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Abstract Jasmonates (JA) act as a regulator in plant growth as
well as a signal in plant defense. The Arabidopsis vegetative
storage protein (AtVSP) and plant defense-related proteins
thionin (Thi2.1) and defensin (PDF1.2) have previously been
shown to accumulate in response to JA induction. In this report,
we isolated and characterized a novel recessive mutant, cexI,
conferring constitutive JA-responsive phenotypes including JA-
inhibitory growth and constitutive expression of JA-regulated
AtVSP, Thi2.1 and PDF1.2. The plant morphology and the gene
expression pattern of the cex! mutant could be phenocopied by
treatment of wild-type plants with exogenous JA, indicating that
CEX1 might be a negative regulator of the JA response
pathway. © 2001 Published by Elsevier Science B.V. on behalf
of the Federation of European Biochemical Societies.
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1. Introduction

Jasmonic acid and its methyl ester, methyl jasmonate, are
endogenous plant compounds (collectively referred to as jasm-
onates, JA) that synthesized from linolenic acid in a lipoxy-
genase-dependent biosynthetic pathway. They are widely dis-
tributed in most organs of the plant kingdom, high levels of
JA in plants are found in young tissues, flowers and pericarp
tissues of developing reproductive structures. Recently, JA are
well known to act as a regulator in plant growth and develop-
ment as well as a signal in plant defense and wound responses.
They are involved in regulating the expression of numerous
genes and influencing diverse processes including pollen devel-
opment, fruit ripening, root growth, tendril coiling, wound
responses, and resistance against insects and pathogens (for
reviews, see [1-6]).

JA inhibited Arabidopsis seedling growth [7] and induced
the expression of the Arabidopsis vegetative storage protein
(AtVSP) and plant defense-related proteins thionin (Thi2.1)
and defensin (PDF1.2) [9-11]. The Arabidopsis JA-insensitive
mutants, jarl [7,12], coil [13], jinl and jin4 [14], were previ-
ously identified by screening mutagenized M2 seedlings for
JA-insensitive root elongation on Murashige and Skoog
(MS) medium containing a high concentration of JA. The
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coil mutant was resistant to both JA and coronatine, a phy-
totoxin that is structurally related to JA [13], and exhibited
loss of JA-induced expression of AtVSP [15], Thi2.1 [16] and
PDFI1.2 [17,18]. The jarl, jinl and jin4 mutants showed de-
creased sensitivities to the JA-inhibitory root growth and a
reduced level of A¢VSP expression in response to the JA treat-
ment [7,14]. The signal transduction pathway that modulates
JA action has been investigated through analysis of these JA-
insensitive mutants.

In this work, we screened ethyl methanesulfonate (EMS)-
mutagenized Arabidopsis M2 seeds on MS medium for mu-
tants that constitutively exhibited phenotypes observed in
plants treated with JA. We have isolated and characterized
cexl, an Arabidopsis mutant with constant expression of JA-
inducible genes A¢tVSP, Thi2.1 and PDF1.2.

2. Materials and methods

2.1. Mutant screening

The Arabidopsis M2 seeds (ecotype Columbia) used in mutant
screening were purchased from Lehle Seeds Company (http://www.ar-
abidopsis.com/, stock no. M2E-02-03). The seeds were treated by
EMS and grown in soil to allow self-fertilization (referred to as the
M1 population). The seeds collected from these M1 plants were re-
ferred to as the M2 population.

Seeds were routinely sterilized by treating with 20% bleach for 15—
30 min, washing with five changes of sterile water, and sown in Petri
dishes on MS medium (Sigma cat. no. M-5519) supplemented with 2%
sucrose and 0.8% agar. The Petri dishes were treated at 4°C for 2 days
and then incubated at 22°C under continuous fluorescent illumination.
Seedlings with short root and stunt growth were selected from 7 to 15
days after plating. The selected plants were grown to maturity for M3
seeds in soil.

The back cross between the wild-type (wt) plant and cex/-1 or cexI-
2 was performed using the wt plant as the female parent. The cross of
cexl-1X cex1-2 was performed using cex/-I as the female parent. The
genetic cross between coil-1 and cexI-1 was performed using coil-1 as
the female parent. Seeds collected from the F1 plants were referred to
as the F2 population.

Methyl jasmonate used in the JA treatment was purchased from
Aldrich (cat. no. 39270-7).

2.2. Northern analysis

Probes for the detection of AtVSP, Thi2.1 or PDFI.2 transcripts
were PCR-amplified with primers of ATVSP.5’ (5'-ACGTCCAG-
TCTTCGGCATCC-3')/ATVSP.3' (5'-GAGCTTAAAAACCCTTC-
CAG-3’), Thi.5" (5-GTGATCAAACAAGTAAACCAT-3")/Thi.3’
(5'-AACAAACCTTCTACGACACAT-3'), or PDF.5" (5'-AAGTT-
TGCTTCCATCATCACC-3')/PDF.3" (5'-ATACACACGATTTAG-
CACCAA-3’), respectively. The gene-specific probes were labeled by
the PCR DIG Probe Synthesis kit according to the manufacturer’s
instruction (Roche Molecular Biochemicals cat. no. 1-636-090).
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Plants were grown on MS medium for 2 weeks. For the JA treat-
ment, 2-week-old seedlings were transferred to MS medium contain-
ing 25 uM JA and grown for an additional 24 h. The plant materials
were frozen in liquid nitrogen immediately after harvest. Total RNA
was isolated using Trizol reagent (Gibco BRL cat. no. 15596). 20 ug
of RNA was separated on 1.3% formaldehyde agarose gel and trans-
ferred onto Hybond N* membrane (Amersham). RNA blots were
hybridized with the DIG-labeled probes in the DIG Easy hybridiza-
tion solution according to manufacturer’s instruction (Roche Molec-
ular Biochemicals cat. no. 1-603-558).

2.3. PThi2.1::GUS construct and plant transformation

PThi2.1::GUS construct was made by fusing the 7hi2./ promoter
region (PThi2.1) with the GUS reporter gene into plasmid pBI101.3
(Clontech). The PThi2.1::GUS construct was transferred into Agro-
bacterium tumefaciens and subsequently mobilized into the plant ge-
nome by in plant Agrobacterium-mediated vacuum infiltration. The
homozygous plant transgenic for PThi2.1::GUS was used in GUS
staining experiments [19].

3. Results

3.1. Isolation of Arabidopsis mutants

We screened about 80000 Arabidopsis M2 seedlings for
mutants in which seedling growth was inhibited on MS me-
dium without JA supplementation. Seeds were germinated on
MS plates and grown for 7-15 days, 27 plants with short root
and stunt growth were selected and grown in soil to produce
M3 seeds. To examine the expression pattern of JA-inducible
genes in the 27 selected plants, total RNA was extracted from
2-week-old M3 seedlings grown on MS medium and probed
with JA-inducible gene Thi2.1. Out of the 27 selected plants,
two mutants (cexI-1 and cexI-2), derived from the same M2
seed-lot (lot no. M2E-02-03-80), showed constant expression
of Thi2.1 (Fig. 1). The cexI-1 and cexI-2 mutants grown on
MS medium exhibited stunt growth phenotype similar to the
wt plants grown on the medium containing methyl jasmonate
(Fig. 2A,B). Root elongation for the cex/-1 and cex/-2 mu-
tants on MS medium was comparable to the JA-treated wt
(Fig. 20).

The plant hormone ethylene was shown to regulate the ex-
pression of some JA-responsive genes including PDFI.2
[17,18]. Constitutive ethylene-responsive mutants, the c#r/ mu-
tant and etrl/etr2/ein4 triple mutant [20,21], exhibited stunt
growth and constitutive expression of ethylene-inducible genes
in the absence of ethylene. The cex! mutant was identified by

4 out of 27 mutants _control
1 2 3 4 wt-JA wt

d Thi2.1

Fig. 1. Accumulation of Thi2.1 transcript in cex/-I (lane 1) and
cex1-2 (lane 2). Four out of the identified 27 mutants were selected
to show in lanes 1, 2, 3 and 4. Mutants in lane 1 and lane 2 were
designated as cex/-1 and cexI-2, respectively. Wt plants without JA
(wt) or with JA treatment (wt-JA) were used as controls. Total
RNA stained with ethidium bromide was shown as the RNA load-
ing control.
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Fig. 2. The cex! growth phenotype. A: 6-day-old seedlings. B: 3-
week-old plants. C: Root length was measured 2 weeks after germi-
nation, bars show S.E.M. n=15. The Arabidopsis wt, cexI-1 and
cex1-2 mutants were grown on MS medium. Wt grown on the MS
medium containing 0.5 uM methyl jasmonate was used as a control
(wt-JA), it is interesting to note that the 3-week-old wt-JA had a
high number of lateral roots.

monitoring constitutive JA-responsive phenotypes including
stunt growth and constant expression of JA-inducible genes.
Morphology of the cex! seedling and adult plant might be
similar to the constitutive ethylene-responsive phenotypes.
However, air-grown etiolated seedlings of the constitutive eth-
ylene-responsive mutants exhibited a strong ethylene response
and had very short hypocotyls and roots [20,21]. We germi-
nated and grew the cex/-1 and cexI-2 mutants on MS plates
in the dark for 1 week. As shown in Fig. 3, dark-grown seed-
lings of the cex-1 and cexI-2 mutants had normal hypocotyls
and roots observed in wt, indicating that cex! did not exhibit
constitutive ethylene responses.

wt cexl-1 cexl-2

Fig. 3. Dark-grown cexI-1, cexI-2 and wt on MS medium at 22°C
for 1 week.
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Fig. 4. Northern analysis of the F1 progeny from the crosses of
wtX cexI-1, wt X cexI-2 and cexI-1 X cexl-2.

Table 1
Segregation analysis

Cross F2 progeny  Thi2.1 expression y**

No Yes
wt X cexI-1 119 94 25 P>0.5
wt X cexI-2 135 98 37 P>0.5
cexl-1Xcexl-1 35 0 35 -

2Chi-square test for the expected ratio of 3 wt:1 cexI.

3.2. Genetic analysis of the cexI mutant

Analysis of progeny from the crosses of wtXcex/-I and
wt X cexI-2 demonstrated that the phenotypes of cex/-1 and
cexI-2 mutants were inherited as single recessive Mendelian
markers. The F1 progeny of the crosses between wt and two
mutants exhibited wt phenotypes with the loss of constant
expression of Thi2.1 (Fig. 4). The F2 progeny derived from
the two crosses were scored for the segregation pattern of the
constant expression of Thi2.1, the Chi-square test for the ex-
pected ratio of 3 wt:1 mutant was P>0.5 (Table 1).

The cross of cexI-1X cexI-2 was made to test whether the
two mutants were allelic. The F1 progeny of cexi-1X cexI-2
exhibited the mutant phenotype with the constant expression
of Thi2.1 (Fig. 4), and no recombination was detected in the
F2 progeny (Table 1). Therefore, the two mutants were allelic
at the cexI locus. Because the two mutants were identified
from the same M2 seed-lot, it is possible that the cexI-I and
cexI-2 mutants were derived from the same mutation. Further
work was therefore concentrated on the cex/-/ mutant.

3.3. The constant expression of JA-inducible genes in the
cex] mutant
To further examine the expression of Thi2.1 in cex! mutant,
we made Arabidopsis transgenic plants expressing GUS re-

Pthi2.1::GUS
wt cexl-1

wt-JA

Fig. 5. Histochemical staining of GUS activity in 3-week-old trans-
genic plants of cex/-1, wt and JA-treated wt (wt-JA). The arrow
pointed the GUS staining in wt.
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wt cexl-1 wt-JA

Fig. 6. The constitutive expression of A¢tVSP and PDFI.2 in cexlI-1
but not in wt. JA-treated wt was used as a control (wt-JA). Total
RNA stained with ethidium bromide was shown as the RNA load-
ing control.

porter gene under the control of a Thi2.] promoter
(PThi2.1). In the absence of methyl jasmonate, strong expres-
sion of PThi2.1::GUS was detected in the transgenic cexI-1
mutant, but not in the transgenic wt plant except the expres-
sion in the flower buds (Fig. 5). After treated with methyl
jasmonate, the transgenic wt plant strongly expressed the
PThi2.1::GUS.

It was reported that JA induced the expression of numerous
genes [22]. In particular, the expression of AtV SP, PDF1.2 as
well as Thi2.1 was strongly activated by JA [7-10]. We there-
fore tested whether A7V SP and PDFI.2 were constitutively
expressed in the cex/ mutant. As shown in Fig. 6, AtV SP
and PDFI.2 were highly expressed in the cex! mutant similar
to the JA-treated wt plant. Thus, the cex/ mutant exhibited
the constant expression of JA-regulated Thi2.1, AtVSP and
PDFI.2.

e wt ¢l

—1,446 bp

wt|cl

c2|(c3 c2 3

g it

—1,446 bp

Fig. 7. Isolation and characterization of the cexlI/coil-1 double mu-
tant. A: l-week-old cex/ homozygous seedlings, cl, c2 and c3, de-
rived from the F2 progeny of cexl Xcoil-1. B: A 1446-bp fragment
containing part of COIl or coil-1 was PCR-amplified by the prim-
ers pl (5-GGTTCTCTTTAGTCTTTAC-3') and p2 (5'-CAGA-
CAACTATTTCGT TACC-3’) [16]. Xcml cleaved the 1446-bp frag-
ment from the wt DNA, but not from coil-I in which the Xeml
recognition sitt CCA-9N-TGG was altered by the coil-19%'4 muta-
tion to CCA-IN-TGA [16]. The 1446-bp fragment from c2 was not
cleavable by Xcml, indicating that this plant was homozygous for
the coil-1 mutation and was therefore the cex//coil double mutant.
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3.4. Location of cexl in the JA signal pathway

The location of cex! in the JA signal transduction chain
can be defined by analysis of double mutants between cex!
and other JA-responsive mutants including coil, jarl, jinl and
jin4. The COIl was previously suggested to be upstream of
JINI and JIN4 in the JA signal transduction chain [14,23].
Because the COII gene was previously cloned and the coil-1
genotype can be monitored by a coil-1-specific CAPs marker
[16], it is possible to isolate the cexl/coil double mutant from
the cross of cexI-1X coil-1. Therefore, we crossed the cexl-1
to coil-1 mutant and isolated homozygous cex/-I mutants
from the F2 progeny by screening mutant phenotypes of stunt
growth and short roots. Three homozygous cex/-I mutants,
the cl, c2 and ¢3 plants, were shown in Fig. 7A in comparison
with the wt phenotype. The restriction analysis of the three
homozygous cex/-I mutants with the coil-I-specific CAPs
marker demonstrated that the c2 plant was homozygous for
coil-1 mutation (Fig. 7B). Using the same method, we have
identified 17 cexl/coil double mutants. The identified cexi/
coil double mutants, such as the c2 plant shown in Fig. 7A,
exhibited cexI phenotypes of stunt growth and short roots,
indicating that CEXI acts downstream of COIl in the JA
signal transduction pathway.

4. Discussion

Selection of plant mutants for resistance to high concentra-
tions of applied hormones is a powerful approach for study-
ing hormone signal transduction [24]. This approach has led
to the isolation of four JA-insensitive mutants, coil, jarl, jinl
and jin4, in Arabidopsis thaliana [7,12-14]. To isolate more
JA-resistant mutants for further dissection of the JA signal
transduction pathway, we have recently used MS medium
containing a high concentration (50 uM) of JA to screen the
Arabidopsis M2 population, representing 200000 M1 popula-
tion mutagenized by EMS, y-ray or fast neutron irradiation.
Nineteen JA-resistant mutants were isolated. However, genet-
ic analysis of the F1 progeny from the crosses between coil-1
and each of the 19 mutants demonstrated that all of the 19
plants were coil alleles (unpublished data), indicating that it
might be difficult to use this approach for identification of
additional JA-insensitive mutants.

In this experiment, we germinated Arabidopsis M2 seeds on
MS medium and screened for mutants conferring sensitive phe-
notypes similar to plants grown on JA medium. We prelimi-
narily picked up more than 600 candidate plants and reduced
the total numbers to 27 plants after close examination of plant
growth on MS medium in comparison to JA-treated wt plants.
The recessive cex/ mutant was isolated and characterized.

The cexI mutant exhibited constitutive JA-responsive phe-
notypes. The plant morphology and the gene expression pat-
tern of the cex/ mutant were phenocopied by treatment of wt
plants with exogenous methyl jasmonate, indicating that
CEXI] is a negative regulator of the JA response pathway. It
awaits a direct measurement of the endogenous JA to deter-
mine whether cex!/ accumulates a high level of JA. If the JA
level in cex! remains similar to wt, CEX] would be a JA-
signaling repressor. If cex/ displays an elevated JA level,
CEXI] would act as a JA biosynthesis repressor. The cexl
mutation within the negative regulator gene would constitu-
tively activate the JA signal pathway, the JA-inducible genes
including Thi2.1, PDFI1.2 and AtVSP were therefore expressed
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constantly. A mutant with the similar elevated AtVSP expres-
sion phenotype, albeit preliminary data (Ellis and Turner, 6th
International Congress of Plant Molecular Biology, abstract
no. S35-6), displays enhanced resistance to powdery mildew.
It is expected that the JA-regulated plant resistance against
pathogen infection and insect attack [25-27] would constitu-
tively be maintained in the cex/ mutant. Future research on
molecular cloning of the CEXI gene will be very useful for
dissection of the JA signal transduction pathway and under-
standing of the mechanism of JA-regulated plant defense.

Acknowledgements.: This work was supported in part by Singapore
National Science and Technology Board (grant to D.X.), Natural
Science Foundation of China (Grant no. 1998-39880026 to D.H.
and D.X.) and Chinese 863 Tech-program (Grant no. 1998-09-01 to
H.R. and D.X.).

References

[1] Staswick, P.E. (1992) Plant Physiol. 99, 804-807.

[2] Sembdner, G. and Parthier, B. (1993) Annu. Rev. Plant Physiol.
Plant Mol. Biol. 44, 569-589.

[3] Blechert, S., Brodschelm, W., Holder, S., Kammerer, L., Kutch-
an, T.M., Mueller, M.J., Xia, Z.Q. and Zenk, M.H. (1995) Proc.
Natl. Acad. Sci. USA 92, 4099-4105.

[4] Creelman, R.A. and Mullet, J.E. (1997) Annu. Rev. Plant Phys-
iol. Plant Mol. Biol. 48, 355-381.

[5] Zhao, D. and Ma, H. (2000) Curr. Biol. 10, R904-R907.

[6] Reymond, P. and Farmer, E.E. (1998) Curr. Opin. Plant Biol. 1,
404-411.

[7] Staswick, P.E., Su, W. and Howell, S.H. (1992) Proc. Natl. Acad.
Sci. USA 89, 6837-6840.

[8] Epple, P., Apel, K. and Bohlmann, H. (1995) Plant Physiol. 109,
813-820.

[9] Berger, S., Bell, E., Sadka, A. and Mullet, J.E. (1995) Plant Mol.
Biol. 27, 933-942.

[10] Manners, J.M., Penninckx, I.A., Vermaere, K., Kazan, K.,
Brown, R.L., Morgan, A., Maclean, D.J., Curtis, M.D., Cam-
mue, B.P. and Broekaert, W.F. (1998) Plant Mol. Biol. 38, 1071-
1080.

[11] Bohlmann, H., Vignutelli, A., Hilpert, B., Miersch, O., Waste-
rnack, C. and Apel, K. (1998) FEBS Lett. 437, 281-286.

[12] Staswick, P.E., Yuen, G.Y. and Lehman, C.C. (1998) Plant J. 15,
747-754.

[13] Feys, B.F., Benedetti, C.E., Penfold, C.N. and Turner, J.G.
(1994) Plant Cell 6, 751-759.

[14] Berger, S., Bell, E. and Mullet, J.E. (1996) Plant Physiol. 111,
525-531.

[15] Benedetti, C.E., Xie, D. and Turner, J.G. (1995) Plant Physiol.
109, 567-572.

[16] Xie, D., Feys, B.F., James, S., Nieto-Rostro, M. and Terner, J.G.
(1998) Science 280, 1091-1094.

[17] Penninckx, I.A., Thomma, B.P., Buchala, A., Metraux, J.P. and
Broekaert, W.F. (1998) Plant Cell 10, 2103-2113.

[18] Thomma, B.P., Eggermont, K., Tierens, K.F. and Broekaert,
W.F. (1999) Plant Physiol. 121, 1093-1102.

[19] Jefferson, R.A. (1987) Plant Mol. Biol. Rep. 5, 387-405.

[20] Kieber, J.J., Rothenberg, M., Roman, G., Feldmann, K.A. and
Ecker, J.R. (1993) Cell 72, 427-441.

[21] Hua, J. and Meyerowitz, E.M. (1998) Cell 94, 261-271.

[22] Reymond, P., Weber, H., Damond, M. and Farmer, E.E. (2000)
Plant Cell 12, 707-720.

[23] Rojo, E., Titarenko, E., Leon, J., Berger, S., Vancanneyt, G. and
Sanchez-Serrano, J.J. (1998) Plant J. 13, 153-165.

[24] Klee, H. and Estelle, M. (1991) Annu. Rev. Plant Physiol. Plant
Mol. Biol. 42, 529-551.

[25] Howe, G.A., Lightner, J., Browse, J. and Ryan, C.A. (1996)
Plant Cell 8, 2067-2077.

[26] McConn, M., Creelman, R.A., Bell, E., Mullet, J.E. and Browse,
J. (1997) Proc. Natl. Acad. Sci. USA 94, 5473-5477.

[27] Vijayan, P., Shockey, J., Levesque, C.A., Cook, R.J. and Browse,
J. (1998) Proc. Natl. Acad. Sci. USA 12, 7209-7214.



