wild-type and zea3.1 seed-
lings to BA. Seedlings were grown for 3 weeks and then
supplied with 5 JAM BA for 24 h and msrl expression was
analyzed (Fig. 4A, lanes 24 h BA). A weaker induction of
msrl expression, only 2.5 times, was seen in wild-type
seedlings when incubated with BA for 24 h compared with
3 weeks. In zea3.l seedlings msrl expression was already 3
times higher in the absence of BA, but a further 4- to 5-fold
increase was observed after a 24-h BA treatment. Thus, the
expression of msrl following application of BA for 24 h was
stronger in zea3.1 than in wild-type seedlings. The expres-
sion of msrl was also induced by a urea-type cytokinin,
CPPU, but not by an inactive cytokinin derivative, PU-14
(Dias et al., 1995) (Fig. 4B). The induction by 5 /J.M CPPU,
however, was less pronounced than by the same concen-
tration of BA.

Analysis of the msrl mRNA level in zea3.1 and the wild
type revealed an increase in the short-term response to BA
in the mutant. To compare the relative sensitivity of zea3.1
and the wild type to BA, the expression of msrl was mon-
itored over a wide range of BA concentrations (Fig. 4C). As
expected, both the wild type and zea3.1 showed an increase
in msrl expression with increasing BA concentrations.
However, the increase in msrl expression was significantly
higher in zra3.1 seedlings than in the wild type (Fig. 4C),
indicating that zea3.I is more sensitive to BA regarding the
expression of msrl.

Protein Phosphorylation Regulates msrl Expression
Independently of ZEA3

The hormone induction of msrl expression is affected by
protein kinases and phosphatases (Dominov et al., 1992).
We examined the effects of kinase and phosphatase inhib-
itors on the hormone induction of msrl in the zea3.1 mutant
to determine whether ZEA3 function is related to protein
phosphorylation. Staurosporin (a protein kinase inhibitor)
and okadaic acid (a protein phosphatase 1 and 2A inhibi-
tor) (Haystead et al., 1989) were used to analyze the influ-
ence of protein phosphorylation on msrl expression. The
incubation of 3-week-old seedlings with 10 JU.M Stauros-
porin for 24 h stimulated msrl expression in the wild type
and in the mutant (Fig. 5A) and resulted in a similar level
of expression in both. This suggested that msrl expression
is under negative control by the action of a protein kinase
and that this control is still operative in the mutant. The
combined treatment of 5 /LIM BA and 10 /J.M Staurosporin for
24 h caused a similar stimulation of msrl expression in
wild-type and zea3.1 seedlings (Fig. 5A). However, msrl
expression was increased in comparison with the applica-
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Figure 5. Influence of BA, Staurosporin, and okadaic acid on msrl
expression. A, BA-independent induction of msrl expression by
Staurosporin. Wild-type (W) and zea3.1 (Z) seedlings were germi-
nated for 3 weeks on B medium (-) and supplemented with 10 ^M
Staurosporin (S), 5 .̂M BA (BA), or the two in combination (BA+S).
Seedlings were harvested 24 h after the beginning of the treatment. B,
Okadaic acid did not change the expression of msrl in the wild type
and zea3.1. Wild-type (W) and zea3.1 (Z) seedlings were germinated
for 3 weeks on B medium (-) and supplemented with 5 /J.M BA for
24 h (BA), 0.2 /J.M okadaic acid for 36 h (O), or 0.2 /LIM okadaic acid
for 36 h and 5 p,M BA for 24 h (BA + O). Seedlings were harvested
36 h after the beginning of the okadaic acid treatment.

tion of Staurosporin alone, suggesting that the effects of BA
and Staurosporin are additive. The treatment of 3-week-old
seedlings with 0.1 JJ.M okadaic acid for 36 h did not affect
significantly msrl expression in wild-type and zea3.1 seed-
lings (Fig. 5B). Similarly, a pretreatment with 0.1 JU.M oka-
daic acid for 12 h before the application of 5 JU.M BA for 24 h
did not change the msrl expression level in either type of
seedling compared with BA alone (Fig. 5B). Okadaic acid-
sensitive phosphatases do not seem to regulate msrl ex-
pression in seedlings. Conversely, staurosporin-sensitive
kinases repress msrl expression.

The zea3.1 Mutant Has a Normal Level of
Cytokinins and Auxins

Increased sensitivity of the zea3.1 mutant to BA at either
the growth level or the mRNA level could be accounted for
by an increase in the endogenous cytokinin level. Cell
proliferation in the zea3.1 cotyledons and meristem may
also be caused by an imbalance in auxin/cytokinin concen-
trations. To test whether zea3.1 phenotypes were caused by
abnormal levels of auxin and cytokinins, we analyzed en-
dogenous concentrations of both types of hormones in
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3-week-old whole seedlings. Table I shows that there was 
no significant difference in isopentenyladenine, isopente- 
nyl adenosine, zeatin riboside, 9-glucopyranosyl-zeatin, or 
IAA in the mutant compared with the wild type. The zeatin 
concentration was too low to be detected in our samples. 

D I SC U SSI ON 

Cytokinins such as BA inhibit root and hypocotyl elon- 
gation and stimulate hypocotyl thickening and cotyledon 
expansion during development of N. plumbaginifolia seed- 
lings. Similar but more pronounced responses to BA have 
been observed in the zea3.1 mutant. In the presence of BA, 
root length was 2-fold shorter and fresh weight increase 
was 4 times higher in the mutant compared with the wild 
type. These responses occurred at lower BA concentrations 
in the mutant than in the wild type, indicating that zea3.1 is 
more sensitive to cytokinins. Increased sensitivity of zea3.1 
to BA was confirmed at the molecular leve1 with the anal- 
ysis of msrl expression. In N. plumbaginifolia cell cultures 
msrl mRNA accumulation is stimulated by cytokinin as 
well as by auxin, but the kinetics, amplitude, and negative 
feedback regulation of msrl expression by the two hor- 
mones are different (Dominov et al., 1992). Analysis of msrl 
expression in wild-type seedlings revealed that active 
forms of purine and urea cytokinins stimulated msrl 
mRNA accumulation, whereas the inactive forms did not. 
Cytokinin induction is more pronounced in zea3.1 and 
occurs at lower BA concentrations, confirming that the 
mutant perceives cytokinin with higher sensitivity. In the 
absence of BA expression of msrl is higher in zea3.1 than in 
the wild type, suggesting that the mutant may be more 
sensitive to endogenous hormones. 

However, the cytokinin and auxin concentrations in 
3-week-old seedlings remained unchanged in the mutant, 
suggesting that the zea3.1 mutation alters the response to 
cytokinins, not by modifying the endogenous levels of 
cytokinins or auxin but rather by affecting the sensitivity to 
these hormones. Together, these data suggest that ZEA3 
normally represes the cytokinin response in wild-type N. 
plumbaginifolia seedlings and that repression is relieved in 
the mutant, thereby increasing its sensitivity and ampli- 
tude of response. Thus, the zea3.1 mutant, which was orig- 
inally classified as cytokinin-resistant because it showed 
cotyledon expansion on high cytokinin concentrations 
(Faure et al., 1994), actually exhibits an increased sensitiv- 

Table 1. Cytokinin and auxin levels in 3-week-old wild-type and 
zea3.1 seedlings 

at least three exrJeriments. 
Each value is given in pmol/g dry weight and is an average (SD) of 

Cytokins and Auxins Wild Type zea3.1 

IAA 232 (5.4) 262 (1 34) 
lsopentenyladen i ne 1.6 (0.8) 0.7 (0.5) 
lsopentenyl adenosine 0.7 (0.2) 1.2 (0.4) 
Zeatin nd" nd 
Glucopyranosyl-zeatin 0.7 (0.1) 1.8 (1.3) 
Zeatin riboside 0.7 (0.1) 0.7 (0.2) 

a nd, Not detectable. 

ity to cytokinin. This discrepancy is explained by the fact 
that zea3.1 displays not only a higher cytokinin sensitivity 
but also an amplified response. In particular, cotyledon 
expansion, which is a marginal cytokinin response in wild- 
type seedlings, is so enhanced in zen3.1 that it leads to an 
apparent growth at a high cytokinin concentration. 

BA-induced expansion of cotyledons is a reliable cytoki- 
nin assay in plants such as radish, cucumber, and N. plum- 
baginifolia (Thomas et al., 1981; Nogué et al., 1995). Cotyle- 
don growth has been shown to be primarily due to cell 
enlargement caused by wall loosening and water uptake 
(Thomas et al., 1981; Rayle et al., 1982). Hypertrophy of 
cotyledons in zea3.1 in response to cytokinins is mainly due 
to stimulation of cell division. This is consistent with the 
known role of cytokinins in promoting cell division in 
combination with auxin in cell culture (for review, see 
Jacqmard et al. [1994]). A restraint on cell division might be 
relieved in the mutant in response to cytokinins by a mod- 
ification of the sensitivity to the normal auxin to cytokinin 
ratio leading to cell proliferation. 

Unlike cotyledon expansion, the swelling of the hypo- 
cotyl induced by BA is associated only with cell enlarge- 
ment. This is characteristic of an ethylene response. Similar 
results due to cytokinin stimulation of ethylene production 
were obtained in mung bean hypocotyls and Arabidopsis 
seedlings (Yip and Yang, 1986; Cary et al., 1995). In 
accordance with this hypothesis, we found that zea3.1 seed- 
lings grown on 2(aminoethoxyvinyl)-glycine (AVG), an 
ethylene biosynthesis inhibitor, did not show cytokinin- 
induced hypocotyl enlargement but maintained cotyledon 
expansion. Cytokinin-dependent ethylene production 
might thus be considered another cytokinin response that 
is amplified in zea3.1. It may be that ZEA3 modulates other 
hormone-signaling / response pathways, such as those for 
auxin or ethylene, because some aspects of the mutant 
response are reminiscent of auxin (cell division) or ethylene 
(hypocotyl enlargement) effects. It would be of interest to 
analyze auxin regulation of msrl expression in zea3.1 along 
with other auxin responses and to investigate whether 
auxin responses are also altered in the mutant. 

ZEA3 could modulate cytokinin sensitivity in seedlings 
in interaction with other signal-transduction components 
such as protein kinases or phosphatases. Inhibitor studies 
have shown that protein phosphorylation plays some role 
in auxin and cytokinin regulation of msrl expression. In N. 
plumbaginifolia cell cultures hormone-induced msrl mRNA 
accumulation is prevented by staurosporin, a protein ki- 
nase inhibitor, and stimulated by okadaic acid, a phos- 
phatase 1 and 2A inhibitor (Dominov et al., 1992). On the 
contrary, in wild-type seedlings staurosporin induces msrl 
expression, whereas okadaic acid has no effect. In zea3.1 
staurosporin increases msrl expression and okadaic acid 
slightly decreases it. The additive effects of the zea3.1 mu- 
tation and staurosporin on msrl induction implies that 
ZEA3 and the staurosporin-sensitive protein kinase co- 
repress msrl gene expression. Two models can be pro- 
posed, depending on the nature of zen3.1 mutation. If zea3.1 
is a nu11 mutation, ZEA3 and the staurosporin-sensitive 
kinases act independently on separate pathways to repress 
msrl expression. But if zea3.1 is a leaky mutation, the 
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staurosporin-sensitive kinases might act i n  the same regu- 
latory pa thway as ZEA3. 

The cytokinin responses i n  N. plumbaginifolia reported 
here differ from previous reports. The nature of cotyledon 
expansion o r  the  regulation of msrl gene expression by  
protein phosphorylation a re  different in seedlings com- 
pared wi th  cells in culture or detached organs (Thomas e t  
al., 1981; Rayle e t  al., 1982; Dominov e t  al., 1992). These 
differences might  be  d u e  to  differences i n  experimental 
systems. In cell cultures o r  in detached organs, cells are 
either proliferating or senescing and  may have  a different 
hormonal status. The use of intact seedlings is a means  of 
maintaining normal interactions between growth  regula- 
tors and  plant cells a n d  should ensure the  preservation of 
cytokinin metabolism and  transport. 

To explain cytokinin responses observed in zea3.1, we 
propose that ZEA3 could act as  a modulator of cytokinin- 
transduction/response pa thways  repressing cytokinin re- 
sponses. The involvement of the  zea3 mutation in the  con- 
trol of primary metabolism and cotyledon development 
(Faure et  al., 1994) suggests that  ZeU3 encodes for a broader 
regulatory function integrating cytokinin response and 
maybe other hormones into seedling development. 
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