Ethylene Insensitivity Conferred by
Arabidopsis ERS Gene
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ERS (ethylene response sensor), a gene in the Arabidopsis thaliana ethylene hormone-
response pathway, was uncovered by cross-hybridization with the Arabidopsis ETR1
gene. The deduced ERS protein has sequence similarity with the amino-terminal domain
and putative histidine protein kinase domain of ETR1, but it does not have a receiver
domain as found in ETR1. A missense mutation identical to the dominant etr7-4 mutation
was introduced into the ERS gene. The altered ERS gene conferred dominant ethylene
insensitivity to wild-type Arabidopsis. Double-mutant analysis indicates that ERS acts
upstream of the CTR17 protein kinase gene in the ethylene-response pathway.

The simple gas ethylene affects many as-
pects of plant growth and development,
including seed germination, flowering, se-
nescence, abscission, and fruit ripening (1).
In order to dissect the ethylene signal trans-
duction pathway, a number of ethylene re-
sponse mutants have been isolated in Ara-
bidopsis thaliana (2, 3, 4), and two of the
genes, ETRI and CTRI, have been cloned.
All available etr] mutants display dominant
ethylene insensitivity, and mutant analysis
suggests that ETRI might be an ethylene
receptor (2, 5). The predicted ETR1 pro-
tein has a novel NH,-terminal domain and
a COOH-terminal region that is similar to
the histidine protein kinase domain and the
receiver domain of bacterial two-compo-
nent regulators (9). In prokaryotes, a large
family of these regulators controls a variety
of adaptive responses to different environ-
mental signals (6). The loss-of-function ctrl
mutants exhibit constitutive ethylene re-
sponses, which indicates that CTRI acts as
a negative regulator of ethylene responses
(3, 7). The predicted CTR1 protein is a
serine-threonine protein kinase that is most
closely related to the Raf protein kinase
family (7). Double-mutant analysis indi-
cates that CTRI acts downstream of ETRI
(7). Thus, the ethylene signal transduction
pathway in Arabidopsis appears to have fea-
tures of the bacterial two-component sys-
tem as well as of the mitogen-activated
protein kinase pathway in animals. A sim-
ilar combination of signaling components
was recently postulated for the osmolarity
sensing pathway in the yeast Saccharomyces
cerevisiae (8).

The identity of the Arabidopsis ETRI
gene has raised the question of whether
there are other two-component regulators
in plants. The ETRI gene hybridizes to
several fragments on Arabidopsis genomic
DNA blots at low stringency, which sug-
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gests that a family of similar genes exists in
Arabidopsis (5). Using an ETRI comple-
mentary DNA (cDNA) as a probe to screen
an Arabidopsis genomic DNA library at re-
duced stringency, we isolated a gene that we
named ERS (9). Subsequently, cDNA
clones of ERS were obtained (10). Genomic
DNA blot hybridizations indicate that ERS
is the gene most closely related to ETRI in
Arabidopsis (I1). The ERS gene maps to
chromosome 2, nearest to restriction frag-
ment length polymorphism (RFLP) marker
NAt429 (12).

We determined both the genomic DNA
and the cDNA sequences of the ERS gene
(GenBank accession number U21952)
(13). A comparison of the two sequences
revealed that the ERS gene has five introns.
The longest ¢cDNA is 2311 base pairs,
which is consistent with the length of ERS
transcripts detected on RNA blots (11).

The deduced ERS protein of 613 amino
acids (Fig. 1) displays 67% identity with the
predicted ETR1 protein, but it is shorter
than ETR1 by 125 amino acids. The NH,-
terminal domain (residues 1 to 321) is 75%
identical to that of ETR1, and this domain
has no significant similarity to any other
sequences in the databases. The three hy-
drophobic regions in which all the etr!
mutations reside are present in this domain
of ERS, and the four amino acids substitut-
ed in the etr] mutant alleles are conserved.
The COOH-terminal region of the ERS
protein contains a putative histidine pro-
tein kinase domain, which is 58% identical
to that of ETR1. The five conserved motifs

of histidine protein kinases (6) are present
in ERS, with the putative autophospho-
rylation site at His*>?. ERS does not contain
a receiver domain, which accounts for the
predicted length difference between the
two proteins. All other putative eukaryotic
sensors—ETRI, S. cerevisiae SLNI (14),
and Neurospora crassa NIKI (15)—have
both a histidine protein kinase-like domain
and a receiver-like domain.

To examine the function of ERS, we
used a reverse genetic approach. The dom-
inant mutations of the ETRI locus lie in
the region coding for the NH,-terminal
domain. Because ERS and ETR1 have very
similar NH,-terminal domains, we hypoth-
esized that similar substitutions in the ERS
gene product might result in a dominant
phenotype. Using site-directed mutagene-
sis, we created a nucleotide change in an
ERS genomic DNA fragment, resulting in a
Phe in place of Ile at residue 62 in the
deduced protein sequence (16). This substi-
tution is identical to that encoded by the
dominant etr!-4 mutation, which is a strong
mutant allele (5). A 5-kb DNA fragment
containing the altered ERS gene was cloned
into a plant transformation vector (17) that
carried a marker for kanamycin resistance.
The 5-kb fragment started 2.4 kb upstream
of the inferred translation start site of ERS
and ended approximately 0.4 kb down-
stream of the polyadenylation site. This
construct was transferred to wild-type Ara-
bidopsis plants by means of Agrobacterium-
mediated transformation (17). Four inde-
pendent kanamycin-resistant lines [desig-
nated ers-1(1) to ers-1(4)] were obtained. In
addition, we obtained one control line, des-
ignated ers-0, transformed with the wild-
type 5-kb fragment. Each line contained a
single transgene insertion (I1).

We found that the lle to Phe substitu-
tion in the ERS transgene conferred domi-
nant ethylene insensitivity. In all four lines,
we observed segregation of seedlings that
lacked the normal triple response to ethyl-
ene (I8) (Fig. 2A). The triple response
consists of inhibition of root and hypocotyl
elongation, radial swelling of the hypocotyl,
and retention and accentuation of the api-
cal hook. Absence of this response in the
transgenic lines cosegregated with kanamy-
cin resistance. In contrast, all seedlings of

MESCDCFETHVNQDDLLVKYQYISDALIALAYFSIPLELIYFVQKSAFFPYRWVLMQFGAFIILCGATHFINLWMFFMHS 80

KAVAIVMTIAKVSCAVVSCATALMLVHIIPDLLSVEKNRELFLKKKADELDREMGLILTQEETGRHVRMLTHGIRRTLDRH 160

TILRTTLVELGKTLCLEECALWMPSQSGLYLQLSHTLSHKIQVGSSVPINLPIINELFNSAQAMHIPHSCPLAKRIGPPVG 240

RYSPPEVVSVRVPLLHLSNFQGSDWSDLSGRGYAIMVLILPTDGARKWRDHELELVENVADQVAVALSHAAILEESMHAR 320
DQLMEQNFALDKARQEAEMAVHARNDFLAVMNHEMRTPMHAI ISLSSLLLETELSPEQRVMIETILKSSNLVATLISDVL 400
DLSRLEDGSLLLENEPFSLQAIFEEVISLIKPIASVKKLSTNLILSADLPTYAIGDEKRLMOTILNIMGNAVKFTKEGYI 480
SIIASIMKPESLQELPSPEFFPVLSDSHFYLCVQVKDTGCGIHTQODIPLLETKEVQPRTGTQRNHSGGGLGLALCKREFVG 560

LMGGYMWIESEGLEKGCTASFIIRLGICNGPSSSSGSMALHLAAKSQTRPWNW 613

Fig. 1. Deduced amino acid sequence of the ERS gene (27). The NH,-terminal domain is in bold, and the
five conserved motifs of histidine protein kinases are underlined.
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Table 1. Organ elongation of etiolated seedlings in air and in ethylene.

_ REPORTS

Organ elongation and Strain
response No-0 ers-1(1) ers-1(2) ers-1(3) ers-1(4) etr-1* etr1-2
Hypocotyl (air) (cm) 1.04 £ 0.17 117 £0.07 1.10 = 0.19 1.18 £ 0.06 113+ 0.15 1.156 = 0.15 0.95 = 0.08
Hypocotyl (ethylene) (cm) 0.40 = 0.07 1.19 £ 0.15 1.06 = 0.13 1.03 + 0.11 1.11 £ 0.10 1.32 = 0.11 0.71 = 0.09
Hypocotyl response (%) 38 102 96 87 98 115 75
Root (air) (cm) 0.31 £ 0.13 0.51 = 0.15 0.39 = 0.09 0.39 = 0.10 0.38 = 0.10 0.39 = 0.15 0.25 + 0.06
Root (ethylene) (cm) 0.04 = 0.02 0.47 = 0.16 0.31 =0.10 0.37 = 0.09 0.37 = 0.10 0.38 = 0.13 0.13 = 0.03
Root response (%) 13 92 79 95 97 97 52

*Homozygous etr1-1 transformed No-0 (5).

the control line (ers-0) displayed the nor-
mal triple response (Fig. 2A).
To analyze the extent of ethylene insen-

Fig. 2. Ethylene insensitivity of ers-1 plants. (A)
The triple response of 3-day-old seedlings. Etio-
lated seedlings were treated without ethylene (a
through d) or with ethylene (e through h). aand e,
wild-type (No-0) plants; b and f, ers-0 plants; ¢
and g, ers-1 plants; and d and h, etr7-7-trans-
formed No-0 plants. (B) Absence of growth inhi-
bition by ethylene in the ers-1 plant. The wild-type
(No-0) plant (top left) and the transgenic ers-7
plant (shown at the same magnification) were 2
weeks old and were grown under constant ethyl-
ene concentration (10 pl/liter).

sitivity of the ers-1 lines, we examined the
inhibitory effect of ethylene on root and
hypocotyl elongation in etiolated seedlings
(Table 1). The same responses were ana-
lyzed in several other genotypes, including
ers-0 (11), wild-type [ecotype Nossen (No-
0)], a strong ethylene-insensitive etrl-1
transgenic line (5), and a weak ethylene-
insensitive etr]-2 mutant (Table 1). Com-
parison of the ethylene responses of all
these genotypes revealed a strong ethylene-
insensitive phenotype in the ers-1 lines.
Because all four ers-1 lines were similar in
phenotype, the ers-1(1) line was chosen for
analysis at other developmental stages.
Older ers-1 plants displayed ethylene in-
sensitivity as well. At 2 weeks after germi-
nation, light-grown wild-type and ers-0 (11)
plants grown in the constant presence of
ethylene (18) were short and had com-
pressed leaves, whereas the ethylene-treated

Fig. 3. Examination of cell expansion in upper leaf
epidermal cells. Shown are Nomarski microscopy
images of epidermal cells of the wild-type plant
(top) and of the ers-1 plant (bottom). Scale bars,
20 pm.
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ers-1 plants were unaffected (Fig. 2B). Leaf
senescence, a typical response of mature
wild-type plants to ethylene, was observed
in wild-type and ers-0 plants but not in the
ers-1 plants (11). In the absence of exoge-
nous ethylene, the leaves of ers-1 plants
were 50% larger than those of wild-type or
ers-0 plants (11). The etr] mutants also had
larger leaves than did wild-type plants (2).
To analyze the basis for the enlargement in
ers-1 plants, we examined the upper leaf
epidermal cells using Nomarski microscopy
(Fig. 3) (19). The ers-1 upper leaf epidermis
had only about half the cell concentration
of that in wild-type leaves (11), which im-
plies that the transgenic cells are approxi-
mately twice as large as wild-type cells. This
indicates that the primary cause of the larg-
er leaves is cell enlargement rather than
increased cell number. This enlargement is
likely to be due to the cell’s insensitivity to
endogenous ethylene, because ethylene can
inhibit cell expansion in other species (20).
The opposite phenotype is observed in ctrl
mutants, in which reduced leaf size is due at
least in part to inhibition of cell expansion
(7).

The altered ERS gene thus blocked a
range of responses to either exogenous or
endogenous ethylene. That ctrl-1 is epistat-
ic to ers-1 was shown by double-mutant
analysis (I1), indicating that ERS acts up-
stream of CTRI in the ethylene signal
transduction pathway, just as does ETRI.
The sequence homology and the mutant
phenotype suggest that ERS, like ETRI,
might be a sensor of ethylene. Therefore,
ethylene sensing in Arabidopsis could in-
volve redundant functions of ERS and
ETR1, which would help to explain the
failure to find recessive mutants of either
gene. Alternatively, ETR1 and ERS might
act sequentially or as subunits in an ethyl-
ene-sensing complex.
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Convergent Domestication of Cereal Crops by
Independent Mutations at Corresponding
Genetic Loci

Andrew H. Paterson,” Yann-Rong Lin, Zhikang Li,
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Independent domestication of sorghum, rice, and maize involved convergent selection for
large seeds, reduced disarticulation of the mature inflorescence, and daylength-insen-
sitive flowering. These similar phenotypes are largely determined by a small number of
quantitative trait loci (QTLs) that correspond closely in the three taxa. The correspondence
of these QTLs transcends 65 million years of reproductive isolation. This finding supports
models of quantitative inheritance that invoke relatively few genes, obviates difficulties in
map-based cloning of QTLs, and impels the comparative mapping of complex pheno-
types across large evolutionary distances, such as those that separate humans from

rodents and domesticated mammals.

Maost calories consumed by humans and
livestock derive from the major cereals:
rice, wheat, maize, millet, and sorghum.
The cereals are members of the grass family
(Poaceae) and were each domesticated from
their wild relatives between 7000 and
12,000 years ago (1), quite recently in hu-
man history. Independent domestication of
the four major cereal complexes—in Africa
(sorghum and millet), Asia (rice) [but see
(1)], the Near East (wheat, barley, oats, and
rye) and America (maize)—produced simi-
lar results: In all cases, small-seeded wild
grasses with natural seed dispersal were con-
verted into large-grained symbionts that de-
pended on farmers to harvest and sow their
seed (I).

Although conservation of gene order
along the chromosomes is well known to
transgress species boundaries, the extent of
correspondence in the QTLs that account
for variation in complex phenotypes has
been a point of conjecture. Comparative
maps reveal a common order of genes and
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monogenic phenotypes over large chromo-
somal tracts in grasses after 65 million years
(My) of divergence (2) and in mammals
after 100 My of divergence (3). However,
models for quantitative inheritance that in-
voke many genes, each with only tiny ef-
fects (4), would predict little correspon-
dence of QTLs across taxa. Recent QTL
mapping studies suggested a simpler basis
for quantitative inheritance (5), although
such studies detected only a subset of QTLs
with relatively large effects (6). Correspon-
dence of QTLs in congeneric plant species
has been suggested (7), but the promiscuity
of plants carries the possibility of recent
genetic exchange between species.

If QTLs in disparate taxa mapped to
corresponding locations more often than
would be expected by chance, such a find-
ing would strongly suggest that correspond-
ing genes were involved in the evolution of
the relevant phenotypes. To investigate this
hypothesis, we assessed correspondence be-
tween QTLs that affect seed mass and dis-
articulation of the mature inflorescence
(shattering) in crosses between cultivated
and wild sorghum species, between cultivat-
ed and wild maize species, and between
divergent subspecies of cultivated rice (8).
Correspondence among short-day flowering
mutations was evaluated in these and addi-
tional taxa. Use of interspecific (sorghum,
maize) or subspecific (rice) crosses maxi-
mized segregation for allelic variants at both
QTLs and DNA markers.

We studied three traits that were inde-





