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ABSTRACT

The response of Arabidopsis thaliana etiolated seedlings to the plant hormone ethylene is a conspicuous
phenotype known as the triple response. We have identified genes that are required for ethylene
perception and response by isolating mutants that fail to display a triple response in the presence of
exogenous ethylene. Five new complementation groups have been identified. Four of these loci, desig-
nated eind, ein5, ein6 and ein7, are insensitive to ethylene. The fifth complementation group, eirl, is
defined by a novel class of mutants that have agravitropic and ethylene-insensitive roots. Double-mutant
phenotypes have allowed the positioning of these loci in a genetic pathway for ethylene signal transduc-
tion. The ethylene-response pathway is defined by the following loci: ETRI, EIN4, CTRI1, EINZ, EIN3,
EIN5, EIN6, EIN7, EIR1, AUXI and HLSI. ctrl-1 is epistatic to etr]—3 and ein4, indicating that CTRI
acts after both ETRI and EIN4 in the ethylene-response pathway. Mutations at the EIN2, EIN3, EINS,
EING6 and EIN7 loci are all epistatic to the ctrl seedling phenotype. The EIRI and AUXI loci define a
root-specific ethylene response that does not require EIN3 or EIN5 gene activity. HLSI appears to be
required for differential cell growth in the apical hook. The EIRI, AUXI and HLSI genes may function
in the interactions between ethylene and other plant hormones that occur late in the signaling pathway

of this simple gas.

THYLENE is a simple gaseous molecule that regu-
lates many complex processes in plant growth and
physiology. The effect of ethylene on pea seedling de-
velopment, studied by DIMITRY NELJUBOV in 1901, was
the first demonstration that a gas could act as a signal-
ing molecule in a biological system (described in
ABELES ¢t al. 1992) . Ethylene since has been shown to
play a fundamental role in fruit ripening, germination,
sex determination, leaf abscission, flower senescence,
responses to mechanical stress and several different
pathogenic responses (MATTOO and SUTTLE 1991;
ABELES et al. 1992) . These effects are regulated by fac-
tors that control either the biosynthesis or the percep-
tion of this gas. The biosynthetic pathway for ethylene
has been established and several of the ratellimiting
enzymes have been cloned {YANG and HOFFMAN 1984;
SATO and THEOLOGIS 1989; SPANU ef al. 1991). In con-
trast, the mechanisms by which plants perceive and re-
spond to this hormone are just beginning to be revealed
(KIEBER and ECKER 1993).

In the presence of ethylene, Arabidopsis thaliana seed-
lings undergo dramatic morphological changes re-
ferred to as the triple response (KNIGHT et al. 1910).
This seedling phenotype consists of an exaggerated cur-
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vature of the apical hook, radial swelling of the hypo-
cotyl and an inhibition of root and hypocotyl elonga-
tion ( BLEECKER et al. 1988; GuzMAN and ECKER 1990).
It long has been suggested that these changes, which
result from stress-induced ethylene, are necessary for
the seedling to penetrate the soil without damaging
the apical meristem (DARWIN and DARWIN 1881). The
formation of the triple response relies on the plant’s
ability to respond to ethylene. The silver ion (Ag™), a
very effective noncompetitive inhibitor of ethylene ac-
tion (BEYER 1976) , and transcyclooctene, a strong com-
petitive inhibitor of ethylene responses (SISLER 1990),
inhibit the triple-response phenotype in A. thaliana
(GuzMmaN and ECKER 1990).

One mechanism by which ethylene may regulate hy-
pocotyl and root length is by its effects on the structure
of the extracellular matrix {( APELBAUM and BURG 1971;
LANG et al. 1982) . Ethylene treatment of pea epicotyls
causes the orientation of cellulose microfibrils in the
secondary cell wall to shift from a transverse to a longi-
tudinal direction (APELBAUM and BURG 1971; LANG et
al. 1982; YUAN et al. 1994) . This change may be respon-
sible for the increased lateral growth of these cells. Eth-
ylene also affects the polar transport of the auxin indole
acetic acid (IAA), thus controlling the levels of this
hormone in various target tissues (BURG and BURG
1967; BEYER 1973) . Modified levels of auxin may result
in reduced cell elongation and, therefore, reduce the
length of the seedling. Ethylene also has been shown
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to inhibit the rate of cell division in pea seedlings (APEL-
BAUM and BURG 1972). The effect of ethylene on the
apical hook appears complex and may involve intricate
interactions with auxin to coordinate the rate of elonga-
tion between cells throughout the hook structure
(ScHWARK and SCHIERLE 1993; A. LEHMAN and J. R.
ECKER, unpublished results).

Some of these and other effects of ethylene on plant
growth and development are likely to be mediated by
changes in gene expression. Several genes whose tran-
scription is induced by ethylene have been identified
(ECKER and Davis 1987; LAWTON e¢f al. 1994; MELLER et
al. 1993) . Complex patterns of ethylene induced gene
expression have been found in tomato fruit ripening
(LiNcOoLN and FISHER 1988), and there is some evi-
dence that ethylene also acts posttranscriptionally
(THEOLOGIS 1992).

Mutations that affect the triple response in Arabi-
dopsis have defined a large number of genes involved
in the synthesis and perception of ethylene ( BLEECKER
et al. 1988; GuzMAN and EckErR 1990; HARPHAM et al.
1991; VaN DER STRAETEN ¢t al. 1993) . Four mutant loci
with an ethylene-insensitive phenotype have been iden-
tified and characterized genetically: etr] (BLEECKER et
al. 1988), ein2 (GuzMAN and EcCKerR 1990), ein3
(KiEBER et al. 1993; M. ROTHENBERG, G. RoMAN and
J. R. ECKER, unpublished data) and ainl (VAN DER
STRAETEN et al. 1993) . Additional screens identified mu-
tants that overproduce ethylene (etol, eto2 and eto3)
and have a constitutive triple response phenotype
(KIEBER ¢ al. 1993), as well as mutants that failed to
form an exaggerated apical hook (hookless, hisl; Guz-
MAN and Ecker 1990). Mutations at the CTRI locus
result in severe constitutive tripleresponse phenotypes
that are not reverted by inhibitors of ethylene biosyn-
thesis or action (KIEBER et al. 1993) . Several pleiotropic
mutants have been identified with auxin defects that
are also insensitive to ethylene in the seedling root
(LINCOLN et al. 1990; PICKETT et al. 1990).

The CTRI gene was cloned and found to show simi-
larity to the Raf family of protein kinases, implicating
a kinase cascade in this ethylene response (KIEBER and
EckER 1993; KIEBER ef al. 1993). The dominant etr]
mutant gene also has been cloned; it shows significant
similarity to the SLNI gene of Saccharomyces cerevisiae
and the bacterial two-component histidine kinases
(CHANG et al. 1993; OTA and VARSHAVSKY 1993).

In this study, we describe mutations in four new loci,
all of which produce an ethylene-insensitive phenotype.
We also describe a novel class of ethylene-insensitive
and agravitropic root mutants. A genetic framework has
been established for the action of these genes on the
basis of epistasis interactions. Most of the mutations
that we and others have described act in linear pathway.
Genes that control branch points leading to tissue-spe-
cific phenotypes occur late in this pathway; these

branches may provide critical insights into the nature
of hormonal interactions in plants.

MATERIALS AND METHODS

Plant material: Arabidopsis plants were grown on Metro-
Mix 200 (Grace-Sierra Horticultural Products, Milpitas, CA)
under the following conditions: 23°, 100-200 uE/m?®/sec
constant light. Plants were fertilized once between 2 and 4
wk with either a modified Hoaglands solution (FELDMANN
and MARKS 1987) or Pete’s Lite 14-15-16 ( Grace-Sierra Hor-
ticultural Products, Milpitas, CA). Plants were out-crossed as
previously described (GuzMAN and ECKER 1990) . All mutants
(with the exception of c¢trl-5, ein32 and ein6 ) were isolated
from the A. thaliana strain Columbia. Wassilewskija is the pa-
rental strain of both c¢trl-5 and ein3-2 (FELDMANN and
MARKS 1987; KIEBER et al. 1993) . The ¢in6 mutant was isolated
from mutagenized Landsberg seed. X-ray and diepoxybutane
mutagenesis were performed as described (KIEBER et al.
1993) . Fast neutron treated seed were a gift of LAURA CONWAY
(University of Pennsylvania). Surface-sterilized seedlings
were grown on medium pH 5.7 containing MS salts (GIBCO,
Gaithersburg, MD) supplemented with 1 mg/ml! thiamine,
0.5 mg/ml pyridoxine, 0.5 mg/ml nicotinic acid, 100 mg/
liter inositol, 10 g /liter sucrose and 0.8% bacto-agar ( DIFCO,
Detroit, MI) . Surface sterilization of seeds was performed as
previously described (GuzMmaN and ECKER 1990). Mutagen
treated seeds were plated at a density of ~5000 seeds per 132
mm diameter petri dish. Assays for ethylene insensitivity or
constitutive triple response were as previously described
(GuzMmAN and ECKER 1990) .

Genetic mapping: The en2-1 mutant was mapped in a
cross to the Landsberg marker line DP28. DNA was prepared
from F; Ein™ families and scored with RFLPs (CHANG et al.
1988; NaMm et al. 1990) and the ATCTRI Simple Sequence
Length Polymorphism (SSLP; BELL and ECKER 1994). The
ein4, ein5—1 and ein7 mutants were crossed onto the M10
marker line (KOORNNEEF and Stam 1992) . The genotypes of
the F, progenies from the ein4 cross were determined by test-
ing the F; progenies for segregation of mutant phenotypes;
the F; seedlings were then used for SSLP and Cleaved Ampli-
fied Polymorphic Sequences ( CAPS; KONIECZNY and AUSUBEL
1993) mapping. An ap! ein5-1 double mutant was isolated
from the F, progenies of the cross to M10; this plant was
then crossed with CS2 (disl, an). F; families were tested for
segregation of the flanking apl, and disI markers and were
mapped with nga280 (BELL and ECKER 1994). F; families
were also progeny tested in the ein7 cross for the segregation
of apl and nga280. The ¢in6 mutant was mapped in a cross
to the wild-type Columbia strain. The eirl locus was mapped
in a cross to the W100 marker strain (KOORNNEEF et al. 1987) .

DNAs for the SSLP and CAPS mapping experiments were
prepared from a single rosette leaf from each Fy progeny or
a minimum of 20 F; seedlings (EDWARDS et al. 1991). The
ATCTRI and nga280 SSLPs were amplified using a capillary
thermocycler (Idaho Technologies, Idaho Falls, ID) with the
following conditions: 94°, 1 sec; 56° 1 sec; 72°, 15 sec; 3 mM
magnesium, 50 cycles. The LFY CAPS products were amplified
on a capillary thermocycler (Idaho Technologies, Idaho Falls,
ID) with the following conditions: 94°, 2 sec; b5°, 2 sec; 72°,
60 sec; 3 mM magnesium, 50 cycles. All other amplifications
were performed as previously described (KONIECZNY and Au-
SUBEL 1993; BELL and ECKER 1994 ) . Map distances were deter-
mined using the Map Manager v2.5 program (ManLy 1993).

Determination of epistasis and isolation of double mu-
tants: A list of mutant strains used in this analysis is provided
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in Table 1. Most strains were backcrossed at least twice to
remove potential background effects on the ethylene pheno-
type before double mutant construction. Chi-square analysis
was performed on the F, segregation ratios to examine possi-
ble epistasis relationships. Double mutants then were isolated
to demonstrate the genetic interaction between the mutant
phenotypes.

The etri—-3 ctrl-1, ein3-2 ctrl—1, ein5-1 ctrl—1, ein7 ctrl—
1, ein2-1 eirl -1, ein3—1 eirl -1, ein5-1 eirl -2, ctrl—1 eir]l -1,
ctrl—1 aux1-21, ein2—1 etol-1, ein2—1 his1-1 and erl-1
auxI—-21 double mutants were obtained by progeny testing
F; plants of each parental mutant phenotype to find a plant
of the genotype ml/ml, +/m2; the double mutants were
identified as seedlings with a new phenotype in the F; genera-
tion. The genotype of each double mutant was verified by
failure to complement the hypostatic mutation. The c&rl-1
hisl1—1, eto]l -1 his1—1 and eirl -1 his1-1 double mutants were
identified in F; progenies as seedlings expressing both mutant
phenotypes. The ctrl-5 allele was created by the insertion
of a kanamycin—resistant marked T-DNA into the CTRI gene
(KIEBER ef al. 1993) . This selectable marker was used to isolate
recombinants between ein2-1 and ctrl-5. Fy seeds from a
ctrl -5 by ein2-1 cross were examined for ethylene insensitive
seedlings in the presence of 50 pg/ml kanamycin. Kanamy-
cin-resistant (kan") F; Ein~ plants were progeny tested for
the presence of both the kan' marker and Ein~ phenotype.
The double mutant was then verified by the failure to comple-
ment ctrl-1.

Quantifying the seedling phenotypes: Seedling measure-
ments were obtained using a WILD dissecting scope with an
ocular micrometer. Hook angles were quantified using a pro-
tractor reticle (Edmunds Scientific, Edison, NJ) . The severity
of the triple-response phenotype was measured as elongation
of root or hypocotyl in the presence either of 10 ul/liter
ethylene or in hydrocarbon-free air. Statistical analysis was
carried out with the Statview 512+ software ( BrainPower Inc.,
Ventura, CA). The Student’s #test was used for statistical com-
parison of the means. Sensitivity to 2,4-dichlorophenoxyacetic
acid (2,4-D; Sigma) was assayed as inhibition of root elonga-
tion. Seedlings were surface sterilized and plated on MS agar
media containing 2,4-D. The seedlings were vernalized at 4°
for 4 days before germination and root elongation was mea-
sured after 5 days at 23° in the dark. Gravity response was
measured using a stage protractor on an Olympus dissecting
scope. Surfacesterilized seeds were plated along a straight
line marked on the petri dish. Seedlings were vernalized for
4 days at 4° and then placed perpendicular to the horizontal
line. After 3 days in the dark at 23°, the angle of root growth
was measured as the deviation from vertical; a perfect positive
gravitropic response (completely vertical root) was measured
as 0°.

RESULTS

Identification of five novel mutant loci affected in
ethylene responses: Wild-type A. thaliana seedlings un-
dergo drastic morphological changes in the presence
of ethylene. The total seedling length is reduced dra-
matically and the degree of curvature in the apical hook
becomes highly exaggerated when grown in ethylene
(Figure 1). To identify components of the ethylene
signal transduction pathway in Arabidopsis, we
screened between 10,000 and 15,000 3-day-old etiolated
seedlings from each of 23 independent X-ray-mutagen-
ized and 20 independent diepoxybutane-mutagenized

M; pools for ethylene insensitivity. Each of the M, popu-
lations represented ~1500 M, plants. All putative mu-
tants were back crossed to the parent strain and placed
into complementation groups (Table 2). Five novel
complementation groups were identified, ein4, en3,
ené, ein7 and eirl.

ein4: The eind mutant was identified in a diepoxybu-
tane-mutagenized population. This mutant has a strong
ethylene-insensitive phenotype in all tissues examined
(Figure 1). When back crossed to wild type, ein4 segre-
gated as a dominant mutant (Table 2). Linkage was
detected between ein4 and chromosome 3 SSLPs and
CAPS: ngal72, ngal62, ngal26, GAPC, and GAPA (Ta-
ble 3A). The chromosomal position of this mutation is
1.5 = 1.1 cM south of GAPC on the top of chromosome
3. This location is distinct from any previously described
ethylene mutants (Figure 2).

ein5: The ein5 locus is represented by two recessive
ethylene insensitive alleles from independent X-ray-mu-
tagenized M, pools (Table 2) . Both ein5-1 and ein5-2
alleles segregate as recessive mutations. The ein5 alleles
have a less severe ethylene-insensitive phenotype than
ein2-1 and ein4 (Figure 1) . ein5~1 was mapped to chro-
mosome I with the visible markers apl, disl and the
SSLP nga280 (KOORNNEEF and STAM 1992; BELL and
ECKER 1994). A single recombination event was de-
tected out of 102 chromosomes scored between nga280
and ein5-1. This chromosome was also recombinant at
the flanking apl marker, which positions ein51 = 1 cM
north of nga280 (Figure 2). A recessive 1-aminocyclo-
propane-l-carboxylic acid (ACC)-insensitive mutation
(ainl), which maps close to this area of chromosome
1, has been identified (VAN DER STRAETEN eéf al. 1993) .
The application of micromolar quantities of ACC to
etiolated Arabidopsis seedlings induces the triple-re-
sponse phenotype; the seedlings can readily convert
this precursor to ethylene (YANG and HOFFMAN 1984) .
Because all of the Ein™ mutants are also insensitive to
ACC (G. ROMAN and J. R. ECKER, data not shown), the
ainl and ein5 mutations may be allelic.

ein6: The ein6 mutant was identified in a screen of
fast neutron-mutagenized seeds of the Landsberg
strain. This mutant is recessive, and has significantly
reduced gametophytic transmission (Table 2). Fast
neutron-mutagenesis frequently induces large chromo-
somal aberrations (HAWKINS 1979; SHIRLEY et al. 1992),
and this may account for the reduced transmission of
ein6. The phenotype of einé is substantially weaker than
either ein2-1 or eind (Figure 1). ein6 was mapped to
the bottom of chromosome 3 in a cross to wild-type
Columbia and lies 31.6 + 6 cM south of the GL1 CAPS
marker and 17.6 + 4.4 cM north of the ngall2 SSLP
(Figure 2).

ein7: The ein7 mutant was identified in an X-ray-mu-
tagenized population. The phenotype of seedlings ho-
mozygous for ein7 is comparable in severity with that of
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TABLE 1
Arabidopsis mutant strains

Ecotype Phenotype® Mutagen Reference
A. Strains”
auxl-7 Columbia Aux” EMS PICKETT et al. (1990)
auxl-21 Columbia Aux” X-ray This paper
auxl-22 Columbia Aux” DEB This paper
ctrl-1 Columbia Ctr™ DEB KIEBER ¢f al. (1993)
ctrl-5 Wassilewskija Ctr™, kan" T-DNA KIEBER et al. (1993)
ein2-1 Columbia Ein~ EMS GuzMAN and Ecker (1990)
ein2-6 Wassilewskija Ein~ Agrobacterium RoMAN and ECKER, unpublished data
ein3-1 Columbia Ein~ EMS ROTHENBERG ét al. unpublished data
ein3-2 Wassilewskija Ein~, kan" T-DNA ROTHENBERG ¢t al. unpublished data
eind Columbia Ein~ DEB This paper
en’-1 Columbia Ein~ X-ray This paper
ein5-2 Columbia Ein~ X-ray This paper
einé Landsberg Ein~ Fast neutron This paper
en’? Columbia Ein~ X-ray This paper
erl-1 Columbia Eir~ DEB This paper
eirl-2 Columbia Eir~ X-ray This paper
etol-1 Columbia Eto™ EMS GuzMAaN and ECkER (1990)
etrl-3 Columbia Ein™ EMS GuzMaN and Ecker (1990)
hisl-1 Columbia His™ EMS GuzMAN and ECKER (1990)
ein2-1 4 Mixed Ein~, Tt” RoMAN and ECKER, unpublished data
eirl-1 apl Mixed Eir~, Ap~ RoMAN and ECKER, unpublished data
DP28 Landsberg Dis™, Clv-, Tt ABRC*
w2 Landsberg Dis™, An~ ABRC
w100 Landsberg Tt", and more ABRC
M10 Landsberg Ap~, Clv~ ABRC
B. Double mutants®
auxl-21 ctrl-1 Aus—, Cr* This paper
auxl-21 eirl-1 Aux” This paper
ctrl-5 ein 2-1 Ein~ This paper
ctrl-1 ein3-2 Ein~ This paper
ctrl-1 ein5-1 Ein~ This paper
ctrl-1 ein7 Ein~ This paper
ctrl-1 eirl-1 Eir-, Ctr™* This paper
ctrl-1 etrl-3 Cur™ This paper
ctrl-1 hisi-1 His™, Ctr™° This paper
ein2-1 eirl-1 Ein~, Eir~ This paper
ein2-6 eirl-1 Ein™, Eir~ This paper
ein2-1 etol-1 Ein~ This paper
ein2-6 eto 1-1 Ein~ This paper
ein2-1 etrl-3 Ein™ This paper
ein2-1 hisl-1 Ein~, Hls™ This paper
ein3-1 eirl-1 Ein~, Eir~ This paper
ein5-1 eirl-2 Ein~, Eir~ This paper
eirl-1 his 1-1 Eir~, His™ This paper

¢ All mutant strains are homozygous unless otherwise indicated.

b Phenotypes are as follows: Aux~ auxin resistant root, agravitropic root, and ethylene insensitive root; Ctr™, constitutive triple
response; Ein~, ethylene insensitive; Eir~, ethylene insensitive root and agravitropic root; Eto”, triple response due to ethylene
overproduction; Hls™, hookless, lack of an apical hook; kan®, kanamycin resistant; Tt™, transparent testa, clear seed coat; Ap”~,
apetela, flowers lacking petals; Dis~, distorted trichomes; An~, angustifolia, long narrow leaves; Clv™, clavata, club shaped siliques.

“The ctrl-1 background in these double mutants mimics treatment with saturating amounts of ethylene.

4 Arabidopsis Biological Resource Center, Ohio State University.

the ein5 mutants (Figure 1), whereas seedlings hetero-
zygous for this mutation have a less severe phenotype.
F, progenies of the backcross to wild-type Columbia
segregated 46 strong Ein~ seedlings, 104 weak Ein~

and 33 Ein* seedlings, a ratio that is not significantly
different from 1:2:1 (Table 2; P > 0.05). Eight F, indi-
viduals from each phenotypic class were progeny tested;
weak Ein~ seedlings were heterozygous for ein7,
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Wild type/air Wild type/ethylene eto1—1/air ctri1—1/air aux1-21/ethylene  his1—1/ethylene

w

etr1-3/ethylene ein3—1/ethylene ein6/ethylene

eir1—1/ethylene

ein2—1/ethylene

eind/ethylene

ein5—1/ethylene

ein7/ethylene

FIGURE 1.—Phenotypes of the ethylene-response mutants. The phenotypes of wild-type and mutant seedling are shown.
Seedlings were germinated and allowed to grow in the dark for 3 days in the presence of either hydrocarbon-free air or 10 ul/
liter ethylene. Wild-type seedlings grown in air develop a thin and elongated hypocotyl and root; in ethylene, these seedlings
develop the triple response (BLEECKER et al. 1988; GUZMAN et al. 1990). The triple response includes a thickening of the
hypocotyl, inhibition of root and hypocotyl elongation and an exaggeration of the curvature in the apical hook. ctrl—1 and eto-
1 display the triple-response phenotype in the absence of exogenous ethylene (Ctr and Eto ). eirl -1 and auxI-21 roots are
insensitive to ethylene (Eir and Aux ). auxI-21 is defective in the formation of an exaggerated apical hook, whereas hlsl—1
is completely hookless (Hls ) in ethylene. etrl—3, ein2-1, ein3—1, ein4, ein5-1, ein6 and ein7 display an ethylene-insensitive

(Ein ") seedling phenotype.

whereas seedlings displaying a strong Ein~ phenotype
were all homozygous for this mutation. These data
strongly suggest that en7 is a semidominant mutation.
ein7was mapped 4.2 = 2.4 cM north of nga280 and 17.7
* 4.9 cM north of apl on the bottom of chromosome 1.
Because EIN5 maps to a similar position, we examined
the phenotype of ein7/ein5 plants. ein7/ein5-1 and
ein7/ ein5-2 trans-heterozygotes have a weak Ein ™~ phe-
notype (Table 2D). These results do not confirm or
repudiate allelism between these genes because ein7 is
semidominant. Consequently we have given this muta-
tion its own locus designation.

eirl: eirl mutations specifically affect the ethylene in-
sensitivity of the root. The hypocotyl and apical hook
of mutant seedlings are sensitive to ethylene, but the
root is moderately insensitive to this hormone. eirl -1
was isolated from a diepoxybutane-mutagenized M,
pool and eirl -2 from an X-ray-mutagenized pool. Both
eirl alleles are recessive (Table 2). eirl—1 was mapped
to the bottom of chromosome 5 between the 3 mor-
phological marker and the LFY3 CAPS marker (Figure
2). eirl—1 was mapped 10.8 = 2.8 cM from (/3 by prog-

eny testing Fy Eir~ plants in a cross of eir/—1 by the
W100 multiply marked line (KOORNNEEF et al. 1987).
The distance between eirl—1 and the LFY3 CAPS
marker was found to be 6.1 = 2.6 in these same F;
families. The least frequent class of recombinants was
recombinant for both LFY3 and (3, indicating that eir/ -
1 is flanked by these markers.

The auxin-resistant auxl, axrl and axr2 mutations
produce ethylene insensitive roots that have an altered
gravitropic response (MAHER and MARTINDALE 1980a;
LINCOLN et al. 1990; PICKETT et al. 1990; WILSON et al.
1990). Two alleles of auxl were identified in our
screens (Table 2) ; the aux1-21 allele was isolated from
an X-ray-mutagenized pool and the aux!—-22allele from
a diepoxybutane-mutagenized pool. To test if EIRI is a
member of this class of genes, eirl alleles were assayed
for root growth on 0.05 uM 2,4-D. Wild-type levels of
auxin sensitivity were observed in both cases (Figure
3). Similar results were obtained with another auxin,
indole butyric acid (IBA; data not shown). The seed-
ling roots of both eirl alleles failed to respond to gravity
when grown on vertically oriented petri plates (Figure
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TABLE 2

Genetic segregation of new ethylene response mutants

Strain/
generation Female Male Ein* Ein~ x°
eind
F, Wild type eind 0 8
F, 13 36 0.11
ein5
F, Wild type ein5-1 10 0
F, 41 13 0.02
F, Wild type ¢in5-2 5 0
F, 53 19 0.07
F, ein5-1 an5-2 0 4
F, ein5-1 ein2-1 13 0
F, ein’-1 ein3-1 4 0
ené
F, Wild type ¢in6é 9 0
¥, 374 38 54.7°
F, einé ein2-1 2 0
F, einé ein3-2 4 0
F, einé ein5-2 5 0
ein7
F, Wild type ein 7 0 6¢
F, 33 46/104* 5.3¢
F, ein5-1 ein7 0 1
F, ein5-2 ein7 0 3
eirl
F, Wild type eirl-1 19 0
F, 48 18 0.19
F, Wild type eirl-2 9 0
F, 101 24 2.24
F, eirl-1 eirl-2 0 12
Strain/
generation Female Male Aux”* Aux™ X2
auxl alleles
F, Wild type auxl-21 8 0
F, 20 5 0.07
F, Wild type auxl-22 15 0
F, 31 14 1.08
F, auxl-7 auxl-21 0 15
F, auxl-7 aux1-22 0 7
F, auxl-21 auxl-22 0 10

“Wild type denotes the wild-type Columbia strain.
*P < 0.05.

‘These ein7 heterozygotes had phenotypes intermediate between that of the parental ein7 homozygote and

wild-type Columbia.

4 Of these 150 Ein™~ plants, 104 had the intermediate phenotype seen in the F,, whereas 46 had a phenotype

similar to the ein7 parental strain.

*A 1:2:1 ratio of Ein":intermediate:Ein* was tested.

4). Thus EIRI represents a new class of genes, in that
it appears to mediate the responses of seedling roots
to ethylene and gravity but, unlike the AUXI gene, does
not affect the sensitivity of roots to exogenously applied
auxin.

Mapping of the EIN2 and ETOI loci: As part of
our effort to define genetic loci involved in ethylene
signal transduction, we reexamined the map position

of the previously identified ein2locus using additional
RFLPs (GuzMaN and ECKER 1990) . The ¢in2-1 muta-
tion was found to segregate with multiple RFLPs on
the top of chromosome 5 (Table 3). This gene lies
between the ATCTR1 and ubq6121 markers. The
etol -1 mutant was mapped with visible markers to
the bottom of chromosome 3. etol-1 mapped 5.4 *
1.2 cM from 5, 17.4 cM from gil, and 12.7 cM from
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TABLE 3
Molecular genetic mapping of the EIN4 and EIN2 loci

Gene/genetic
marker No. of F; progenies Map distance®
EIN4
ngal72 41 6.7 = 2.5
GPAC 81 1.2 = 09
ngal26 45 6.7 + 2.6
ngal62 47 75+ 2.7
GAPA 64 21.9 + 3.7
EIN2
ubg6121 38 1.3+13
g3715 47 0
ATHCTRI 102 05+ 05
m217 28 26+ 1.9
g3837 47 32+ 22
m29]1 44 11.6 = 35

“Map distances and errors were determined by Map Man-
ager (MANLY 1993).

tt6. The data are most consistent with efol~-1 being
north of #5 (Figure 2).

Double-mutant analysis: Epistasis relationships be-
tween mutations in a biochemical or regulatory pathway
can provide information about the way these genes in-
teract without any a priori knowledge of their molecular
identity (FERGUSON et al. 1987; CHORY 1990) . To define
the relationship between ethylene mutants, double mu-
tants were isolated as described in METHODS AND MATERI-
ALS and confirmed by test crosses (Table 4) . The triple-
response phenotypes of wild-type, single and double
mutant strains were quantified in the presence and ab-
sence of ethylene (Table 5).

etrl and ein2 are epistatic to etol: eto]l mutants display
a triple-response phenotype in the absence of exoge-
nously added ethylene because of a 10-fold overproduc-
tion of ethylene (GuzmaN and ECKER 1990; KIEBER et
al. 1993). When the F; plants from a etol -1 by etr]-3
cross were grown in the presence of ethylene, 75% of
these plants were ethylene insensitive (x*=0.02 P>
0.1), which indicates that efrI -3 is not masked by et -
1. In contrast, the Eto ~ phenotype segregated at a ratio
that was significantly less than 1 Eto™:3 Eto* (x? =
58.38, P << 0.05), and closely approximated a 1 Eto ":15
Eto* (x* = 0.56, P> 0.1). This is the expected result
if etrl—1 is epistatic to etol-1.

ein2-1 is also epistatic to etel—1. The etol -1 ein2—1
double mutant has a strong ethylene-insensitive pheno-
type (Table 5) . The double mutant also lacks the strong
triple response phenotype of etol -1 when grown in air.
Together these data indicate that both ein2-1 and etrl -
3 mutants are epistatic to efol~1 and are therefore in-
sensitive to endogenously produced ethylene.

ctrl is epistatic to etrl and ein4: The ctrl-1 allele has
a constitutive triple-response phenotype when grown in

air. Because this phenotype is not reverted by antago-
nists of ethylene biosynthesis or action (KIEBER et al
1993), CTRI1 is believed to play a role in ethylene signal
transduction. ¢trl-1 is transmitted at a reduced fre-
quency; ctrl—1/ctrl—1 plants segregate at 17.8% in-
stead of 25% in F, families from heterozygous plants
(KiEBeR and EcCkER 1994). The cirl—1 etrl-3 double
mutant has a constitutive triple-response phenotype
(Table 5) . The length of the ctri—1 etr] -3 double mu-
tant was not significantly different from ctrl in the ab-
sence of exogenous ethylene (¢ = 0.05, P> 0.1), and
the hook of these plants was also very similar to that of
ctrl-1(t=1.31, P> 0.1). ctrl-11is also epistatic to the
dominant ein4 mutation (Table 6). The segregation of
Ein~ seedlings in the F;, of the ctrl—1 by ein4 cross was
significantly <75% (x® = 90.8; P < 0.01), but not
different than the 62% expected if ¢trl—I were masking
its phenotype (x* = 1.70; P> 0.1). The Ctr~ pheno-
type segregated significantly greater than the 4.3% ex-
pected if the dominant ein4 mutation were epistatic to
this locus (x2= 336.78; P < 0.01); ctrl was found in
the F, at ~17.3%, as is the case in the absence of ein4
(x? = 1.13; P > 0.1). Therefore, the data are most
consistent with c¢rl—1 masking the phenotype of ein4.
The ctrl-1 ein4 double mutant is needed to verify this
tentative order of gene action.

etrl and ein2 are not additive: Two experiments were
performed to examine the interaction between etrl-3
and ¢in2-1. In the first experiment, the ein2-1 etrl-3
double mutant was grow in the presence of ethylene.
Under these conditions, the length of the double mu-
tant was slightly, but significantly less than that of ein2-
1 (Table 5; t = 4.28, P < 0.01) . In the second experi-
ment, freshly harvested ein2—1 etrl -3, etrl -3 and ein2~
1 seeds were grown on 10 uM ACC. Under these condi-
tions, the ein2-1 etrl-3 double-mutant seedlings (16.3
+ 0.4 mm) were significantly longer than etrl-3 (13.7
* 0.6 mm; £ = 3.29, P < 0.01), but were shorter than
ein2—1 seedlings (17.6 + 0.9 mm) although this differ-
ence was not significant (¢ = 1.23, P> 0.1). Thus, in
both experiments, etrl and ein2 did not interact in an
additive manner.

an2, ein3, ein5, ein6 and ein7 loci act downstream of
crl: The ein2 and ctrl loci are located within a one ¢cM
region of each other on the top of chromosome 5 (Table
3B; Figure 2). To generate double mutants between
these genes, we took advantage of c¢trl~5, a T-DNA-in-
duced allele of c¢trI that contains a dominant kanamycin-
resistant marker (kan"; KiEBER ¢t al. 1993) . This marker
permitted us to detect recombination events between
ein2—1and ctrl-5as kan” Ein ~ seedlings in the F. From
~10,000 F; seedlings, 3 were selected as being unequivo-
cally kan” and ethylene insensitive. All three failed to
segregate Cur™ plants in the F, suggesting that ein2-1
masks the c¢irl-5 phenotype. One of these plants was
found to be homozygous c¢trl (Table 4), and the prog-
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FIGURE 2.—Map positions of ethylene-response mutants. A map of the five A. thaliana chromosomes is shown with the locations
of the ethylene-response mutants. The genetic mapping data for these mutant loci are as follows: ein2, eind, ein5, ein6, ein?, etol,
eir] (this paper), ein3 (M. ROTHENBERG, G. ROMAN and ]. R. ECKER, unpublished data), hisI (A. LEHMAN and J. R. ECKER,
unpublished data), ctrl (KIEBER et al. 1993), etr] (CHANG et al. 1993) and aux! (MAHER and MARTINDALE 1980b) . The molecular
markers are as follows: m217, m291, ubq6121 (CHANG et al. 1988); g3713, g3715, g3837 (NaM et al. 1990); GAPC and LGY3
(KONIECZNY and AUSUBEL 1993) ; nga280, ngal72, ngal26, ngall2 and ATCTR1 (BELL and ECKER 1994).

eny of this plant were confirmed to be ethylene insensi-
tive (Table 5). The ctrl—1 ein3-2 and ctrl-1 ein5-1
double mutants were also insensitive to 10 ul1/ liter ethyl-
ene (Table 5). The ctrl-1 ein7 double mutant also dis-
played an Ein~ phenotype (Table 5). The ability of
an2-1, ein3-2, ein5-1 and ein7 to mask the phenotype
of the ctr! indicates that all of these Ein™ loci act after
CTRI in the ethylene signal transduction pathway.

The ein6 mutation also was crossed onto cirl—1. F;
families from plants with each mutant phenotype in
the F; were progeny tested for segregation of a novel
phenotype. Two out of eight Ctr~ F, plants produced
ethylene insensitive seedlings, but none of the eight
Ein~ plants tested produced seedlings with a Ctr™ phe-

notype (data not shown). The segregation of an Ein~
seedling from a parent homozygous for ctrl-1 strongly
suggests that ein6 can mask the seedling effects of the
ctrl—1 mutant.

None of the F; progeny of intercrosses between ein3—
1 and ein5-1, ein3—1 and ein5-2, ein3—-2 and ein2-1,
ein3-2 and ein6 and ein2-1 and ein5-1 displayed an
additive phenotype (data not shown). Thus, there is
no evidence for a second ethylene response pathway,
or for branches in this pathway.

eirl and auxl interactions with ctrl: Both eirl-1 and
auxl-21 displayed an elongated root in the presence
of ethylene whereas root elongation in c#rl -1 was inhib-
ited in air (Table 5). In the absence of exogenous
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FIGURE 3.—Inhibition of root elongation by auxin. Wild-
type, eirl and auxl seedlings were grown in the presence or
absence of 0.05 uM 2,4-D. Root elongation was measured after
5 days growth. Each value is the mean * SE of 15 seedlings.
aux]—-21 demonstrated auxin resistance in this root-growth
assay, consistent with the phenotype of other auxI mutant
alleles (MAHER and MARTINDALE 1980a; PICKETT et al. 1990) .

ethylene, the seedling root of the ctrl—1 eirl -1 double
mutant was significantly longer than the ctr/-1 root
(Table 5; t = 17.24, P < 0.01). ctrl-1 eirl-1 plants
have a significantly shorter root than eirl -1 in the pres-
ence of 10 ul/liter ethylene (¢ = 6.76, P < 0.01). The
inability of eirl—1 to completely block the short root
phenotype of ctrl—1 may be due to either the leakiness
of the eirl—1 mutation or to parallel functions of ctrl
and eirl. The molecular nature of the eirl —1 mutation
may clarify the relationship between these two loci.

The phenotype of the ctrl -1 auxI—-21 double mutant
in the absence of exogenous ethylene mimics the phe-
notype of auxI-21 in the presence of 10 ul/ liter ethyl-
ene (Table 5). The root phenotype of this double mu-
tant was significantly longer than ctrI-1 (¢t = 20.55, P
< 0.01) but not significantly different from auxl-21
in ethylene (¢ = 1.55, P > 0.1). The auxI-21 apical
hook is less severe in the presence of ethylene than
wild-type Columbia or air grown c¢trl/—1 (Table 5). The
apical hook phenotype of auxI-21 is also epistatic to
ctrl-1 (Table 5). Thus, the auxI/-21 mutant appears
to act after ctrl in the inhibition of root elongation and
the exaggeration of the apical hook.
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FIGURE 4.—Agravitropic response of ethylene mutants.
Wild-type, eirl, auxl and ein2 seedlings were grown on vertical
plate as described in MATERIALS AND METHODS. The primary
vector of root growth was measured relative to vertical such
that positively gravitropic roots were at 0° and negatively gravi-
tropic roots were at 180°. Each value is the mean * SE of
20 seedlings. auxI-21 seedlings display an agravitropic root
phenotype, consistent with the phenotype of other aux!/ mu-
tant alleles (MAHER and MARTINDALE 1980a; PICKETT et al.
1990.

eirl is additive with ein3 and ein5: The effects of both
ein3-1 and eirl-1 on root length are additive in the
ein3—1 eirl — 1 double-mutant root, indicating that these
genes function in separate pathways. When grown in
ethylene, the root length of the ein3—1 eirl—-1 double
mutant was significantly longer than either ein3—1 (Ta-
ble 5; t = 8.09, P < 0.01 ) or eirl—1 (Table 5; t = 9.24,
P < 0.01).In ethylene, the eirl—1 root length was ~1.9
mm longer than wild-type Columbia. This was very close
to the difference observed between the emn3—1 eirl—1
and ein3-1 roots when grown in ethylene (2.0 mm;
Table 5). Additionally, the difference in length be-
tween emm3—-1 and wild-type Columbia seedling roots
when grown in ethylene was ~2.1 mm, which closely
approximated the difference seen between ein3—1 eirl —
1 and eirl—1 (2.2 mm; Table 5). These data indicate
an additive effect on ethylene insensitivity between the
ein3—1 and eirl -1 mutants.

The ein5-1 eir] -2 double mutants have significantly
longer roots in ethylene than either ein5-1 (Table 5; ¢
= 16.75, P < 0.01) or eirl-2 (Table 5; t = 12.0, P <
0.01). The effects of ein5 and eirl on root length are
additive in the ein5—1 eirl -2 double mutant (Table 5).
ein3—1 eirl-1 and ein5—1 eirl -2 double mutants also
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TABLE 4

Testcrosses of the double mutants

Double mutant Testcross Generation No. examined Phenotype”
etol-1 ein2-1 X etol-1 F, 19 Eto™
etol-1 ein2-6 X etol-1 F; 6 Eto™
ctrl-1 etrl-3 X Wild type® F 15 Ein~
F, 8 families seg. Ein™ and Ctr~
ctrl-5 ein2-1 X ctrl-1 F, 14 Ctr~
Fy 10 families Ctr™ seg. Ein~
ctrl-1 ein3-2 X ¢trl-1 F, 7 Ctr™
ctrl-1 ein5-1 X ctrl-1 F, 12 Ctr~
F, 6 families Ctr~ seg. Ein~
ctrl-1 ein7 X ctrl-1 F, 7 Cu!
eirl-1 auxl-21 X eirl-1 F, 28 Eir~
F, 8 families Eir™ seg. Aux™
X auxl-21 F, 22 Aux~
eirl-1 ein2-1 X eirl-1/apl F, 11 Eir~ Ap™
F, 8 families Eir~ seg. Ein~ and Ap~
erl-1 ein2-6 X eirl-1/ap 1 F, 6 Eir~ Ap*
arl-1 ein3-1 X eirl-1/apl F, 30 Eir™ Ap*
Fy 8 families Eir~ seg. Ein~ and Ap~
arl-2 ein5-1 X erl-1 F, 19 Eir~
eirl-1 ctrl-1 X eirl-1/apl F, 9 Eir~ Ap™*
aux1-21 ctrl-1 X ctrl-1 F, 23 Ctr™
X auxl-21 F, 8 Aux”
etrl-3 ein2-1 X Wild-type F, 27 Ein~
X ein2-1, tt4 F, 15 Ein™ Tt
F, 15 families Ein™ seg. Tt~
ein2-1 his 1-1 X ein2-1, tt4 F, 11 Ein™ Tt
X hisl-1 F, 17 His™

“ A minimum of 50 F, progenies were scored for each F, family. The segregation of recessive mutations in F, families was not
significantly different from the expected frequency of 25% (data not shown).

*Wild type is the wild-type Columbia strain.

have agravitropic roots, a phenotype of eir] alleles ( data
not shown ). The additive interactions between the eirl
and ein3 and the eirl and ein5 mutations suggest that
the EIRI gene is involved in a pathway of ethylene inhi-
bition of root growth which is distinct from that of the
EIN3 and EINS5 loci.

eirl is not additive with ein2 and aux1: The ein2-1 eirl—
I double mutant has a root length in ethylene that is
significantly longer than eirl—1, but is not significantly
different from that of the ein2—1 root (Table 5; ¢t =
0.46, P > 0.1). The primary root of the ein2—1 eirl—1
double mutant is agravitropic, a phenotype typical of
eirl -1 but not ein2—1. These data suggests that EIN2
and EIRI act within the same pathway effecting ethylene
induced inhibition of root cell elongation, and that
EIRI also functions in a seperate pathway involved in
the root response to gravity.

In ethylene, auxI-21 eirl-1 double-mutant roots
were identical in length to eirl-1 roots, but were sig-
nificantly shorter than auxI-21 roots (Table 5; ¢ =
31.23, P < 0.01). In a separate experiment, the quxl—
21 eirl - 1 double-mutant seedlings were grown on verti-
cally oriented plates containing 100 uM ACC. In this

experiment, auxl-21 eirl-1 roots were significantly
longer (3.3 * 0.1 mm) than eirl-1 roots (2.6 = 0.1
mm; ¢t = 4.31, P < 0.01), but were identical in length
to auxl-21 roots (3.2 = 0.1 mm; ¢ = 1.07, P> 0.1).
Thus in both experiments, aux]-21I and eirl -1 did not
have additive effects on root elongation in the presence
of ethylene. These results indicate that EIRI functions
in a rootspecific ethylene-response pathway that in-
cludes the AUXI and EIN2 loci. In several experiments,
the ein3 eirl -1 root length in ethylene closely approxi-
mated the level of insensitivity seen in ein2; this would
suggest that ein2 is epistatic to both ein3 and eir] func-
tions and may act before these loci in the ethylene
signal transduction pathway.

his1 interaction with the ethylene mutants: Wild-type Co-
lumbia seedlings have a moderate apical hook when
grown in the absence of ethylene and develop an exag-
gerated hook in the presence of this hormone (Figure
1; Table 5). In contrast, klsI-1I seedlings have almost
no hook in ethylene (Figure 1; Table 5). This defect
in hook formation in hisI-1 is epistatic to the etol,
ctrl, ein2 and etrl loci. The etol—1 hisI—1 hook in air
is indistinguishable from hls1-1 (6 * 2° ¢t = 1.563, P >



Ethylene Signal Transduction 1403

TABLE 5

Quantifying the ethylene response phenotype

Ethylene Air
Root Hypocotyl Total Hook Root Hypocotyl Total Hook
Strain length length seedling angle length length seeding angle
Columbia 1.5+ 0.1 3.0x01 45+ 0.1 250 + 8 3902 48=01 87+0.2 114 £ 9
Landsberg 21 0.1 27 *0.1 48 = 0.1 233 = 18 nd’ nd nd nd
Wasslewskija 1.0 = 0.1 31x01 41+ 0.1 270 + 6 40+02 6.1 =01 10.1 = 0.2 166 + 7
aux1-21 47+x02 3401 81x03 197 = 8 6303 60=x01 12.3 + 0.3 126 + 6
ctrl-1 0800 28=*0.1 3.6+ 0.1 247 =5 0900 31=x01 40 =01 246 *+ 10
ctrl-5 0.4+ 0.0 1901 23 +01 252+ 5 06+00 24=01 3.0 + 0.1 237 + 8
ein2-1 6102 65%02 126 = 0.2 39 =4 5802 69*02 127 = 0.3 43 = 7
ein3-1 36 *0.1 52+ 0.1 8.8 £ 0.2 118 = 7 54*+03 59+0.1 11.3 = 0.4 777
en3-2 31*0.1 55+ 0.1 85 *0.2 176 = 6 52+ 03 63 x02 114+ 0.3 152 = 8
eind 7102 73x03 144 = 0.3 649 6.8+03 69=*03 13.7 + 0.4 45+ 5
ein5-1 2501 48 + 0.1 7.3 +0.1 14410 56*02 53=*02 11.0 = 0.3 89 = 8
emn5-2 26+ 0.1 4.6 = 0.2 72+02 15610 43x02 56=*02 99 *0.3 113 = 10
einé 35*0.1 6.2 + 0.2 9.7 £ 0.2 95 + 6 7.0+02 6.0=*02 13.0 = 0.2 47 + 4
ein7 29 £ 0.1 52+ 0.1 81=*02 176 + 4 52+ 02 6702 119 = 0.2 137 £ 8
eirl-1 34+01 31 x01 6.5+ 0.1 282 =7 5209 62=*01 114 = 0.1 106 = 7
erl-2 3.0+ 0.1 31x01 6.1 +0.1 261 + 7 48+03 5702 105 = 0.4 109 + 10
etol-1 14 x0.1 33+ 01 47x02 244=*10 1.9 £ 0.1 3301 53 * 0.1 239 = 8
etrl-3 46+ 02 61 x0.1 10.7 = 0.3 89 +7 49+03 55=*02 104 = 0.3 96 = 5
his1-1 09 =*0.1 3.4 *0.1 4302 5=+1 33x01 5101 8.4 0.2 4+ 1
auxl-2l crl-1 39 *+02 3.6 + 0.1 7.5+ 0.2 178 = 8 42+02 33x01 7.5+ 0.2 194 + 6
auxl-21 eirl-1 3.4 *+ 0.1 3.8 0.1 7.2+ 0.2 138 + 7 49+02 54=*01 10.3 = 0.2 124 £ 6
ctrl-1 ein3-2 34 x0.1 54> 0.1 88x02 176 7 4303 59=*02 101 = 0.4 158 £ 9
ctrl-1 ein5-1 24+00 55=*01 7.9+ 0.1 141 = 9 25 *0.1 48 + 0.1 7.3+ 0.1 134 = 10
ctrl-1 ein7 32x01 53+ 0.1 85 % 0.2 129 = 9 3.0*01 54 * 0.1 84+ 0.1 139 =9
ctrl-1 eir 1-1 1.9+ 0.1 33+0.1 52 * 0.1 236 =9 2.6 £ 0.1 3.7 £ 0.1 6.2+ 0.1 254 + 8
ctrl-1 etrl-3 08+00 32=x0l1 4.0+ 0.1 228+ 9 1.1 =01 29+ 0.1 4.0 x0.1 228+ 9
ctrl-1 his1-1° 0.6 0.1 3.0+ 0.1 3.6 £ 0.2 4+1 06*00 25=*01 3102 6=*2
ctrl-5 ein2-1 60+03 83=x02 143 + 0.5 35 + 3 556+ 02 68 x0.1 12.3 = 0.2 35+ 5
ein2-1 eirl-1 62+02 77x02 139 + 0.3 377 6703 67=x0.1 13.4 = 0.3 31x3
en2-1 etol-1 61+x02 73=x02 134 * 04 33 +3 64+02 74x02 138 £ 0.3 36 £6
ein2-1 etrl-3 45+ 0.1 6.9 = 0.1 114+ 0.2 35 x5 4.8 + 0.1 6.6 = 0.2 115 = 0.2 23 + 3
ein2-1 hisl-1 6002 54=x0l1 114+ 0.3 5=+1 5.7+ 0.1 48 * 0.2 105 = 0.2 41
ein3-1 eirl-1 56 =02 58 *0.1 114 = 0.3 144 = 6 7102 80=*02 15.1 £ 0.3 90 x 7
ein3-1 eirl-2 44+ 0.1 4.8 + 0.1 9.1+ 0.1 151 = 8 nd nd nd nd
etol-1 hisl® 07 x0.1 3.0+ 02 3.7+02 5x+2 1.4 + 0.1 3.8 £0.2 52+ 0.2 62

All values are the means + SE of 20 seedlings unless otherwise noted. Root length, hypocotyl length and total seeding are

measured in millimeters. Hook angles are measured in degrees.

“Values for these genotypes are the means * SE of 15 seedlings.

#Not determined.

0.1). Likewise, the citrl—1 hls1—1 double-mutant hook
in air displays the hisI—1 phenotype (6 * 2% ¢ = 1.28,
P> 0.1). The ein2-1 mutation retains a small amount
of hook curvature in air grown seedlings (43 + 7°; Table
5). The ein2—1 hisI—-1 double mutant is statistically dif-
ferent from ein2-1 (t = 5.54, P < 0.01) but not Alsl-
1 (t= 053, P> 0.1). Although not quantified, the
etrl—1 his1-1 and eirl—1 his]1—1 double mutants also
show the #ls1-1 phenotype (data not shown).

An additional interaction between hisI—1 and cirl—1
was observed. The reduced gametophytic transmission
of ctr1—1 was not seen in crosses with hlsI—1 and aux]-
21 (Table 6). In the ctrl—1 by hls1-1 cross, the Ctr~

phenotypic class was significantly greater than 17.3% ( x?
= 7.74, P < 0.05) but not significantly different from
256% (x* = 0.88, P> 0.1). Similarly, in the cross with
aux]—-21 the Ctr~ class more closely approximated 25%
(x* = 011, P> 0.1) than 17.3% (x* = 6.18, P <
0.05). These results suggest that the reduced female
gametophytic transmission in c¢érl -1 requires functional
auxl and hisI loci. This interaction may account for the
high chi-square values seen in these crosses.

The ctrl mutants have a dramatic adult phenotype that
can be phenocopied in wild-type plants by continuous
growth in the presence of ethylene (KIEBER ¢ al 1993).
This phenotype includes reduced leaf and petiole size
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TABLE 6

F, segregation ratios of ethylene response mutants

Cross Phenotype .
Ratio
Female Male Condition  Wild type  Ein~ Eto™ Ctr™ Hls™ Eir™  Double  tested® x?
etol-1 ein2-1 Ethylene 232 69 3:1 0.64
Air 378 94 3:1 6.51°
etol-1 an2-6 Ethylene 98 39 31 0.98
Air 168 43 3:1 2.52
etol-1 etrl-3 Ethylene 59 182 1:3 0.02
Air 263 14 31 58.38"
ctrl-1 en2-1 Ethylene 375 126 3:1 0.01
Air 413 105 3:1 3.03
ctrl-1 etrl-3 Ethylene 60 99 1:3 13.36°
Air 151 25 3:1 1.00
ctrl-1 an3-2 Ethylene 126 32 3:1 1.66
Air 39 9 3:1 0.13
arl-1 eind-1 Ethylene 201 431 1:3 90.80"
Air 529 123 3:1 1.13
crl-1 en3-1 Ethylene 478 170 3:1 0.53
Air 497 73 3:1 8.27°
ctrl-1 ené Ethylene 58 10 3:1 2.75
Air 91 15 3:1 0.70
crl-1 an’7 Ethylene 60 98 1:3 13.38°
Air 214 18 3:1 14.62°
ctrl-1 auxl-21 Air 110 35 36 11 9:3:3:1 6.27
his1-1 an2-1 Ethylene 187 53 50 13 9:3:3:1 4.73
hisl-1 etrl-1 Ethylene 48 165 25 60 3:9:1:3 4.20
hisl-1 arl-1 Ethylene 207 61 43 11 9:3:3:1  12.60°
etol-1 hisl-1 Air 82 28 28 8 9:3:3:1 0.18
ctrl-1 hisl-1 Air 225 64 73 24 9:3:3:1 8.23"
arl-1 auxl-21 Ethylene 177 165 9:7 2.67
eirl-1 ein3-1 Ethylene 152 60 38 9:4:3 2.64
eirl-1 ein2-1 Ethylene 207 99 73 9:4:3 0.25
eirl-1 ein2-6 Ethylene 89 46 41 9:4:3 3.15
eirl-2 en5-1 Ethylene 129 48 40 9:4:3 1.09
etrl-3 ein3-1 Ethylene 106 1108 3:13 75.38°
ein2-1 etrl-3 Ethylene 49 217 3:13 0.02
ein2-1 einé Ethylene 79 55 9:7 0.48
ein5-1 ein2-1 Ethylene 60 48 9:7 0.04
ein5-1 ein3-1 Ethylene 145 92 9:7 2.46
€in6 en3-2 Ethylene 156 96 9:7 3.16

* Ratios involving ctrl-1 and ein6 have been adjusted to account for the reduced transmission of these alleles (KIEBER et al.

1993; Table 4).
b P < 0.05.

and reduced elongation of the inflorescence; the result
is a dramatically smaller plant. The ctri-1 eirl-1, ctrl-1
auxl—~21 and ctrl-1 his]-1 double mutants share this
Ctr ™ adult phenotype (data not shown) . The cirl~1 etrl -
3 double-mutant adult phenotype was predominantly sim-
ilar to that of ctrl-1, but slightly larger in size (data not
shown ). Consistent with their seedling phenotypes, the
ctrl-5 eim2—-1, ctrl—1 ein3-2 and ctrl—1 ein5—1 double
mutants do not have the Ctr™ adult phenotype (data
not shown ) . Interestingly, the ctrl—1 ein7 double-mutant
adult plants were intermediate in size between the two
single mutants. The additive phenotype of the ctrl-1 ein7
double mutant cosegregated with the seedling Ein™ phe-

notype in a backcross to ctrl—1 (data not shown). The
ctrl-1 ein7 seedlings were not intermediate between the
two parental phenotypes (Table 5), suggesting a develop-
mental change in the expression of the ein7 mutant phe-
notype in the adult plants.

DISCUSSION

In this study, we employed the triple-response pheno-
type to identify genes involved in ethylene signal trans-
duction. The triple response consists of inhibition of
root and hypocotyl elongation, radial swelling of the
hypocotyl and an exaggeration in the curvature of the
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apical hook (Figure 1). Five novel loci have been iden-
tified through mutations that are deficient in this ethyl-
ene response. The examination of double-mutant phe-
notypes has provided information on the relative order
of these mutations, and previously identified mutations,
in the ethylene response pathway. Our results demon-
strate that =10 genes are involved in the development
of the triple response. Most of these genes affect all
aspects of the seedling and adult ethylene responses;
these genes are most likely involved in ethylene signal-
ing. Other mutations define genes that affect only a
subset of ethylene responses. The phenotypes of these
mutations, and their relative positions in the ethylene
signal transduction pathway, suggests that the develop-
ment of the triple response involves hormonal interac-
tions.

Components of the ethylene signal-transduction path-
way: The EIN4locus is represented by a single mutant
with a severe ethylene-insensitive phenotype that is
dominant to wild-type. The ein4 mutation has been ge-
netically mapped to the top of chromosome 3; this map
position is distinct from all other ethylene mutants and
thus, is not a dominant allele of a previously identified
locus.

The EIN5 gene is represented by two recessive alleles
that are the least insensitive of all the Ein™ mutants.
This locus is very close to the previously identified ainl
mutation on chromosome 7 (VAN DER STRAETEN éf al.
1993). The ainl mutant is also recessive and shows
moderate insensitivity to the ethylene precursor ACC.
It will be possible to determine if these loci belong to
the same complementation group when ainl becomes
available. The ein7 mutation is semidominant and is
tightly linked to the EIN5 locus. The dominance of ein?7
makes it difficult to establish if it is an allele of ein5.
Clustering of hormone mutant loci within one cM has
been found in Arabidopsis for the ein2 and ctrl genes
on chromosome 5 and for the ga4 and ga:i genes on
chromosome 1 (Figure 2; KOORNNEEF ¢ al. 1985) . For
this reason, we tentatively give EIN7 its own locus desig-
nation.

The EIN6 locus is represented by a single ethylene-
insensitive, recessive mutation that maps to the bottom
of chromosome 3. ein6/ + plants produce less than the
expected number of Ein~ seedlings; this effect may be
the result of a multilocus chromosomal aberration cre-
ated during the fast neutron-mutagenesis, rather than
a product of the ethylene insensitivity of this mutant.
Additional alleles are required for the phenotypic char-
acterization of this locus.

The ein2 and ein3 mutations are recessive and have
been described previously (GuzMAN and ECKER 1990;
KIEBER et al. 1993) . EIN2 maps within one cM of CTRI.
The CTRI gene is represented by five independent re-
cessive mutations that have a constitutive triple-re-
sponse phenotype (KIEBER et al. 1993). This gene has

been cloned and shown to be similar to the Raf family
of serine / threonine kinases. It is likely that all of the
ctr] mutants are the result of a severe reduction-of-
function or a loss-of-function mutation. These mutants
demonstrate that the activity of this putative serine/
threonine kinase is to negatively regulate the ethylene
activation of gene expression and is required for nor-
mal cell growth.

Several mutant loci that are defective in tissue-specific
aspects of the ethyleneresponse phenotype have been
identified. EIRI is a novel locus that is defined by two
independent recessive mutations. e¢irl seedlings have
moderate defects in the ethylene inhibition of root
elongation and more severe defects in root gravitrop-
ism. The hypocotyl and apical hook of Eir~ seedlings
appear to have a normal ethylene response. These seed-
lings also display normal sensitivity to the synthetic
auxin 2,4-D. qux] mutants have a gravity and root-elon-
gation phenotype that is similar to eir! mutants, but
differ from eir] in that they are also resistant to exoge-
nous auxin ( MAHER and MARTINDALE 1980a; PICKETT
et al. 1990) . New alleles of aux! (auxI-21 and auxl-—
22) have a mild defect in the formation of an exagger-
ated apical hook in the presence of ethylene. The hisI—
I mutant has an almost complete deficiency in the abil-
ity to form an apical hook, a differential cell-growth
process; hypocotyl and root elongation in this mutant
exhibit wild-type ethylene sensitivity (GUZMAN and
ECkER 1990) .

Order of gene action within the response path-
way: We have used the phenotypes of several double
mutants to build a framework for the action of these
genes within an ethylene-response pathway (Figure 5).
The earliest steps of this pathway are defined by the
ETRI and EIN4loci, both of which appear to act before
CTRI. The etr] mutants all have Ein~ phenotypes and
are dominant to the wild-type alleles (BLEECKER et al.
1988; GuzmAN and Ecker 1990; CHANG et al. 1993).
This locus recently has been cloned by a map-based
strategy and found to be similar to bacterial two-compo-
nent histidine kinases (CHANG ¢t al. 1993) . It is unclear
whether the etrl mutants result from gain-of-function
or dominant-negative mutations. This question remains
crucial in determining the role of the putative histidine
kinase in ethylene signaling. The primary sequence of
ETRI is similar to the SLNT histidine kinase in Saccharo-
myces cerevisiae ( OTA and VARSHAVSKY 1993) . Both gene
products are predicted to have very similar structures
(CHANG et al. 1993; OTA and VARSHAVSKY 1993), and
mutations of both genes are suppressed by mutations
in putative members of a MAP kinase cascade ( KIEBER
et al. 1993; MAEDA ¢t al. 1994 ) . The SLN1 gene product
directly phosphorylates and inactivates the SSKI gene
product in response to high osmolarity, which results
in the inactivation of a MAP kinase phosphorylation
cascade (MAEDA ef al. 1994) . The HOGI gene product
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is the MAP kinase family member that is involved in
this response to osmotic stress (MAEDA ef al. 1994).
Interestingly, HOGIrelated MAP kinases also are in-
volved in mammalian responses to osmotic and lipo-
polysaccharide stress signals ( GALCHEVA-GARGOVA et al.
1994; HAN et al. 1994). The ethylene-signal transduc-
tion pathway therefore may represent a generalized
stress response system that is conserved in budding yeast
and mammals.

We do not yet know the position of ETRI and EIN4
relative to each other, although the similarities between
ETRIand SLNI suggests putative functions for the EIN4
gene. EIN4 appears to act before CTRI. EIN4 also may
act after ETR1 and have the analogous function in ethyl-
ene-signal transduction in Arabidopsis as SSKI has in
the osmolarity stress response in yeast. Another intri-
guing possibility is that these genes have redundant
functions. Sequences similar to ETRI have been found
within the Arabidopsis expressed sequence tag collec-
tion (NEWMAN et al. 1994). This redundancy would
account for the absence of recessive alleles at these loci.
Alternatively, EIN4 also may act before ETRI within the
ethylene-signal transduction pathway. Indirect evidence
suggests that the ethylene receptor contains a transition
metal that could coordinate this simple gas (BURG and
BURG 1967; SISLER 1990 ) . The ETRI gene product does
not appear to have any structure suggestive of an ethyl-
ene binding domain (CHANG et al. 1993). Therefore,
there may be other proteins which act before ETR1 that
are required for ethylene perception.

The EIN2locus acts after CTRI in the ethylene signal
transduction pathway (Figure 5). In addition to ethyl-
ene insensitivity, ein2 mutants are also deficient in the
development of disease symptoms upon infection with
virulent Pseudomonas syrringae pv. tomato and Xanthomo-
nas campestris. Interestingly, mutations at the ETRI locus
do not have this phenotype (BENT et al. 1992) . There
are several possible explanations for why EIN2, which
acts later in the ethylene signal transduction pathway,
has a phenotype not seen in the upstream gene, ETRI.
Because etr]—3 has a less severe phenotype than the
ein2 mutants that were tested for disease tolerance, it
is possible that etrl-3 develops disease symptoms be-
cause of the remaining ethylene sensitivity in these
plants. Another possibility is that the pathways for sensi-
tivity to pathogens and ethylene are distinct and that
EINZ participates in both of these events.

EIN3, EIN5, EIN6 and EIN7 act after CTRI in the
ethylene-signal transduction pathway (Figure 5). The
ein3, ein5 and ein6 mutants have a significantly less se-
vere Ein~ phenotype than does ein2-1. In addition,
LAWTON et al. (1994) found that the ethylene-induced
Hevein-like gene (HEL) was induced by ethylene to
higher levels in ein3 than in either efrl-1 or ein2-1.
The sequence of ein3—1 predicts that it gives rise to a
truncated protein that should result in a severe reduc-

Gravity? l
Auxin?
l EIN2
Development?
EIR1 / E’xg Auxm?
AUX1
EIN6
\ EIN77
HLS1
Root Root Hair pocotyl “Stress” Gene  Growth in
Growth Initiation/ ro wth Activation Apical Hook
(- Pa(me-;nmg (-} (+) )
+

FIGURE 5.—Genetic pathway for ethylene-response mu-
tants. A model for the genetic pathway of ethylene signal
transduction is shown that is consistent with epistatic relation-
ships. ctrl—1 masks the phenotype of etri-3 and ein4; there-
fore, CTRLI is shown acting after ETRI and EIN4. In this
model, the efrl and ¢in4 mutations are assumed to be domi-
nant negative; therefore, these genes would negatively regu-
late CTRI. CTRI negatively regulates the ethylene-response
pathway (KIEBER et al. 1993). These negative control points
are indicated by a bar. Similarity between the ethylene-re-
sponse pathway and the mammalian and yeast stress responses
suggests additional proteins acting after CTRI. These putative
proteins are indicated by question marks. ein2, ein3, ein5, ein6,
ein7, hisl, eirl and auxl are all epistatic to ctrl, and likely
act after CTRI in the ethylene-response pathway. The EIR1/
AUXI effect on root growth is distinct from the EIN3/ EIN5
root response and therefore is shown in a separate pathway
affecting root growth. EIN2 is required for the EIN3/FEIN5
and EIR1/ AUXI responses and is shown acting before these
genes. FIN7 and EING6 are shown outside of the genetic path-
way because these loci have not been characterized for EIR1/
AUXI interactions. hlsl, eir] and aux] are defective in gravity
or auxin responses. Brackets indicate uncertain gene order.
Responses that are regulated positively by ethylene are indi-
cated (+) as are negatively regulated responses (—). Root
hair initiation and patterning requires genes within the ethyl-
ene signal-transduction pathway (DOLAN et al. 1994; ]J. SCHIE-
FELBEIN, personal communication ).

tion-of-function or a loss-of-function (M. ROTHENBERG
and J. R. ECKER, unpublished results). Therefore, the
weak phenotype of ¢in3—1 can not be attributed to a
simple model of reduced activity, but must be explained
by the function of this gene within ethylene signal trans-
duction. Thus, the EIN3 locus affects only a subset of
the functions of EIN2. The molecular identity of EIN5
has yet to be determined. It is possible that the ein5
mutants have a weak phenotype because they are leaky;
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however it is also possible that this gene only affects a
portion of the EINZ functions.

The EIN6 and EIN7 loci are only defined by single-
mutant alleles. The ctrl-1 ¢in7 double mutant displays
an adult phenotype intermediate between ctrI—1 and
ein7. The interpretation of this adult phenotype re-
mains equivocal without more information about the
nature of the semidominant ein7 mutation. The moder-
ate Ein~ phenotypes seen in the ein6 and ein7 mutants
may be explained by reduction-offunction mutations.
These moderate Ein ~ phenotypes also could be because
EIN6 and EIN7 only affect a subset of the FIN2 func-
tions.

A subset of EIN2 functions not included in an EIN3/
EIN5 pathway are the EIR1/ AUXI effects on root elon-
gation. The additivity seen between eir] mutants and
both eéin3-1 and ein5—1 demonstrates that these genes
produce ethylene insensitivity by separate processes.
eir] -1 failed to display such additivity with ein2-1 and
aux]-21, suggesting that these loci function in a com-
mon response pathway. The relative positions of EIN2,
EIR1 and AUXI loci within this root response pathway
are equivocal. Both AUXI and EIN2 act after CTRI but
the results are not as clear for EIRI. The eir]-1 allele
was not completely epistatic to c¢rl-1. This effect could
result from either a leaky mutation at the eirl locus or
an additive effect between the ctrl and eirl mutants. In
the latter case, E/RI would likely function before both
EIN2 and AUXI in this root response. The agravitropic
phenotype of both eirl alleles and auxl alleles would
suggest that these gene products are responding to ad-
ditional stimuli, such as gravity or auxin.

Seedling roots perceive the gravity stimulus at the
root cap; this physical stimulus is then transduced to
the adjacent tissue (DARWIN and DARWIN 1881). The
response to this signal is differential cell elongation
between the top and bottom of a horizontal, gravity-
stimulated root; this results in a downward bending of
the root tip (JACKSON and BARLOW 1981 ). Several lines
of evidence point to auxin as the signal transmitted
from the root cap to the region of cell elongation
(FELDMAN 1985; EvANS et al. 1994) . Inhibitors of IAA
transport also disrupt gravitropism in seedling roots
(LEE et al. 1984). Gravity-stimulated roots rapidly in-
duce auxin-regulated genes (MCCLURE and GUILFOYLE
1989). Furthermore, all Arabidopsis mutants that are
resistant to exogenous auxin are also defective in root
gravitropism (MAHER and MARTINDALE 1980a; LINCOLN
et al. 1990; PICKETT et al. 1990; M. ESTELLE, personal
communication ) .

A possible function for the EIR1/ AUXI pathway may
be in the regulation of auxin in response to gravity.
This model predicts that AUXI will function in auxin
signal transduction. The sensitivity of eir! mutants to
applied auxin is consistent with EIRI functioning in
auxin transport rather than in auxin signal transduc-

tion, because the IAA transport system is not required
in the presence of high concentrations of exogenous
auxin. The ethylene insensitivity of auxI and eirl roots
may reflect the role of ethylene in regulating gravity
responses and auxin transport. Several studies have
shown that ethylene can inhibit the polar flow of auxin
in different tissues (BURG and BURG 1967; BEYER 1973;
KANG et al. 1967; SUTTLE 1988) . Inhibitors of ethylene
action and biosynthesis slowed gravitropic responses in
several plant species (WHEELER and SALISBURY 1980).
Ethylene production also is induced immediately and
transiently after gravity stimulation of tomato and pea
seedlings (HARRISON and PICKARD 1984; PICKARD
1985) . Although the processes involved in these gravity
responses are poorly understood, further molecular
and physiological characterization of the eir] and auxI
mutants may provide critical insights.

The his1-1 allele has a severe deficiency in the forma-
tion of the apical hook (GuzMmAN and Ecker 1990).
The shape of the apical hook is defined by differential
cell elongation (KANG et al. 1967; SILK and ERICKSON
1978; ABELES et al. 1992) . Ethylene controls several re-
sponses that require differential cell elongation, such
as epinasty and thigmomorphogenesis (ABELES et al.
1992). As in the root gravitropic response, inhibitors
of auxin transport disrupt the formation of the apical
hook in both Phaseolis vulgaris and Arabidopsis
(SCHWARK and SCHIERLE 1993; A. LEHMAN and J. R.
EckER, unpublished results). In addition, auxin and
ACC are asymmetrically localized in the Phaseolis apical
hook (SCHWARK and Bopp 1993). Together, these re-
sults suggest that the formation of the apical hook re-
quires an auxin gradient and involves regulation of the
ethylene precursor ACC. All Ein ™ mutants, after 3 days
of growth, have some degree of apical hook curvature.
Arabidopsis seedlings treated with inhibitors of ethyl-
ene action also have greatly reduced apical hooks ( Guz-
MAN and EckeR 1990; G. RoMaN and J. R. ECKER, un-
published results) . The Hls~ phenotype is retained in
all double-mutant combinations and is consistent with
the HLSI gene responding to factors in addition to
ethylene (Figure 5). Further genetic and molecular
characterization of the HLSI locus and the Hls ™ pheno-
type may provide a valuable paradigm for hormonal
interactions and the role of ethylene in controlling dif-
ferential cell elongation.

Summary: We have utilized the Arabidopsis triple re-
sponse to identify a minimum of 10 genes involved in
ethylene signal transduction. In building a genetic
framework for the action of these genes, we are devel-
oping models that will help facilitate our understanding
of the molecular requirements for ethylene respon-
siveness. The ethylene signal-transduction pathway in
Arabidopsis appears to be primarily linear and is de-
fined by the ETRI1, EIN4, CTR1, FIN2, EIN3, EIN5, EIN6
and EIN7 genes. The downstream branches identified
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by the HLS1, EIRI and AUXI genes may involve interac-
tions with other hormonal or developmental signals.
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