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The ethylene response is negatively regulated by a family of five ethylene receptor genes in Arabidopsis (Arabidopsis thaliana).
The five members of the ethylene receptor family can physically interact and form complexes, which implies that coopera-
tivity for signaling may exist among the receptors. The ethylene receptor gene mutations etr1-1%*Y)(for ethylene responsel-1),
ers1-1%%P) (for ethylene response sensor1-1), and ers1“**" are dominant, and each confers ethylene insensitivity. In this study, the
repression of the ethylene response by these dominant mutant receptor genes was examined in receptor-defective mutants
to investigate the functional significance of receptor cooperativity in ethylene signaling. We showed that etr1-1®"), but not
ers1-192P) substantially repressed various ethylene responses independent of other receptor genes. In contrast, wild-type
receptor genes differentially supported the repression of ethylene responses by ers1-19*"; ETR1 and ETHYLENE INSENSITIVE4
(EIN4) supported ers1-1"") functions to a greater extent than did ERS2, ETR2, and ERS1. The lack of both ETR1 and EIN4 almost
abolished the repression of ethylene responses by ers1“®Y, which implied that ETR1 and EIN4 have synergistic effects on ers1“*>
functions. Our data indicated that a dominant ethylene-insensitive receptor differentially repressed ethylene responses when
coupled with a wild-type ethylene receptor, which supported the hypothesis that the formation of a variety of receptor
complexes may facilitate differential receptor signal output, by which ethylene responses can be repressed to different extents.
We hypothesize that plants can respond to a broad ethylene concentration range and exhibit tissue-specific ethylene

responsiveness with differential cooperation of the multiple ethylene receptors.

Ethylene is the first identified gaseous phytohor-
mone and regulates aspects of many developmental
processes in plants (Penmetsa and Cook, 1997; Ciardi
et al., 2000; Block et al., 2005; Xu et al., 2006; Kevany
et al., 2007; Boualem et al., 2009; Hattori et al., 2009).
Arabidopsis (Arabidopsis thaliana) has five ethylene
receptors, ETHYLENE RESPONSE1 (ETR1), ETR2,
ETHYLENE RESPONSE SENSOR1 (ERS1), ERS2,
and ETHYLENE INSENSITIVE4 (EIN4), which trans-
mit a signal to the downstream kinase Constitutive
Triple Responsel (CTR1) by a mechanism that has yet
to be fully elucidated (Chang et al., 1993; Hua et al,,
1995, 1998, Wang et al., 2003). Air-grown mutants
defective in multiple receptors display many aspects
of the constitutive ethylene response, which is in-
dicative of redundancy and negative regulation of
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the receptor genes in ethylene signaling (Hua and
Meyerowitz, 1998).

Duplicated loci may undergo subfunctionalization
so that they can be stabilized in the genome (Thomas,
1993; Nowak et al., 1997). Subfunctionalization of
ethylene receptors has been demonstrated in previous
studies. ETR1 has a role in the seedling nutation and
specifically acts with the Golgi/endoplasmic reticu-
lum protein Reversion-to-Ethylene Sensitivel. ETR2
regulates trichome branching, and ERS1 negatively
modulates ethylene receptor signaling in an ETRI-
dependent manner (Binder et al., 2006; Zhou et al.,
2007; Plett et al., 2009; Dong et al., 2010; Liu et al.,
2010). The single loss-of-function mutants etrl and
ein4-7 both display hypersensitivity to ethylene,
whereas etr2 and ers2 do not (Hua and Meyerowitz,
1998; Cancel and Larsen, 2002), which implies that
ETR1 and EIN4 have unique roles in ethylene signal-
ing. A synergistic (or superadditive) phenotype has
been shown for etrl ers1-2 and etrl ersl-3 loss-of-
function mutants, in which the double mutations
result in extremely strong growth inhibition that ex-
ceeds the additive effects of the etr1 and ers1 mutations
(Gao et al., 2003; Wang et al., 2003; Xie et al., 2006; Qu
et al., 2007). Although the receptor genes are geneti-
cally redundant, their functions in ethylene signaling
appear to be irreplaceable by each other (Wang et al.,
2003; Klee, 2004; O'Malley et al., 2005; Liu et al., 2010).
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These results indicate that each member of the ethyl-
ene receptor family may have unique roles in ethylene
signaling and may act cooperatively, rather than inde-
pendently. This hypothesis is in accordance with re-
sults that show that the ETR1 receptor can physically
dimerize with other members of the ethylene receptor
family via noncovalent interactions, possibly via the
GAF domain (Binder and Bleecker, 2003; Xie et al.,
2006; Gao et al., 2008; Grefen et al., 2008; Gao and
Schaller, 2009). Results from a membrane recruitment
assay, with transient expression of fluorescence protein-
tagged ethylene receptors in Nicotiana benthamiana ep-
idermal cells, also suggest the formation of homomeric
and heteromeric ethylene receptor protein complexes
in vivo (Grefen et al., 2008). Gel-filtration analysis de-
monstrates that the ethylene receptors exist as compo-
nents of high-molecular-weight protein complexes. The
ethylene-induced molecular weight shift of the ERS1,
but not ETR1, protein complex may indicate a unique
regulation of the downstream ethylene response by
ETR1 and ERS1 (Chen et al., 2010).

Ethylene receptor proteins are structurally similar to
His kinase proteins of the “two-component” module
that is prevalent in prokaryotes (Chang et al., 1993). In
vitro assays demonstrated the His kinase activity of
ETR1 and that the activity is inhibited by ethylene
binding. The other receptors show Ser/Thr kinase
activity (Gamble et al., 1998; Moussatche and Klee,
2004; Voet-van-Vormizeele and Groth, 2008). Muta-
tional inactivation of ETR1 His kinase activity does not
abolish ETR1’s ability to repress ethylene responses
(Gamble et al., 2002; Wang et al., 2003; Binder et al.,
2004; Xie et al., 2006; Zhou et al., 2007; Kim et al., 2011),
which indicates a lack of functional significance of His
kinase activity in ethylene signaling. The lack of
knowledge of the biochemical nature of the receptor
signal limits advances in understanding the underly-
ing molecular and biochemical bases of the receptor-
mediated ethylene signal transduction. Nevertheless,
analyses of alterations in various ethylene response
phenotypes and the expression of ethylene-inducible
genes have been used to comprehensively score the
ethylene response qualitatively and quantitatively
(Hua and Meyerowitz, 1998; Solano et al., 1998; Vogel
et al., 1998; Gao et al., 2003; Qu and Schaller, 2004; Liu
et al., 2010; Zhang and Wen, 2010).

The dominant efrl-1 ethylene receptor gene muta-
tion, causing the C65Y substitution, abolishes Cu(I)-
mediated ethylene binding and confers ethylene
insensitivity (Rodriguez et al., 1999). Whether the C65Y
substitution converts ERS1 to a dominant, ethylene-
insensitive isoform has yet to be investigated. The etr1-
4 mutation, which causes the I62F substitution, is also
dominant, prevents ethylene binding, and results in
ethylene insensitivity (Wang et al., 2006). In addition,
ers1-1 is an artificially created mutation that causes the
162P substitution and confers ethylene insensitivity
(Hua et al., 1995).

Although previous studies lend strong support to
the model that members of the ethylene receptor
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family act cooperatively as complexes, the functional
significance of receptor cooperativity in the regulation
of different ethylene responses has yet to be fully
addressed. The reason why a plant would utilize mul-
tiple ethylene receptor genes to modulate ethylene res-
ponses remains elusive. In this study, we examined
alteration of the ethylene response by the dominant,
ethylene-insensitive etr1-1€%°"" and ers1-196%" )/ ers1€e%Y
transgenes in receptor-defective mutants to evaluate
the functional significance of the receptor cooperativ-
ity in ethylene signaling. Our results indicate that the
presence of multiple ethylene receptors is essential for
the formation of differential receptor cooperation. We
hypothesize that the ethylene receptor signal output
by the receptor cooperation differentially represses
ethylene responses so that a plant can respond to a
wide range of ethylene concentrations and exhibits
tissue-specific ethylene responsiveness.

RESULTS

etrl-1 Represses Ethylene Responses Primarily
Independent of Other Receptor Genes

Etiolated Arabidopsis seedlings exhibit a long hy-
pocotyl and root; ethylene treatment results in inhibi-
tion of hypocotyl and root growth and promotes
curvature of the apical hook. These growth alterations
are termed the “ethylene triple-response phenotype,”
which is widely used to score for the degree of ethylene
response by measurement of hypocotyl length (Guzman
and Ecker, 1990; Bleecker et al., 1998). A previous study
indicates that ETR1 alone actively represses constitutive
ethylene responses in air-grown plants whereas ERSI
alone does not (Liu et al., 2010). In this study, we
examined whether the dominant, ethylene-insensitive
etrl-1 may repress ethylene responses in the absence of
other receptor genes (Fig. 1A).

ers1-2 is a hypomorph and ers1-3 a null mutant (Gao
etal., 2003; Xie et al., 2006; Qu et al., 2007). The receptor
quintuple mutants etrl ers1-2 etr2 ein4 ers2 and etrl
ers1-3 etr2 ein4 ers2, respectively designated (ersI-2)
5LOF and (ers1-3)5LOF (where LOF = loss of function),
show similar and extreme growth inhibition in air
(Liu et al., 2010). Germinated in air, the seedling
constitutive triple-response phenotype of (ers1-2)
SLOF and (ers1-3)5LOF was substantially rescued
by the genomic etrl-1 (designated getrl-1) transgene.
Ethylene-induced hypocotyl shortening was observed
in wild-type (Columbia [Col-0]) seedlings but not in
(ers1-2)5LOF and (ers1-3)5SLOF that expressed getrl-1
(Fig. 1, B and C). Grown under light, ethylene inhibited
cotyledon expansion, hypocotyl elongation, and root
growth in wild-type (Col-0) seedlings. The ethylene-
induced growth inhibition was not observed in (ers1-2)
S5LOF and (ers1-3)5LOF that expressed getr1-1 (Fig. 1D).
At the adult stage, the receptor quintuple mutants
developed an extremely small rosette and exhibited
an early-senescence phenotype. Expression of gefrl-1
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Figure 1. Ethylene response phenotypes of receptor quintuple mutants that express getri-1. A, Diagrammatic illustration of the
receptor composition of the quintuple mutant that expressed getri-1. Defective receptors are illustrated in gray. The question
mark indicates the ethylene response status. B, Seedling hypocotyl length of the quintuple mutants, with and without the
transgene, and the wild type (Col-0). C and D, Phenotypes of seedlings grown in the dark (C) and in the light (D). E, Rosette
phenotypes of the wild type (Col-0), receptor quintuple mutants, and the mutants that expressed getr1-1. F, Ethylene-induced leaf
senescence phenotypes of the wild type (Col-0), etr1-1, and (ers1-2)5LOF getri-1. G, Leaf senescence phenotype of (ersi-3)
5LOF getr1-1. H, Leaf chlorophyll content of the wild type (Col-0), etr7-1, and quintuple mutants that expressed getr7-1. 1 and J,
Relative expression levels of ETRT (in Col-0) and etr1-1 (in quintuple mutants; I) and ETR7 (in Col-0 and etri-7; )). K, Relative
ERF1 expression level of (ers7-3)5LOF and the quintuple mutants that expressed getr1-1. Error bars indicate the sp of each
measurement (n = 30 for seedling hypocotyl measurement; n = 3 X 3 for gene expression and chlorophyll measurement).

substantially rescued rosette growth; (ers1-2)5LOF
getr1-1 plants displayed early flowering and were larger
than (ers1-3)5LOF getr1-1 plants (Fig. 1E). A previous
study indicated that the early-flowering phenotype
could be a trait inherited from some loci in the
Wassilewskija background, which the ers1 allele co-
mes from (Liu et al., 2010). The larger rosette of (ers1-2)
5LOF getr1-1 plants compared with that of (ers1-3)5LOF
getr1-1 plants could be because of leakiness of the ers1-2
mutation.

Other aspects of the ethylene response were exam-
ined in the quintuple mutants that expressed getr1-1.

Plant Physiol. Vol. 158, 2012

Wild-type (Col-0) plants showed a severe leaf senes-
cence phenotype after ethylene treatment compared
with the phenotype of the ethylene-insensitive etr1-1
(Fig. 1F). Expression of getrl-1 substantially prevented
the ethylene-induced leaf senescence phenotype of
(ers1-2)5LOF, although a number of older leaves
showed partial senescence after ethylene treatment
(Fig. 1F). (ers1-3)5LOF getr1-1 plants displayed a more
promising ethylene-induced leaf senescence pheno-
type in several older leaves (Fig. 1G). The degree of
leaf senescence was quantitatively scored by measure-
ment of the chlorophyll content. Chlorophyll content
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was not affected in the etr1-1 mutant but was substan-
tially reduced (by up to 85%) in wild-type (Col-0)
plants. The chlorophyll content of (ers1-2)5LOF getr1-
1 leaves was slightly reduced (by 10%) after ethylene
treatment, whereas that of (ers1-3)5LOF getr1-1 leaves
was reduced to a greater extent (by 50%; Fig. 1H).

Whether the differential changes in the chlorophyll
degradation of (ers1-2)5LOF getr1-1 and (ers1-3)5LOF
getr1-1 plants were a result of differential expression of
the getrl-1 transgene was investigated. The etrl-7
mutation is an intragenic suppressor of etrl-1 and
thus has two lesions: one is the etr1-1 mutation and the
other is the W74stop early termination. The primer set
for real-time fluorescence quantitative reverse tran-
scription (qRT)-PCR was designed to match the se-
quence of the wild-type ETR1 and etr1-1 but not that of
etrl-7. Our data showed that getrI-1 expression was
identical in the two transformation mutants (Student’s
t test, P > 0.05; Fig. 1I). As a control, etr1-7 expression
was not detected by the same primer set, which
indicated the validity of the qRT-PCR analysis (Fig. 1]).

Ethylene Response Factorl (ERF1) is a primary target
of the ethylene signal (Chao et al., 1997; Solano and
Ecker, 1998). Thus, ERF1 expression is ideal as a measure
of the degree of ethylene responsiveness. Results from
the qRT-PCR analysis showed that expression of the
ethylene-insensitive getrl-1 transgene substantially at-
tenuated ERF1 levels in the ethylene-treated receptor
quintuple mutants (Fig. 1K). ERF1 expression in (ers1-2)
SLOF getr1-1 and (ers1-3)5LOF getrl-1 plants was iden-
tical (Student’s ¢ test, P = 0.98). These results suggest that
ERF1 level and the severity of the growth inhibition
phenotype are tightly correlated.

The results of this study showed that the dominant
ethylene-insensitive etrl-1 alone largely, but not com-
pletely, repressed different ethylene responses in all
developmental stages. The larger rosette size and
lower degree of leaf senescence of (ers1-2)5LOF
getrl-1 plants compared with those of (ers1-3)5LOF
getrl-1 plants may indicate that the remaining, small
amount of ERS1 in (ers1-2)5LOF can partially support
the dominant mutant receptor etrl-1 functions.

ETR1 Supports Ethylene Insensitivity Conferred
by ers1-162P

Neither the prevention of endogenous ethylene
biosynthesis by L-a-(2-aminoethoxyvinyl)glycine nor
competition for ethylene binding by 1-methylcyclo-
propene (1-MCP) is able to rescue effectively the
seedling growth defects of etrl etr2 ein4 ers2 [desig-
nated (ERS1)4LOF; Supplemental Fig. S1; Liu et al,,
2010), which implied that repression of the consti-
tutive ethylene response by ERSI failed. We next
reciprocally tested whether the dominant ethylene-
insensitive receptor gene ers1-17%") alone is sufficient
to repress ethylene responses when other receptor
genes are absent.

ers1-17%P is an artificially created dominant mutation
that results in the 162P substitution and confers ethylene
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insensitivity (Hua et al., 19952. The genomic ers1-1%2"
transgene is designated gers1-1"*". Air-grown gers1-1%2"
(Col-0; lines L42 and L51) seedlings had a much longer
hypocotyl than wild-type seedlings, whereas ethyl-
ene treatment slightly reduced the seedling hypo-
cotyl length of gers1-1"?P (Col-0; L42 and L51)
seedlings (Student’s t test, P < 0.01). These results indi-
cated that the gers1-17°*") transgene substantially pre-
vented ethylene-induced hypocotyl shortening in
wild-type (Col-0) seedlings (Fig. 2A). Expression
of gers1-1P in the (ETR1)4LOF quadruple mutant
also largely prevented ethylene-induced hypocotyl
shortening (L30 and L31), although the seedlings
were slightly ethylene responsive based on hypocotyl
length (Student’s ¢t test, P < 0.01). (ETR1/etr1-7) ers1-2
etr2 ein4 ers2, a quintuple mutant heterozygous for
ETR1, is designated (ETR1/-)4LOF. As expected, the
expression of gers1-1Y2") in (ETR1/-)4LOF plants also
prevented ethylene-induced seedling hypocotyl short-
ening [line L1, designated (ETR1/-)4LOF gers1-17%"
L1]. etr] ers1-2 etr2 ein4 ers2 gers1-1"°*") is a sibling of
(ETR1/-4LOF gers1-1"2") L1, designated (ers1-2)5LOF
gers1-1"2P) 1.1, that does not carry any wild-type re-
ceptor gene and exhibited seedling hypocotyl short-
ening regardless of ethylene treatment (Fig. 2A). The
strong growth inhibition of air-grown (ers1-2)5LOF
and (ers1-2)5LOF gers1-1"2P) 1 seedlings indicated
strong constitutive ethylene responses of the two mu-
tants so that exogenous ethylene treatment no longer
exerted any inhibition of seedling growth. These re-
sults indicated that the dominant ethylene-insensitive
mutant receptor ers1-1*") failed to repress consti-
tutive ethylene responses or to confer ethylene insen-
sitivity in the absence of other wild-type ethylene
receptors.

Consistent with these results, light-grown seedlings
of (ETR1/-)4LOF gers1-1*") L1 showed expanded coty-
ledons, and primary root and hypocotyl growth ap-
peared to be normal. Its sibling, (ers1-2)5LOF gers1-1062P)
L1, phenotypically resembled (ERST)4LOF and (ers1-2)
5LOF plants and exhibited strong growth inhibition (Fig.
2B). At the adult stage, (ers1-2)5LOF plants displayed
an early leaf senescence phenotype and produced an
extremely small rosette. As expected, (ETR1/-)4LOF
gers1-1062P) 11 and its (ETR1)4LOF gers1-1"") L1 sibling
showed normal and similar rosette growth, whereas
(ers1-2)5LOF gers1-1"*") 1.1 exhibited strong growth in-
hibition but with a slightly larger rosette than the un-
transformed (ers1-2)SLOF plants (Fig. 2C). Ethylene
treatment resulted in a severe leaf senescence phenotype
in (ers1-2)5LOF gersl—l(mp ) L1; in contrast, the senescence
phenotype of (ETR1/-)4LOF gersl—l(mp ) L1 was weak
(Fig. 2D). We next quantified the degree of leaf senes-
cence by measurement of chlorophyll content (Fig. 2E).
Chlorophyll content of the ers1-1 mutant was unaltered
(Student’s t test, P = 0.53), slightly reduced (by 30%) in
(ETR1/-)4LOF gers1-1"2" 1.1 plants, and substantially
reduced (by about 60%) in (ers1-2)5LOF gersl—l(mp ) 11
plants after ethylene treatment. Notably, the chlorophyll
content of air-grown, untreated (ers1-2)5LOF gers1-1162P)

Plant Physiol. Vol. 158, 2012
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L1 plants was already much lower than that of wild-type diagrammatically summarized in Figure 2G. Our data
plants (by 34%) and (ETR1/-)4LOF gers1-1*") L1 plants indicated that the dominant mutant receptor ers1-1%*"
(by 44%), which implied that the constitutive ethylene alone was insulfficient to repress the constitutive ethylene

response of (ers1-2)5LOF gers1-1") L1 was elevated and response in air and to confer ethylene insensitivity. ETR1
sufficient to promote chlorophyll degradation. alone was able to support ers1-1"" functions to a large

Given that the gers1-1U6?") transgene was unable to extent. ETR1 and ERS1 can form a heterodimer (Gao
rescue the growth defects of the receptor quintuple et al., 2008); conceivably, the ETR1-ERS] association may
mutant, we examined whether the ers1-1162") protein facilitate the ERS1 receptor signal output.

was expressed. Figure 2F shows the immunoassay
P i e e L L2 R eyt Gt s Dty R b
nologically detectable. In contrast, ERS1 and ers1-1162P) gers1-1 in Combination with a Wild-Type

Receptor Gene
proteins were immunologically detectable in wild- P

type (Col-0) plants and gersi-1"") transformation Our data indicated that ethylene insensitivity
lines that lack ERS1, respectively (Fig. 2F). conferred by the dominant ethylene-insensitive gene
The receptor composition and differential repression ers1-1162P) depended at least on ETRI. We next evalu-

of ethylene responses by gers1-19?") in this study are ated whether other wild-type receptors also support
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the repression of ethylene responses by the dominant
mutant receptor ers1-1062P),

etr]l ersl-2 exhibits strong growth inhibition at all
developmental stages and an extremely small rosette
size (Wang et al., 2003). Expression of gers1-17%*
substantially rescued the extreme growth defects of
etrl ersl-2 (transformation lines L10 and L30 in Fig.
3A), which implied that gers1-1"?" repressed consti-
tutive ethylene responses in combination with the
remaining ethylene receptor genes.

To evaluate the ability of each wild-type receptor
gene to support ethylene insensitivity conferred by the
dominant gers1-1062P), we expressed the gers1-1"*" trans-
gene in each of the receptor quadruple mutants. The
quadruple receptor mutants etr1 etr2 ein4 ers2, etrl ers1-2
eind ers2, etrl ers1-2 etr2 ers2, and etrl ers1-2 etr2 ein4d were
designated (ERS1)4LOF, (ETR2)4LOF, (EIN4)4LOEF, and
(ERS2)4LOF, respectively. gers1-1 ®*" was introduced
from the common transgene donor (ETR1/-)4LOF
gers1-17P L1 to each of the quadruple mutants by
genetic crosses. Thus, the gers1-11°?" transgene was ex-
pressed at the same locus in each quadruple mutant,
as depicted in Figure 3B.

(ETRI)4LOF displays mild growth defects at all
developmental stages (Liu et al.,, 2010). Air-grown
(ERST)4LOF, (ETR2)4LOF, (EIN4)4LOF, and (ERS2)
4LOF plants showed the typical seedling triple-
response phenotype, and each genotype displayed
a short seedling hypocotyl and primary root (Fig.
3C). Among these five quadruple mutants, expression of
gers1-1"?")" had the least effect on rescuing the
growth of etiolated (ERS1)4LOF seedlings. In contrast,
gers1-192P) rescued the growth defects of etiolated
(ETR1)4LOF, (ETR2)4LOEF, (EIN4)4LOF, and (ERS2)
4LOF seedlings to different extents, and ethylene
treatment had little effect on hypocotyl elongation in
these mutants that expressed the transgene. Amon
the quadruple mutants that carried the gers1-1” trans-
gene, (ETR1)4LOF gers1-1"%) and (EIN4)4LOF gers1-14*
seedlings displayed the longest hypocotyls regardless
of ethylene treatment (Fig. 3, C and D). Except for
(ETR1)4LOF, seedlings of light-grown receptor qua-
druple mutants displayed a strong growth inhibition
phenotype (Fig. 3E). The growth inhibition of these
quadruple mutants was rescued to different extents
by the gersl—l(mp ) transgene (Fig. 3F). Among the five
transformation mutants, (ERS1)4LOF exhibited the least
growth rescue by gers1-17®"), The growth rescue of these
quadruple mutants by gers1-172") was barely affected by
ethylene treatment (Fig. 3G).

Consistent with these results, at the adult stage,
except for (ETR1)4LOF (Liu et al., 2010), these qua-
druple mutants exhibited severe rosette growth inhi-
bition and an extremely small rosette size. Expression
of gers1-192" slightly rescued the growth defects
of (ERS1)4LOF. As expected, growth rescue of (ETR2)
4LOF by gers1-1""") was much greater than that of
(ERST)ALOF but weaker than that of (ETR1)4LOF,
(EIN4)4LOF, and (ERS2)4LOF (Fig. 3H). The differen-
tial growth rescue of the five quadruple mutants by
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gers1-1"?P) may indicate that differential repression of
constitutive ethylene responses occurred in the respec-
tive mutants.

A relationship between the expression of each re-
ceptor gene and corresponding receptor protein
amount has been indicated (O’Malley et al., 2005;
Gao et al., 2008). We measured the expression level of
receptor genes to evaluate whether the differential
growth rescue by gers1-1"?") was a result of an alter-
ation in the amount of the corresponding receptor
protein. Receptor gene expression in wild-type (Col-0)
plants was standardized to a value of 1. Among the
transformation mutants, the expression of ETR1 and
ETR2 was marginally reduced (Student’s ¢ test, P <
0.001) and that of EIN4 was unchanged (Student’s
t-test, P = 0.46; Fig. 3I). In (ERST)4LOF gers1-1"%2")
plants, expression of ERST and ers1-1792P) was elevated
by about 6-fold, whereas the expression level of ERS2
in (ERS2)4LOF gers1-1"?") was strongly reduced.

These results showed that each of the wild-type
receptor genes differentially supported ethylene in-
sensitivity conferred by the dominant gers1-17?". In
combination with ETRI or EIN4, ers1-1"*" had the
greatest effect, whereas ERS1 showed the weakest ef-
fect, on the growth rescue and prevention of ethylene-
induced growth inhibition. Strongly reduced
expression of ERS2 was still sufficient to support
gersl-l(wzp ) functions, whereas an elevated ERSIT ex-
pression level was not. The amount of EIN4 is indi-
cated to be the lowest among the five receptor
members (Gao et al., 2008), whereas EIN4 supported
gers1-1"2P) functions to a large extent. Our data in-
dicated that the receptor identity, rather than the
receptor amount, had important roles in ers1-1%")
functions. The growth defects of the quadru-
ple mutants differentially rescued by gers1-1762"
may indicate that the dominant mutant receptor
ers1-1%2" forms differential cooperation with the
other wild-type receptors.

Combinatorial Effects of gers1-1"*" and Other
Wild-Type Receptor Genes on Ethylene Responses

Our results here show that the dominant mutant
receptor gene ers1-1?P) has differential effects on
growth of the receptor mutants when combined with
a wild-type receptor gene. We next examined whether
the alterations in growth phenotype correlate with the
degree of ethylene response.

Results from the qRT-PCR analysis showed that after
ethylene treatment, ERFI levels in (ETRI)4LOEF, (EIN4)
41.0OF, and (ERS2)4LOF transformation mutants that
expressed gers1-17P were substantially lower than that
in wild-type (Col-0) plants (Fig. 4A). The expression of
ERF1 in (ETR2)4LOF gers1-1162P) was slightly higher
than that in wild-type plants. As expected, (ERSI)
4LOF gers1-1"?P) showed the highest ethylene-induced
ERF1 expression. These results showed that the degree of
growth inhibition and ERFI expression level were
strongly correlated in the transformation mutants.
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Figure 3. Mutant phenotypes of etr] ers7 and receptor quadruple mutants that expressed gers-1%?”. A, Rosette phenotype of
etrl ers and the mutant that expressed gers1-1"%". B, Diagrammatic illustration showing the genetic crosses by which the
quadruple mutants that carry the gers7-1%?” transgene were obtained. The receptor gene retained after the cross is indicated in
red. C, Etiolated seedling phenotypes of air-grown quadruple mutants and corresponding mutants carrying gers1-17%?". D,
Hypocotyl measurement of ethylene-treated transformation mutants. E, Seedling phenotypes of light-grown quadruple mutants.
Fand G, Seedling phenotypes of corresponding transformation lines carrying gers1-1"5?" in air (F) and ethylene (G). H, Rosette
phenotypes of the quadruple mutants and corresponding transformation mutants. I, Relative expression of the remaining wild-
type receptor genes in each quadruple mutant that expressed gers1-1"62" Error bars indicate the so for the hypocotyl length (n =
30) or gene expression measurement (n =3 X 3). ** P < 0.001 compared with the wild type (Col-0) by Student’s t test. For the
seedling growth analyses, 10 uL L™ ethylene was applied.

The severity of the ethylene-induced leaf senescence phenotype of ethylene-treated (ERS1)4LOF, (ETR2)
phenotype and the reduction of leaf chlorophyll con- 4LOF, (EIN4)4LOF, and (ERS2)4LOF that expressed
tent in (ETR1/-)4LOF gersl1- -1762P) were weak (Fig. 2). gersl- 10027 After ethylene treatment for 4 d, all of the
We next examined the alteration in leaf senescence transformation mutants exhibited a leaf senescence

Plant Physiol. Vol. 158, 2012 1199



Liu and Wen

ethylene

** P<0.01

4 4LOF 4LO

ers‘r-f“szp)—|

Relative ERF1 Expression »>

etr1 ein4
etr1 eind gers

@

bar=5mm

c
9 10 _} ethylene
7]
@ ** P<0.01
Qo 8/
Q.
>
w .6
L)
& 4
w
g) .2
e f ) s
etr1 © 0.0 . . . .
n4 e o etr L6 L7 L8
etr1 eind gers1-1 [ eind (162P)

etr1 eind gers1-1

Figure 4. Evaluation of the ethylene response affected by the expression of gers1-1'

ethylene

ERS1) (ETR2) (EIN4) (ERS2
( LOFH ) (4LOF)

= Dmooo 0O air
o 600 1 ethylene @ O ethylene
] o
@ 500 D 8000
s -
2 400~ £ 6000
w1 -
™~ c
- © 4000
O 14 S._)
Z(-; > 2000
2 G 1B e £
> S SuTLSLTL &L [=] 0
= T Xog@okXoz0¥o kK o mu o &
s O LIEIGILWIEI 2 o5 25 I8 a5
Q s Lo e = [+ e R
o I | o Uy Wy 4% Wy
_1(162P) I—
aersi-4 (/62P)
gers1-1
|
= ] air
S 14000 1 [7] ethylene
212000
et
€ 10000
2
c 8000
S §
QO 6000
Pk i = 2000
d Py S
&7 2 2000
= =
(162P) o 0 NEE
etr1 ein4 gers1-1 — = etr1 L6 L7 L8
o ei (/62P)

4
n etr1 eind gers1-1

162P)

in receptor quadruple mutants and etr1

ein4. A to D, ERF1 expression (A), leaf senescence phenotype (B), measurement of SAG12 expression (C), and leaf chlorophyll
content (D) of individual receptor quadruple mutants that expressed gers1-1"?”_ E to I, Seedling triple-response phenotype (),
rosette growth (F), ERFT expression (G), leaf senescence phenotype (H), and leaf chlorophyll content (1) of etr1 ein4 and etr1 ein4
gersl—l(mp' transformation lines (L6, L7, and L8). Error bars indicate the sb for each measurement (n =3 X 3 for gene expression
or chlorophyll measurement). ** P < 0.01 by Student’s t test for each ERFT measurement compared with the wild type (Col-0).
For the seedling phenotype analyses, air and ethylene indicate the absence and presence of ethylene (10 uL L™') treatment,
respectively. For the leaf senescence test and chlorophyll measurement, air and ethylene indicate before and after ethylene

treatment (100 uL L7Y).

phenotype in older leaves (Fig. 4B). Senescence-Associated
Genel2 (SAG12) is specifically induced during the pro-
gression of leaf senescence (Grbi¢ and Bleecker, 1995;
Grbi¢, 2003). The qRT-PCR analysis was carried out 36 h
after the completion of ethylene treatment for measure-
ment of the SAG12 expression level. In comparison with
the expression level in wild-type (Col-0) plants, SAG12
was highly induced in (ERS1)4LOF gers1-1%?") plants
but was attenuated to different extents in the other
quadruple mutants that expressed gers1-1"2"). The
SAGI12 expression level of (ETRI)4LOF gers1-1*")
(ETR2)4LOF gers1-1%%"), and (ERS2)4LOF gers1-172P)
transformation mutants was identical (F test, P = 0.38)
and marginally higher than that of (EIN4)4LOF gers1-
162D plants (F test, P = 0.016; Fig. 4C). To quantify the
degree of leaf senescence, the leaf chlorophyll content
was measured at the completion of ethylene treatment
for 4 d. Each of the transformation mutants showed a
minor reduction in leaf chlorophyll content (Fig. 4D).
This minor reduction was also observed in (ERS1)4LOF
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gers1-172P) which displayed the highest SAG12 and
ERF1 expression levels. Nevertheless, this discrepancy
is not inconsistent with the argument that ethylene can
differentially induce many, but not all, aspects of the eth-
ylene response in (ERS1)4LOF gers1-1162P),

Our results lend support to the argument that ethyl-
ene responses can be differentially repressed by the
dominant ers1-1"*") in combination with a wild-type
receptor gene. The relatively higher ERFI1 expression
and low SAGI2 expression and chlorophyll degradation
of (ETR2)4LOF gers1-17") in response to ethylene treat-
ment may indicate that the combination of ers1-19*P
and ETR? has differential effects on ethylene responses.
Up-regulation of SAGI2 and delayed chlorophyll degra-
dation of (ERST)4LOF gers1-1"?" plants may indicate a
delay in the progression of leaf senescence in that trans-
formation mutant but not during early stages of leaf
senescence. Thus, ersl-1™® may cooperate with an
ethylene receptor to specifically regulate certain aspects
of the ethylene response; this argument is in line with the
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implication that ERS1 may participate in unique down-
stream responses (Chen et al., 2010).

The results showed that ers1-1"?" was sufficient
to repress various ethylene responses when coupled
with ETR1 or EIN4; therefore, we examined whether
the absence of both ETR1 and EIN4 may attenuate
ers1-19%2") functions. gers1-17°*") was introduced to etr1
ein4-7 by transformation, and three independent lines
(L6, L7, and L8) were characterized. Notably, the ein4-7
mutant that was used in this study exhibits ethylene
hypersensitivity (Hua and Meyerowitz, 1998). Etio-
lated, air-grown etrl ein4 seedlings showed hypoco-
tyl growth inhibition, and expression of gersl—l(mp )
slightly rescued the growth inhibition. Ethylene treat-
ment caused substantial hypocotyl shortening of
etrl ein4 seedlings but had a minor effect on etr1 ein4
gers1-1"2") lines (Fig. 4E). At the adult stage, the
growth defects of etrl ein4 were moderately rescued
by the gers1-17°*") transgene (Fig. 4F).

The degree of ethylene response of etrl ein4 and the
transformation lines was scored by measurement of the
ERF1 expression level induced by ethylene. Consistent
with the growth-defect phenotype, ethylene-induced
ERF1 expression was moderately attenuated in etr1 ein4
gers1-1U62P) Jines by 30% to 60% (Fig. 4G). The partial
growth rescue of etr1 eind by gers1-1"?") was possibly
supported by the remaining receptor genes. Leaf
senescence was assessed as a measure of the degree
of ethylene response in the etr1 ein4 and etr1 ein4 gers1-
192P lines. Upon completion of ethylene treatment
for 4 d, etrl ein4 gers1-1"°?" lines exhibited a weaker
leaf senescence phenotype and showed a higher leaf
chlorophyll content than those of etrl ein4. The chlo-
rophyll content of etrl ein4 decreased to 15.5% and
that of etr1 eind gers1-1"") decreased to 45% to 67%
relative to that before ethylene treatment (Fig. 4, H
and I). The etrl ein4 leaf senescence phenotype is
shown in Figure 5H.

These results showed that the dominant ers1-1/%2"
ethylene receptor gene was able to partly confer eth-
ylene insensitivity in the absence of both ETRI and
EIN4, which was consistent with results for the trans-
formation mutants that indicated that other receptor
genes differentially support ers1-1"*") functions. Both
etr]l and ein4-7 single loss-of-function mutants exhibit
hypersensitivity to ethylene (Hua and Meyerowitz,
1998); therefore, we do not exclude the possibility that
ETR1 and EIN4 may have unique roles in ers1-1162"
functions.

The Repression of Ethylene Responses by gers1“®Y Is

Primarily Dependent on ETR1 and EIN4

Expression of the dominant etr1-1 and ers1-12"
receptor genes differentially repressed the ethylene
response in combination with other wild-type receptor
genes. Notably, the efr1-1 mutation results in the C65Y
substitution and ers1-1%?") results in the 162P substi-
tution, and these might behave differently. We intro-
duced the C65Y substitution into ERS1 and examined
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whether the resulting mutant receptor ers1“®®’ can

confer ethylene insensitivity in wild-type and etr1 ein4
plants. The gers1“®" transgene in Col-0 (L1, L3, and L5)
was introduced from etrl eind gers1“®* by genetic
crosses so that the transgene was expressed at the
same locus in each transformation line.

The gers1“®” mutation was dominant (data not
shown) and conferred ethylene insensitivity; ethylene
treatment slightly affected the seedling hypocotyl
elongation of wild-type (Col-0) transformation lines
(L1 and L3 but not L5) that expressed gers1<®* (Fig. 5,
A and B; Student’s ¢ test, P < 0.01). In contrast, when
gers1°®Y was expressed in etrl eind, the transgene
failed to rescue etrl ein4d growth in air and did not
prevent ethylene-induced hypocotyl shortening (Fig.
5, C and D). Consistent with this result, light-grown
etrl eind gers1“®" seedlings exhibited strong growth
inhibition in response to ethylene treatment; the cot-
yledons were small and compact, and the hypocotyl
and root were short (Fig. 5E). At the adult stage,
expression of gers1®" did not rescue the etrl eind
growth defects, and the transformation lines exhibited a
small rosette (Fig. 5F).

The effect of gers1“®" on the ethylene response of
etrl ein4 was evaluated by the measurement of ERF1
expression levels and scoring the leaf senescence
phenotype. After ethylene treatment, ERF1 expression
of etr1 eind gers1“*Y was similar to that of etr1 ein4 (Fig.
5G). The etrl eind gers1“" lines displayed a severe
senescence phenotype similar to that of etrl ein4 after
ethylene treatment (Fig. 5H). Following ethylene treat-
ment, the leaf chlorophyll content of etr1 ein4 and etrl
eind gers1“® substantially decreased. The chlorophyll
content (relative to that before ethylene treatment) of
etr] eind was about 15.5% and that of etr1 eind gers1<®"
lines ranged from 8% to 28% after ethylene treatment
(Fig. 51).

These results indicated that both ETRI and EIN4
are predominantly required for the repression of eth-
ylene responses by gers1“®Y. ETR1 and EIN4 may thus
have synergistic or additive effects on gers1¢%Y func-
tions; the other receptor genes appear unable to sup-
port gers1“*" functions.

Effects of the etrl and ein4 Loss-of-Function Mutations
on Ethylene Insensitivity Conferred by gers1®"

To evaluate whether ETR1 and EIN4 may additively
or synergistically act with gers1“®”, we isolated three
independent etr1 gers1“*" and ein4 gers1“*" lines from
the F3 or higher generations derived from genetic
crosses between etr1 eind gers1“°*" lines and wild-type
(Col-0) plants. Transformation lines labeled with the
same line number carry the same transgene from a
common donor; thus, the gerleGEY transgene is ex-
pressed at the same locus.

Both etr]l and ein4-7 mutations result in ethylene
hypersensitivity, according to the ethylene dose-
response assay (Hua and Meyerowitz, 1998; Cancel
and Larsen, 2002). Etiolated etr1 gers1®" seedlings
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Figure 5. Effects of etr] ein4 mutation on the repression of ethylene responses by gers1“®*Y. A and B, Seedling triple-response
phenotype (A) and hypocotyl length (B) of wild-type (Col-0) lines (L1, L3, and L5) that expressed gers1°®*Y. C to F, Seedling triple-
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exhibited a long hypocotyl in air, and ethylene treat-
ment did not result in hypocotyl shortening. Air-
grown eind gers1“®" seedlings (in which ein4 denoted
the ein4-7 allele) had a long hypocotyl, whereas ethyl-
ene treatment resulted in different degrees of hypo-
cotyl shortening (Fig. 6, A and B). Consistent with
the seedling phenotype, ethylene barely affected the
seedling hypocotyl ~elongation of etrl gers1<®,
whereas the hypocotyl length of ein gers1“®" seedlings
was shortened by 20% to 40% (Fig. 6C). As expected,
light-grown etr1 gers1“® and eind gers1“®" seedlings
did not show prominent growth defects. Ethylene
treatment resulted in partial growth inhibition of ein4
gers1®®Y plants, and the cotyledons, hypocotyls, and
roots were moderately reduced in size. The effects
of ethylene on etr1 gers1“®’ growth were minor (Fig.
6D). Results from the qRT-PCR analysis showed that
the ERF1 expression levels of ethylene-treated etrl
gers1“®Y and eind gers1“®" plants were 5% to 10% and
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about 17%, respectively, relative to that of ethylene-
treated wild-type seedlings (Fig. 6E).

These results show that the lack of EIN4 moderately
weakened ethylene insensitivity conferred by gers1<Y,
whereas the lack of ETR1 did not affect ethylene insen-
sitivity. etr1 eind gers1“®" plants displayed strong growth
inhibition and enhanced leaf senescence in response to
ethylene treatment; therefore, ETRI and EIN4 may have
synergistic effects on the ethylene insensitivity conferred
by gers1“Y. The etr1 loss-of-function mutant exhibits
stronger ethylene hypersensitivity than ein4-7 (Hua and
Meyerowitz, 1998). Thus, it is more likely that EIN4
identity, rather than EIN4 amount or ein4-7 ethylene
hypersensitivity, affects ers1*® functions.

DISCUSSION

Genetic studies indicate that ethylene receptors may
activate CTR1 (a mitogen-activated protein kinase

Plant Physiol. Vol. 158, 2012
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kinase kinase) through a mechanism requiring physi-
cal association to repress the ethylene response (Hua
and Meyerowitz, 1998; Klee, 2004; Wang et al., 2006).
Although the five ethylene receptor genes are geneti-
cally redundant, the functions of an ethylene receptor
gene cannot be compensated by the expression of
another, which implies that each receptor gene has
unique roles in ethylene signaling (Wang et al., 2003;
Klee, 2004; O'Malley et al., 2005; Liu et al., 2010). The
ethylene receptors may dimerize with each other,
probably via the GAF domain, and exist as compo-
nents of high-molecular-mass protein complexes (Xie
et al., 2006; Gao et al., 2008; Grefen et al., 2008; Chen
et al., 2010). The results from those studies indicate
that the ethylene response is negatively regulated by
the cooperation of the five ethylene receptors. How the
five ethylene receptors cooperate and the functional
significance of the receptor cooperation remain to be
addressed.

The results of this study show that ethylene re-
sponses were differentially repressed by the combina-
tion of a dominant, ethylene-insensitive receptor gene
with a wild-type receptor gene. The dominant mutant
receptor etrl-1 prevented ethylene responses primar-
ily independent of cooperation with other wild-type
receptors. In contrast, the repression of ethylene
responses by the dominant, ethylene-insensitive
ers1-17%") was primarily dependent on ETR1 or EIN4
and differentially supported by the other three recep-
tor genes (ERS1, ETR2, and ERS2) to lesser degrees.
Among these three receptor genes, ERS2 supported
ers1-1162P) functions to a greater extent than did ETR2,
whereas ERS1 effects were marginal. The differential
repression of ethylene responses by a combination of
the dominant ers1-17*") with wild-type receptor genes
indicates that differential cooperation of ers1-1%*"
and the corresponding receptors occurs. ERS1 does
not contain the receiver domain; our data do not
indicate that the presence of the receiver domain
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and the degree of cooperative receptor signaling
are related. Notably, ETR1 substantially supported
ers1-1%2P) functions, whereas the ETR1-ERS1 associa-
tion was relatively weak (Gao et al., 2008); thus, the
degree of receptor cooperation and the strength of the
receptor physical interaction are not necessarily re-
lated. This argument is in accordance with the impli-
cation that higher order receptor interactions are not
stably preserved during the solubilization of receptor
complexes (Chen et al., 2010).

The differential repression of ethylene responses
by ETR1, ERS1 (Liu et al., 2010), and their dominant
ethylene-insensitive alleles, in combination with other
receptor genes, may be a result of their relative recep-
tor amounts, differential receptor efficacies or activity,
receptor-specific interactions, or differential activation
of CTR1 by these receptors or receptor complexes. The
in vivo heterodimerization of the ethylene receptors
and the formation of receptor complexes in Arabidop-
sis (Gao et al., 2008; Grefen et al., 2008; Chen et al.,
2010) provide an explanation, on a molecular basis, for
how these receptors may cooperate.

The relationship of receptor gene expression and
receptor amount has been indicated previously, where
EIN4 abundance is probably lowest among the five
receptors (O'Malley et al.,, 2005, Gao et al., 2008).
We showed that EIN4 expression, and probably EIN4
level, was unaltered in eind gers1-1"?"? and that EIN4
alone was able to support ers1-1%?") functions to a
large extent. The expression of gers1-1¥?") in (ERS2)
4LOF largely prevented many aspects of the ethylene
response, although ERS2 expression was highly re-
duced. These results imply that a relatively low level
of EIN4 or ERS2 is sufficient to support the ethylene
insensitivity conferred by the dominant mutant re-
ceptor ers1-11920) to a large extent. In contrast, ERS1/
ers1-17%") levels, and probably their protein amount,
were highly induced in (ERS1)4LOF gersl—l(mp ) which
exhibited a strong phenotype in various aspects of the
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ethylene response. ETR2 undergoes bulk degradation
at a high ethylene concentration (more than 100 uL
L"), and the ligand-induced turnover can be preven-
ted by an ethylene-insensitive receptor or the ethylene
antagonist Ag(I) (Chen et al., 2007). The weaker effect
of ETR2 on ers1-1%2 functions is unlikely to be the
result of ETR2 turnover in response to ethylene, be-
cause ers1-1"") is ethylene insensitive and presum-
ably the ETR2 turnover is prevented. Collectively,
these data favor the argument that the degree of
ethylene-response repression by the dominant mutant
receptor ers1-142" is strongly related to the identity of
the receptor with which ersi-1%?" acts cooperatively.
Our study, however, did not address the possible roles
of receptor amount in ethylene signaling.

Redundant genes may exploit differential efficien-
cies, generated by divergence, to respond to fluctuat-
ing stimuli (Kafri et al., 2009). Currently, little is known
about the nature of the receptor signal, and the recep-
tor activity or efficacy is not biochemically measurable.
Nevertheless, receptor efficacy can be evaluated from

Figure 7. Model for the differential modulation of
ethylene responses with multiple ethylene receptors.
A, Diagrammatic illustration of ethylene receptor
complexes that may consist of various receptor oli-
gomers. Receptor members of a complex may differ-
entially cooperate and mediate a gradient, from
strong to weak, of receptor signal output. Shading
differences indicate the receptor cooperativity of
different levels. B and C, A cell or tissue may have
mixed receptor complexes with different receptor
signal output strengths. When the predominant re-
ceptor complexes can mediate strong signal output
(B), constitutive ethylene responses will be sup-
pressed to a greater extent than those that mediate
weak signal output (C). Ethylene binding will remove
the suppression, and ethylene responses can pro-
ceed. With the same ethylene concentration that
does not saturate the ethylene receptors, a fraction of
the receptor complexes will remain unbound and
can suppress ethylene responses. Ethylene responses
will be suppressed to a greater extent when the
unbound receptor complexes predominantly medi-
ate strong receptor signal output (B) and to a lesser
extent when the unbound receptor complexes pre-
dominantly mediate weak receptor signal output.

ethylene weak ethylene receptor cooperativity
O 0 J_ strong receptor signal output
888 88%%%% % % L weak receptor signal output
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alteration of different aspects of the ethylene response.
ETR1 shows a stronger association with CTR1 than
ERS1, and the ETR2-CTR1 association is relatively
weak (Clark et al., 1998; Cancel and Larsen, 2002). The
association strength of each ethylene receptor member
with CTR1 may have a role in differential CTR1
activation, by which ethylene responses can be re-
pressed to different extents. Alternatively, each recep-
tor may have a specific efficacy in CTR1 activation,
which results in the differential repression of ethylene
responses. (ETR1)4LOF exhibited the weakest ethyl-
ene response phenotype among the five receptor qua-
druple mutants, and (ers1-2)5LOF getr1-1 was ethylene
insensitive, which implied that ETR1 has the highest
efficacy in the repression of ethylene responses. In
contrast, ERS1 and its ethylene-insensitive mutant
isoforms alone fail to repress constitutive ethylene
responses via the activation of CTR1.

Synergistic (or superadditive) phenotypes refer to
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caused by the additive effects of individual mutations
(Pérez-Pérez et al., 2009). Synergistic phenotypes may
occur when pathways are disturbed at a convergent
node or when one mutation enhances the effects of
another (i.e. the genes cooperatively act toward an
outcome; Martienssen and Irish, 1999; Pérez-Pérez
et al., 2009). In this study, the synergistic effects of ETR1
and EIN4 on ers1“®" functions were revealed from the
results that showed that a lack of either gene did not
significantly affect ers1“®*' functions, whereas the lack
of both genes almost abolished ers1“®" functions.
Notably, the stronger effects of the etrl and ein4
mutations than the additive effects of etrl and ein4
on the ethylene response phenotype also indicate that
ETR1 and EIN4 act synergistically with other wild-
type receptors, so that the lack of both ETR1 and EIN4
results in strong growth inhibition. The etrl and ers1
loss-of-function mutations also have synergistic effects
on the ethylene response phenotype (Wang et al., 2003;
Xie et al., 2006; Qu et al., 2007); thus, it is conceivable
that the synergistic actions of different ethylene recep-
tors play important roles in higher order receptor
cooperation that differentially modulate different as-
pects of the ethylene response.

Although ethylene binding to ers1-1"" and ers1“®*
has never been investigated, the two mutations may
convert ERS1 to an ethylene-insensitive state by
different mechanisms. The protein conformations
of ers1-1"2" and ers1“®¥ may differ so that each iso-
form may preferentially cooperate with specific recep-
tors. Thus, a lack of the same receptors has different
effects on the activity of these isoforms, which explains
why the two isoforms differentially repressed ethylene
responses in the same mutation background. ers1-1/*"
and ers1®Y may represent ERS1 conformations that
are changed by the mutations. It is conceivable that a
wild-type ethylene receptor may undergo dynamic
conformation changes that facilitate various differential
cooperation with other ethylene receptors.

The results of this study imply that synergistic
actions and higher order cooperation of ethylene re-
ceptors play important roles in the modulation of
ethylene responses. Similar receptor cooperation is
found in bacteria, where methyl-accepting chemotaxis
protein (1-MCP) family receptors of high and low
abundance, assembled in a higher order trimer of
dimers, can signal cooperatively to enhance detection
sensitivity in a five-log concentration range (Jasuja
et al., 1999; Ames et al., 2002; Falke, 2002; Sourjik and
Berg, 2002). We hypothesize that the ethylene receptor
complexes, consisting of various receptor oligomers,
may mediate a gradient, from strong to weak, of
ethylene receptor signal output by which ethylene
responses are differentially repressed, and thus a plant
is induced to respond to a wide range of ethylene
concentrations. Conceivably, the tissue-specific ethyl-
ene receptor compositions may facilitate differential
receptor signal output, so that different plant tissues
may exhibit specific ethylene responsiveness and eth-
ylene responses can be modulated by alteration of the
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ethylene receptor composition (Fig. 7). This study
provides explanations for why plants may use multi-
ple ethylene receptors to regulate ethylene responses
and reveals the important roles of wild-type ethylene
receptors in supporting ethylene insensitivity con-
ferred by a dominant, ethylene-insensitive receptor.

MATERIALS AND METHODS
Plant Materials

Arabidopsis (Arabidopsis thaliana) ethylene receptor mutants and transfor-
mation lines were obtained by genetic crosses or transformation and identified
by genotyping (Xie et al., 2006; Liu et al., 2010). The growth conditions were
described previously (Xie et al., 2006; Liu et al., 2010). Adult plants and light-
grown seedlings were phenotyped at 4 weeks and 7 d post germination,
respectively. (ETR1)4LOF, (ERS1)4LOF, (ETR2)4LOF, (EIN4)4LOF, and (ERS2)
4LOF represent ers1 etr2 ein4 ers2, etr1 etr2 ein4 ers2, etr1 ers1 ein4 ers2, etrl ersl
etr2 ers2, and etrl ersl etr2 ein4, respectively. Except for (ETR1)4LOF and
(ERS1)4LOF, which were generated previously (Liu et al., 2010), (ETR2)4LOF,
(EIN4)4LOF, and (ERS2)4LOF were obtained by genetic crosses as described
below. In this study, the ein4-7 allele was used and designated ein4.

Crossing of Transformation Lines

etr1 etr2 ein4 getr1-1 (previously designated T:getr1-1 etr] etr2 ein4; Xie et al.,
2006) was crossed with etr2 ein4 ers2 to obtain etrl etr2 ein4 ers2 getrl-1,
designated (ERST)4LOF getrl-1. The resulting (ERST)4LOF getrl-1 was next
crossed with ers1-2 etr2 ein4 ers2 [designated (ETR1)4LOF] to obtain etr1 ers1-2
etr2 ein4 ers2 getrl-1(+/—) (carrying a single copy of the getr1-1 transgene) and
etr] ers1-2 etr2 ein4 ers2 getr1-1 [designated (ers1-2)5LOF getr1-1]. (ers1-2)SLOF
getr1-1 was crossed with ers1-3 etr2 ein4 ers2 to obtain etrl ers1-3 etr2 ein4 ers2
getr1-1(+/—) and etr1 ers1-3 etr2 eind ers2 getr1-1. gers1-14"") was transformed
to ETR1/etr1-7 ers1-2 etr2 eind ers2 getr1-1(+/—); (ers1-2)5LOF gers1-17%") ETR1/
etrl-7 ersl-2 etr2 eind ers2 gers1-1"?"), and (ETR1)4LOF gers1-17" were
obtained after segregation of the getrl-1 transgene and/or the etrl allele.
ETR1/etr1-7 ers1-2 etr2 eind ers2 gers1-112" was crossed with etr2 eind ers2 and
etr] etr2 ers2 to obtain (ERS1)4LOF gerslfluézp ) and (EIN4)4LOF gerslfluézp ),
respectively. ETR1/etr1-7 ers1-2 etr2 eind ers2 gers1-1"%") was crossed with ers1
ein4 ers2 and etrl etr2 ein4 to obtain (ETR2)4LOF gersl—l(mP ) and (ERS2)4LOF
gers1-1%27) respectively. etr1 ers1-2 gers1-1"2") and etr1 eind gers1-1°2") were
obtained by transformation of gers1-192") to etr1 ERS1/ers1-2 and etrl eind,
respectively. gers1“®®Y was transformed to etr1 ein4 to obtain etrl eind gers1“*".
etrl eind gers1™Y was crossed with Col-0 to obtain gers1®Y (Col-0), etr1
gers1Y, and eind gers1®Y. (ETR2)4LOF, (EIN4)4LOF, and (ERS2)4LOF were
obtained from the transformation quadruple mutants by segregation of the
transgene. The genetic crosses are depicted in Figure 3B.

Gas Treatments and Analysis of the Ethylene
Response Phenotype

Ethylene and 1-MCP concentrations were determined by gas chromato-
graphy with flame ionization detection (Agilent Technologies; 6890N Net-
work GC System) as described previously (Zhang and Wen, 2010). For seed
germination in the dark, the seeds were stratified at 4°C for 96 h and then
transferred to 22°C for germination in the dark for 72 h in a temperature-
controlled growth chamber. The seedling triple-response assay and the
seedling hypocotyl measurement were as described previously (Xie et al.,
2006; Liu et al., 2010). Treatment with 1-MCP (Rohm & Haas China) and
ethylene (220 nL L™! 1-MCP with 1 uL L ™! ethylene) was as described by Hall
et al. (2000). For the measurement of ethylene-induced gene expression, the
ethylene concentration was 10 uL L% For the leaf senescence test, the
ethylene concentration was 100 uL L' The leaf chlorophyll content was
determined as described previously (Zhang and Wen, 2010).

Transgenes

An ers1-19%P) fragment was generated by PCR from ers1-1*" genomic
DNA with the primer set ERS1 BamHI-F (5'-CAGGATCCATGGAGTCATGC-
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GATT-3') and ERS1 Sphl-R (5'-ATGGCATGCATCGGTGTCCTCAT-3"). The
resulting fragment was subcloned and confirmed by sequencing. An ERSI
cDNA fragment, released by Sphl and Xbal, was ligated to the PCR-generated
ers1-14P) fragment to give rise to a full-length ers1-1%*" clone. The full-length
ers1-112" clone was released by BamHI and subcloned to a native ERS1
promoter (Liu et al, 2010). All PCR-derived clones were confirmed by
sequencing. The ers1“®’ clone was constructed as follows. Primers ERS1
GAF-Kpnl-F (5'-TAGGTACCATGGAGTCATGCGATTGT3') and ers1“®R
(5"-ATGCGTAGCTCCATAGAGAATGATAA-3") were used to generate the
ers1¢%5Y (1-207 bp) fragment; the C65Y mutation was included in the primer
ers1®YR.  ers1“®YF (5'-TTATCATTCTCTATGGAGCTACGCAT-3') and
ERS1 geno-Sphl-R2 (5'-GAGATGATGGCATGCATCGGTGTCCT-3') were
used to generate ers1“®" (182-1,186 bp). The two PCR products were mixed
to generate ers1°%Y (1-1,186 bp) by the overlap extension PCR technique with
the primer set ERS1 GAF-Kpnl-F and ERS1 geno-Sphl-R2. The resulting
ers1<°%Y (1-1,186 bp) fragment was subcloned and sequenced. An ERSI
cDNA fragment, released by Kpnl/Sphl, was ligated into the ers1®Y
(1-1,186 bp) fragment, giving rise to a full-length ers1“ clone. The full-
length ers1°®Y clone was subcloned to a native ERS1 promoter.

RT-PCR

The fluorescence real-time qRT-PCR technique involved the use of the
StepOne Real-Time PCR System (ABI) with the SYBR Premix Ex Taq real-time
RT-PCR kit (Takara). Ubiquitin gene expression was used as an internal
calibrator (Liu et al., 2010). The sequences for primer sets for each receptor
gene were as described (Liu et al., 2010). The primers for ERF1 were ERF-377-F
(5'-TTTCTCGATGAGAGGGTC-3") and ERF-606-R (5'-AAGCTCCTCAAGG-
TACTG-3'), and those for SAG12 were SAG12-F (5'-TGAGGATGTCCCGGT-
TAATGAT-3') and SAG12-R (5'-GATGATCCAATACTTTGATCCGTTAGT-3').
Each analysis was repeated three times with three independent biological
repeats (n = 3 X 3). For the measurement of ethylene-induced ERF1 expres-
sion, plants were subjected to ethylene treatment for 4 h (Zhang and Wen,
2010); for the measurement of SAG12 expression, plants were subjected to
ethylene treatment for 36 h (Grbi¢, 2003). The primers for ETR1 and etr1-1
expression in an etrl-7 background were ETRI-WT-F (5'-ATCTTATTAACT-
TATGG-3') and ETR1-WT-R (5'-TGAGTTCGAATCAATCCCATTTCT-3).

Immunoassays

The polyclonal antibodies for ERS1 (ERS1-Ab) were as described previ-
ously (Liu et al., 2010). Total protein was isolated as described by Wen et al.
(1999) or with the use of TRIzol reagent (Invitrogen) in accordance with the
manufacturer’s instructions. In brief, plant tissue was homogenized in TRIzol
reagent mixed with isopropanol, and total protein was collected by centrif-
ugation. The resulting protein pellet was serially washed with 0.3 M guanidine
hydrochloride in 95% ethanol. The resulting pellet was dissolved in 1% SDS
and subjected to gel electrophoresis and immunoassay. ERS1 (or ers1-1'%)
protein was detected by ERS1-Ab and Amersham ECL Plus Western Blotting
Detection Reagents.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Hypocotyl length of (ETR1)4LOF and (ERSI)
4LOF seedlings.
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