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Abstract

Arabidopsis senses ethylene through a five-member family of ethylene receptors, of which the ethylene

receptor ETR1 plays the major role. We examined how changes in ethylene binding affinity of ETR1 can regulate
physiological and molecular responses to ethylene, taking advantage of an Asp25Asn mutation that still produces a
functional ETR1 receptor (ETR1°%°M) but one with 100-fold reduced ethylene binding affinity compared to wild-type
ETR1 (ETR1™). Analysis was performed in a genetic background that lacks the five native members of the receptor
family so that the specific role of ETR1 in plant growth and development could be assessed. From this analysis,

we determined that changes in ethylene binding affinity of ETR1 are reflected in plant growth and responses to
ethylene. Differences in plant growth and ethylene responses for the ETR1" and ETR1°%N lines were uncovered in
seedlings grown under light or dark conditions, and when assayed for short- or long-term responses to ethylene.
Dose response analysis revealed that differences in the ethylene responses for ETR1"* and ETR1°%°N lines are
proportional to the binding affinity of the corresponding receptor variants. Results from the characterization of the
ETR1"! line and an etr] etr2 ein4 triple mutant demonstrate that plants have greater sensitivity to ethylene than
previously recognized.
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Introduction

The gaseous phytohormone ethylene regulates multiple
aspects of plant growth and development [1, 2]. In addi-
tion to its well-known role in the ripening, ethylene regu-
lates seed germination, root and shoot growth, leaf and
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sis stems [4]. As such, Arabidopsis is capable of sensing
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and responding to ethylene concentrations that span six
orders of magnitude [5].

Ethylene is sensed in plants by receptors evolutionarily
related to bacterial His-kinases, the first identified and
most thoroughly characterized of the ethylene receptors
being ETHYLENE RESPONSE 1 (ETR1) of Arabidop-
sis [6—10]. Ethylene receptors have an ethylene-binding
domain located near their N-terminus and signal output
domains in their C-terminal portion. The ethylene-bind-
ing domain is located within three conserved transmem-
brane segments, which also serve to localize the receptors
to the ER membrane [7, 11-16]. A critical component of
the ethylene binding domain is a copper cofactor che-
lated by conserved Cys and His residues. The copper
cofactor directly mediates ethylene binding, there being
no amino-acid sidechains compatible with the such high-
affinity binding as found with the ethylene receptors [11,
17, 18]. Current studies indicate that there is one copper
cofactor per receptor monomer, resulting in two copper
cofactors per receptor homodimer [11, 19-21]. The out-
put domains of the ethylene receptors are similar to those
found in bacterial His-kinases, some receptors also hav-
ing domains similar to the receiver domains of response
regulators [22-24]. However, His-kinase activity of the
ethylene receptors only plays a minor role in signaling
[25]. Instead, output is largely mediated through inter-
actions of the receptor output domains with the Ser/
Thr kinase CONSTITUTIVE ETHYLENE RESPONSE
1 (CTR1), which in turn regulates activity of the trans-
membrane protein ETHYLENE INSENSITIVE 2 (EIN2),
which in turn regulates a transcriptional cascade involv-
ing the EIN3/ETHYLENE INSENSITIVE 3-LIKE (EIL)
and ETHYLENE RESPONSE FACTOR (ERF) families of
transcription factors [9, 10].

Ethylene receptors are found as families in most plants
[8, 9]. Arabidopsis, for example, has a five-member fam-
ily of ethylene receptors composed of ETR1, ETR2, EIN4,
ETHYLENE RESPONSE SENSOR 1 (ERS1), and ERS2
[8, 9]. Genetic studies indicate that the ethylene recep-
tors function as negative regulators of ethylene signaling,
such that they suppress ethylene responses in the absence
of ethylene (in air) and, upon binding ethylene, are inacti-
vated to relieve the suppression [8, 9, 26—28]. Both gain-
of-function and loss-of-function mutations have been
identified for the Arabidopsis ethylene receptors [8, 9].
The first mutation identified was the gain-of-function
mutation etrl-1 of Arabidopsis, which conferred domi-
nant ethylene insensitivity on the plant [29]. The etrI-I
missense mutation (Cys65Tyr) directly affects one of the
amino acids necessary for chelating the copper cofactor,
generating a receptor unable to sense ethylene and, as a
result, serving to suppress ethylene responses regardless
of whether ethylene is absent or present [6, 7, 11]. In con-
trast, due to their role as negative regulators of ethylene
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signaling, loss-of-function mutations involving multiple
members of the receptor family (e.g. an etr! etr2 ein4 tri-
ple mutant) confer a constitutive ethylene-response phe-
notype [26-28].

We recently uncovered a role for Asp25 of ETR1 in
modulating the ethylene affinity of the receptor [30].
Specifically, we found that the ETR14%%4" mytant was
still functional as a receptor but had an approximately
100-fold lower affinity for ethylene than the wild-type
receptor. Based on molecular modeling and genetic anal-
ysis, Asp25 forms a polar bond to a critical His residue
(His69) important for chelating the copper cofactor that
binds ethylene [30]; mutation of Asp25 to Asn eliminates
the polar bond to His69, thereby reducing the affinity of
the receptor for ethylene. Here we assess how such dif-
ferences in ethylene binding affinity affect plant growth
and ethylene responses, based on physiological and
molecular assays. Results point to the key roles that eth-
ylene binding affinity and receptor levels play in mediat-
ing plant responses to ethylene. Results also demonstrate
that plants have a greater sensitivity to ethylene than pre-
viously recognized.

Results

Generation of transgenic lines to examine the role of ETR1
ethylene-binding affinity in Arabidopsis

We previously determined that the Asp25Asn ETR1
mutant receptor (ETR1P*N) was a functional recep-
tor based on its ability to rescue growth phenotypes of
receptor loss-of-function mutants (Fig. 1A) [30]. Further-
more, we also determined that ETR1P?*N possessed sub-
stantially lower affinity for ethylene than the wild-type
ETRI1 receptor, approximately 100-fold less based on an
ethylene binding assay [30]. We were therefore inter-
ested in how such a difference in ethylene binding affinity
would manifest itself in plant growth and development.
However, because Arabidopsis contains a five-member
family of ethylene receptors, differences in the ability of
one receptor isoform to perceive and respond to ethylene
can be masked by the presence of other wild-type recep-
tor isoforms.

Therefore, to compare the effects of ETR1™ and
ETR1P®N, we took the approach of transgenically
expressing their genes from the native ETRI promoter
in an etrl etr2 ein4d ersl ers2 quintuple mutant back-
ground. To obtain the quintuple mutant background,
we first transgenically expressed ETRI* and ETRIP*N
in the viable triple-mutant etrl etr2 ein4, by which we
successfully obtained both tETR1™ (etrl etr2 ein4) and
tETR1P?N (etr etr2 eind) lines [30]. We then employed
a CRISPR-cas9 approach to mutate the ERSI and ERS2
genes that remained in this background (Fig. 1B). This
approach was successful for the generation of tETR1P*N
(etrl etr2 ein4 ersl ers2) mutants, for which we obtained



Aman et al. BMC Plant Biology (2025) 25:436

A C65 H69

D25\
ETR1M
—— C6\5/H69

ETR1P2ZN N

B
ERS1

HH—<">{H ATPase

p
HH—<— [ ATPass <D
HH—<">{H ATPase}

Page 3 of 14

TTAGTGAAGTACCAATATCATCTCAGATGCGTTGATTGCTCTTGCATACTTCTCAATCC
#11 CACTCGAGCTTATCTATTTCGTGCAAAAGTCTGCTTTCTTCCCTTACAAATGGGTGCTT

ATGCAGTTTGG

TTAGTGAAGTACCAATAC (atctcagatgcgttgattgctcttgcatacttctcaatcce

#15

TATGCAGTTTGG

ERS2

HHH——=>- B

cactcgagcttatctatttcgtgcaaaagtctgctttecttececttac) AAATGGGTGCT

TACGAGACAATCCTCAACTCGCAAAAAGTCGGCGACTTTCTTATCGCAATCGCTTATT

#11

TCTCGATCCCAATCGAGCTGGTTTACTTCGTGAGCCGCACCAATGTGCCTTCACCTTA
CAAT (t ) GGGTGGTCTGCGAGTTT

TACGAGACAATCCTCAACTCGCAAAA (a)GACGACGTCGGCGACTTTCTTATCGCAAT

#15

CGCTTATTTCTCGATCCCAATCGAGCTGGTTTACTTCGTGAGCCGCACCAATGTGCCT

TCACCTTACA(att)GGGTGGTCTGCGAGTTT

Fig. 1 Characteristics of ethylene receptor mutations. For the receptors, transmembrane domains (black bars), signal peptide (gray bar), GAF domain (dia-
mond), histidine kinase-like domain (rectangle), and receiver domain (oval) are indicated if present. The histidine kinase-like domain is labeled “H ATPase”
if it contains all residues required for activity. (A) Diagram of wildtype ETRT (ETR1"") showing locations of Asp25 (D25), Cys65 (C65), and His69 (H69)
involved in ethylene binding and of the mutant ETR1P%°N. (B) CRISPR-Cas9-derived mutations in ERST and ERS2. Uppercase bold red letters indicate inser-
tions. Lowercase bold red letters in parentheses indicate deletions. Gray highlights in the DNA sequence indicate regions that encode transmembrane
domains. In the quintuple mutant background etrT etr2 ein4 ers1 ers2, the transgenically-expressed tETR1*! line shares the same CRISPR-Cas9-derived
mutations in FRST and ERS2 as found in the transgenically expressed tETR1°°N-#11 line

two independent lines contained indel mutations pre-
dicted to result in null alleles for ERS1 and ERS2 (lines
#11 and #15) [30]. However, we were unable to obtain a
tETR1™ (etr1 etr2 ein4 ersl ers2) line by the CRISPR-cas9
approach, generating only a tETR1Y" (etr1 etr2 ein4 ers2)
mutant line that was still wildtype for the ERSI allele.
Additionally, the ERS2 mutant allele was a six-base-pair
deletion, such that the protein product would still be in
frame and potentially not a null allele.

Our inability to obtain the tETR1™ (etr!I etr2 ein4 ersl
ers2) line by the direct CRISPR-cas9 aided approach
could potentially arise due to this line being less viable
than one expressing the tETR1”?*N transgene. We there-
fore crossed the tETRIY (etrl etr2 eind ers2) mutant
line to the tETR1P*N #11 (etr! etr2 ein4 ersl ers2) line
and genotyped the subsequent segregating populations
to identify the tETR1"" transgene in a quintuple mutant
background. By this process, we identified a tETRI™
(etrl etr2 ein4 ersl ers2) line that contained the same ersi
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Fig. 2 Shoot phenotypes of the tETR1"" and tETR1°2°N lines. Wildtype and mutant versions of ETR1 were transgenically (tETR1) expressed in the etr7 etr2
ein4 (triple mutant) and etr1 ers etr2 ers2 ein4 (quintuple mutant) backgrounds. Wildtype, the etr2 ein4 double mutant, and the etr1 etr2 ein4 triple mutant
serve as controls. (A) ETR1 protein levels as determined by immunoblot analysis with an anti-ETR1 antibody for 14-day-old green seedlings. BIP serves
as a loading control. (B) Representative 45-day-old plants. scale bar =5 cm. (C) Representative 27-day-old shoot rosettes. Scale bar =1 cm. (D) Rosette
diameter and area. Different letters indicate a significant difference in diameter (blue letters) or area (red letters) based on ANOVA analysis with post hoc

Holm multiple comparisons test (n="7; p < 0.05). Error bars represent SE

and ers2 CRISPR alleles as those found in the tETR1P?N
#11 (etrl etr2 ein4 ers1 ers2) line (Fig. 1B).

For the comparative analyses of ETR1** and ETR1P%N
described below, we characterized tETR1%* #4 (etrl etr2
ein4) and tETR1P®N #6 (etrl etr2 ein4) lines, in which
the transgenic ethylene receptors are present in a back-
ground containing the wild-type receptors ERS1 and
ERS2. We also characterized the tETRI" (etrl etr2 ein4
ersl ers2) line and two independent tETR1P*N #11 and
#14 (etrl etr2 ein4 ersl ers2) lines, in which the trans-
genic ethylene receptors are present in a background
lacking all the native ethylene receptors.

Effect of ETR1 ethylene-binding affinity on shoot growth
Shoots of the triple mutant etrl etr2 ein4 exhibit a par-
tial constitutive ethylene-response phenotype character-
ized by a smaller leaf rosette and a shorter inflorescence
compared to the wild-type plant (Fig. 2) [27]. These phe-
notypes are rescued similarly by transgenic expression of
either ETR1"* or ETR1P*N, the rosette area and diameter
being similar to that found in an etr2 ein4 double mutant
(Fig. 2C, D) [30]. Thus, in a background containing the
wildtype receptors ERS1 and ERS2, both ETR1™ and
ETR1P%N rescue shoot growth to a similar extent. In
contrast, when evaluated in a background lacking all five
native receptors, the rosette area and diameter of tETR1"*
(etrl etr2 ein4 ersl ers2) is significantly less than that of
the tETRIP?N #11 and #14 (etr1 etr2 ein4 ersl ers2) lines
(Fig. 2C, D), consistent with a stronger ethylene response
in shoots of the tETR1Y" (etr1 etr2 ein4 ersl ers2) line. We
note that the protein levels of ETR1"" and tETRI*" are
similar in the quintuple mutant background (Fig. 2A),
indicating that the differences in plant growth (Fig. 2B-D)
are due to receptor activity rather than expression level.
Furthermore, the severity of the shoot growth phenotype
for the tETR1Y" (etr etr2 eind ersl ers2) line compared to
the tETRIP?N #11 and #14 (etr1 etr2 ein4 ersl ers2) lines
suggests that this phenotype may have compromised our
ability to identify such a line in our initial CRISPR-cas9
approach.

Effect of ETR1 ethylene-binding affinity on the triple-
response of dark-grown seedlings to ethylene

In response to ethylene, dark-grown seedlings of Ara-
bidopsis exhibit a characteristic ‘triple response’ phe-
notype, characterized by inhibition of hypocotyl and
root elongation, thickening of the hypocotyl, and the

formation of a pronounced apical hook (Fig. 3) [29, 31].
Because they are negative regulators of the ethylene
response, receptor loss-of-function mutants such as etrl
etr2 ein4 exhibit a partial constitutive ethylene-response
phenotype in the dark-grown seedling assay when grown
in air (no ethylene), resulting in a shorter hypocotyl than
the wild-type control (Fig. 3) [27]. Furthermore, the etr!
etr2 ein4 mutant is hypersensitive to ethylene and exhib-
its a growth response to ethylene at concentrations that
have no significant effect on the wild-type control (e.g.
at less than 0.001 pL L' ethylene). The use of receptor
loss-of-function mutants can therefore be used to evalu-
ate the ability of transgenes to (1) rescue the constitutive
ethylene-response phenotype of seedlings grown in air
(no ethylene) and (2) mediate a seedling triple-response
to ethylene [32].

As shown in Fig. 3, transgenic expression of either
ETR1™ or ETR1P®N rescue the hypocotyl growth defect
of the triple mutant etrl etr2 ein4 in air to a similar
extent. Furthermore, the ethylene response of the dark-
grown seedlings is also similar, although there are indica-
tions that the ETR1"' lines are more sensitive to ethylene
at some of the lower ethylene concentrations (e.g. 0.01
uL L' and below) (Fig. 3B-D). In contrast, when evalu-
ated in the etrl etr2 ein4 ersl ers2 background, substan-
tial differences in ethylene sensitivity are observed for the
ETR1"* transgenic line compared to the ETR1°*N trans-
genic lines (Fig. 3B-D; Fig. S1). The ETR1"" line exhibits
a slightly shorter hypocotyl than the ETR1P*N lines in
air, likely due to a heightened sensitivity to endogenous
ethylene, and exhibits dramatic differences in its growth
response at low ethylene concentrations. In particular,
the ETR1"! line exhibits a substantial decrease in growth
to ethylene concentrations from 1x107° to 1x1073
uL L™1, concentrations that only minimally affect the
response of the ETR1°*N lines (Fig. 3D; Fig. S1). Interest-
ingly, the amplitude of the ETR1" line growth response
was similar across this 100-fold concentration range.
Nevertheless, at higher ethylene concentrations (1 uL L™*
and above), both ETR1"" or ETR1P?*N lines exhibit a sim-
ilar and strong growth response to ethylene. Thus, both
the ETR1™ or ETR1P%N lines can perceive and respond
to ethylene, but the ETR1™ line is much more responsive
to the lower ethylene concentrations.

For the analysis of the seedling triple-response to ethyl-
ene, we typically include aminoethoxyvinylglycine (AVG)
as a competitive inhibitor of ethylene biosynthesis in the
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Fig. 3 Dark-grown seedling response to ethylene of tETR1*! and tETR1°°N lines. Wildtype and mutant versions of ETR1 were transgenically (tETR1) ex-
pressed in the etr etr2 ein4 (triple mutant) and etr1 etr2 ein4 ers1 ers2 (quintuple mutant) backgrounds. Wildtype and the etr etr2 ein4 triple mutant serve
as controls. The ethylene biosynthesis inhibitor AVG was incorporated into the growth media, unless otherwise indicated, to inhibit ethylene production
by the seedlings. (A) ETR1 protein levels as determined by immunoblot analysis with an anti-ETR1 antibody for 4-day-old dark grown seedlings. BIP serves
as a loading control. (B-D) Dose response to ethylene for hypocotyl growth of 4-day-old dark-grown seedlings. Representative seedlings are shown for
the response to 0.001 uL L-1 ethylene in panel C. The effect of removing the ethylene biosynthesis inhibitor AVG from the growth media is shown in panel
D. Different blue letters indicate a significant difference in hypocotyl length among the lines at each ethylene concentration based on ANOVA analysis
with post hoc Holm multiple comparisons test (n=20; p <0.05). Error bars represent SE

growth media, so that the dose response of seedlings
to exogenous ethylene is minimally affected by endog-
enous ethylene production. Furthermore, for growth of
seedlings in the absence of ethylene (in air), hydrocar-
bon-free air is circulated through the growth chamber
to prevent the accumulation of endogenous ethylene in
the chamber. To determine the effect of endogenous eth-
ylene biosynthesis on the seedling growth response, we
analyzed hypocotyl growth in the absence of AVG. As
shown in Fig. 3D, when grown in air, hypocotyl growth
of the wild-type control is not reduced and the ETR1P*N
lines exhibit only a slight growth reduction in media lack-
ing AVG, consistent with low levels of ethylene biosyn-
thesis and accumulation. In contrast, the etrl etr2 ein4
triple mutant and the tETR1™ (etrl etr2 ein4 ersl ers2)
line both exhibit a sharp decrease in hypocotyl growth in

media lacking AVG (Fig. 3D), this sensitivity to endog-
enous ethylene consistent with the heightened sensitivity
we observed for these lines to exogenous ethylene.

Effect of ETR1 ethylene-binding affinity on the short-term
kinetic growth response of seedlings to ethylene

Clear differences were observed for the long-term ethyl-
ene growth responses of the tETR1Y (etr1 etr2 ein4 ersl
ers2) and tETR1P?N (etrl etr2 ein4 ersl ers2) lines, and
so we also analyzed their short-term growth response to
ethylene. For this purpose, we performed a short-term
kinetic analysis for the ability of ethylene to inhibit hypo-
cotyl growth [3, 33], with seedlings grown in the pres-
ence of AVG to inhibit endogenous ethylene production.
Seedlings were assessed for their growth response to 10
nL L' (0.01 pL L") ethylene (Fig. 4) as we had observed
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ethylene production by the seedlings. Basal growth rate prior to ethylene treatment was 0.35 (0.03), 0.17 (0.02), 0.20 (0.02), 0.19 (0.02), and 0.23 (0.02) mm
hr! for wt, etr] etr2 ein4, tETR1"Y tETR1°°N lines #11 and #15, respectively. Error bars represent SE (n>7, 10 nL L ethylene; n>5,0.1 nL L ethylene)



Aman et al. BMC Plant Biology (2025) 25:436

significant differences among the lines in their long-term
hypocotyl growth response to this ethylene concentra-
tion (Fig. 3B, C; Fig. S1). As shown in Fig. 4, the wild-
type seedlings exhibit a transient growth response to this
relatively low ethylene concentration, characterized by a
rapid inhibition of the hypocotyl growth rate followed by
recovery to the initial growth rate within 2.5 h after 10 nL
L~! ethylene application. This transient growth response
to low ethylene concentrations for the wildtype is consis-
tent with prior analysis [3]. The initial rapid response was
found to be transcriptionally independent of the EIN3
and EIL1 transcription factors, with a weakly detectable
response occurring at ethylene concentrations as low as
0.2 nL L™!. The protracted ethylene response required
the presence of EIN3 and EIL1, along with higher ethyl-
ene concentrations to be maintained.

The sensitized triple-mutant etrl etr2 ein4, although
exhibiting a rapid inhibition of growth in response to eth-
ylene like the wild-type, maintains a low growth rate over
the period of the kinetic analysis (Fig. 4). The tETR1"™
(etrl etr2 ein4 ersl ers2) and tETR1P?®N (etrl etr2 ein4
ersl ers2) lines exhibit a short-term kinetic response to
ethylene intermediate between that of the wild type and
etrl etr2 ein4, characterized by a rapid inhibitory growth
response to ethylene but only a partial recovery toward
their initial growth rate (Fig. 4). Notably, tETR1"" line
exhibited a stronger inhibitory growth response and
slower recovery kinetics than the ETR1”?*N lines, consis-
tent with the tETR1"" line having a higher affinity for eth-
ylene and so being able to mediate a more pronounced
rapid-growth response.

We further compared the response of the tETR
(etrl etr2 eind ersl ers2) line to a tETR1P?N (etrl etr2
eind ersl ers2) line for the short-term kinetic response at
the 100-fold lower ethylene concentration of 0.1 nL L™*
(1x107* uL L™Y). As shown in Fig. 4, the wild-type con-
trol exhibits no hypocotyl growth inhibition at this ethyl-
ene concentration, consistent with previous findings [3].
The tETR1”?*N line also exhibits no growth inhibition in
response to 0.1 nL L™! ethylene, its kinetic response simi-
lar to that of the wild-type control (Fig. 4). In contrast,
the tETR1"" line exhibits hypocotyl growth inhibition in
response to 0.1 nL L' ethylene, although the kinetics
for this response are not as rapid or pronounced as those
seen at the higher ethylene concentration (Fig. 4). Taken
together, analysis of the short-term kinetic response of
the seedlings to ethylene is consistent with ETR1** having
a higher affinity for ethylene than ETR1°*N and there-
fore being competent to mediate physiological responses
to ethylene at lower ethylene concentrations. Addition-
ally, both the long-term and short-term analyses reveal
that Arabidopsis seedlings have an ability to sense ethyl-
ene at lower concentrations than previously deduced, as

lwt
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found with both the etrl etr2 ein4 triple mutant and the
tETR1Y (etrl etr2 ein4 ersl ers2) line.

Effect of ETR1 ethylene-binding affinity on the molecular
response of seedlings to ethylene

As a complement to the physiological growth-response
assays described above, we examined the molecular
response of the lines based on ethylene-dependent gene
expression. For this purpose, we examined the expres-
sion of genes that are rapidly induced or suppressed in
response to exogenous ethylene treatment. Expression
of ERF1, ERSI, and OSRI is induced by 1 pL L' ethyl-
ene, the promoter region of each gene containing bind-
ing sites for the EIN3/EIL family of transcription factors
that mediate the primary response to ethylene [5, 25, 30,
34-36]. Expression of EXPBI1, EXP5, and CAPE?2 is sup-
pressed in response to 1 uL L™! ethylene [30] and, based
on ChIP-seq analysis, do not contain EIN3 binding sites
in their promoter regions [36].

For the molecular analysis, four-day-old dark-grown
seedlings were treated in the absence or presence of 1
and 0.01 pL L™! exogenous ethylene for two hours and
gene expression examined by qRT-PCR (Fig. 5). These
ethylene concentrations were chosen based on the
responsiveness of the tETR1™ (etrl etr2 ein4 ersl ers2)
and tETR1P?N (etr1 etr2 ein4 ersl ers2) lines when exam-
ined for their growth response to ethylene (Figs. 3 and 4;
Fig. S1); the lines exhibited a similar growth response to
1 uL L' ethylene, but tETR1P?*N line was significantly
less responsive than tETR1" lines to 0.01 pL L™! ethyl-
ene. As shown in Fig. 5, the basal level of expression for
the ethylene-induced genes is generally higher than in
wild-type for the tETRI"" and ETR1”?*N lines, whereas
the basal expression level for ethylene-repressed genes is
generally lower for the tETR1"" and ETR1P%N lines. This
effect on basal gene expression is anticipated because
loss of multiple ethylene-receptor family members, such
as in the quintuple mutant background, results in a par-
tial constitutive ethylene-response phenotype [26-28]. A
similar effect on basal expression levels is seen in the etrl
etr2 ein4 triple mutant (Fig. 5).

The effects of ethylene on gene expression are con-
sistent with the physiological growth response to eth-
ylene of the tETR1™ and ETR1P*N lines. All the lines
are responsive to 1 pL L™! ethylene, but the ETR1P*N
lines are less responsive than the tETR1*" line at 0.01 pL
L~! ethylene (Fig. 5). Indeed, whereas the tETRI"" line
exhibits significant differences in expression for the six
reporter genes in response to ethylene, the ETR1P*N
lines exhibit no significant difference in expression for
five out of the six reporters (OSRI, ERSI, EXP5, CAPE2,
EXPb1). We note that for the ethylene-induced genes,
the basal level of expression in the ETRIP®N lines
trends higher than that of the tETR1"" line, potentially
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Fig. 5 Molecular response of dark-grown seedlings to ethylene. Wild type (wt), etr] etr2 ein4, tETR1%, and tETR1P?N fines #11 and #15 were examined.
Seedlings were treated for 2 h with 1 pL/L or 0.01 pL/L ethylene. Ethylene-induced genes (OSR1, ERF1, and ERST) and ethylene-repressed genes (EXP5,
CAPE2, and EXPb1) were examined. Expression is relative to the untreated wild type (wt, - C;H,). The t-test was used for each line to assess significant
changes in gene expression in response to ethylene (*p <0.05; **p<0.01; ***p <0.001; ns, not significant). Different blue (-ethylene) or red (+ethylene)
letters indicate a significant difference in expression among the lines based on ANOVA analysis with post hoc Holm multiple comparisons test (n=20;
p <0.05). Numbers indicate fold-change in response to ethylene (+ C,H,/- C,H, forinduced genes; - C,H,/+ C,H, for repressed genes). Error bars represent

SE

complicating the interpretation for the differences in
gene expression. However, differences in sensitivity for
tETR1"* and ETR1P*N lines are clear when considering
those genes whose expression is suppressed in response
to ethylene. As such, based on gene expression analysis
at 0.01 uL L~! ethylene, the tETR1P?*N (etr1 etr2 ein4 ersl
ers2) lines are hyposensitive compared to the tETRI™
(etrl etr2 ein4 ersl ers2) line.

Discussion

Ethylene receptors bind their ligand ethylene with high
affinity. For example, the ethylene receptor ETR1 of Ara-
bidopsis binds ethylene with a calculated dissociation
constant (K;) of 0.036 uL L™! (2.4 nM), and has a half-
life for dissociation of 12.5 h [7]. The ethylene affinity of
the receptors is so high that release of ethylene occurs
too slowly to facilitate the receptors being reused for sig-
naling, and the receptors are instead degraded following
ethylene binding through a proteasome-dependent path-
way [13, 37, 38]. We previously determined that a site-
directed mutation of Asp25 to Asn in ETR1 (ETR1P?N)
was a functional receptor, but with at least 100-fold less
affinity for ethylene than the wild-type ETR1 receptor
(ETR1*Y) [30]. Here, in the current study, we examined
the consequences of such changes in ethylene binding
affinity upon plant growth and development.

By making use of an Arabidopsis background func-
tionally lacking all five native receptors (etrl etr2 ersl
ers2 ein4), we were able to assess the relative activity of
transgenically expressed ETRI** and ETRIP®N using
physiological and molecular assays. From this analysis,
we determined that changes in ethylene binding affin-
ity of ETRI are reflected in plant growth and responses
to ethylene. These differences between ETR1™ and
ETR1P%N lines occur in seedlings grown under light or
dark conditions, and when assayed for short- or long-
term responses to ethylene. The dose response to eth-
ylene in dark-grown seedlings is particularly revealing
as to differences conferred by expression of ETR1" and
ETR1P%N, Expression of tETR1™ exhibited a long-term
dark-grown seedling response at the lowest ethylene con-
centration examined (1x 107> uL L™! or 0.01 nL L™ eth-
ylene), and with the sensitivity of its response confirmed
in the short-term kinetics growth response assay at 0.1
nL L~! ethylene. This result contrasts with the tETR1°*N
lines, which exhibited minimal growth response to ethyl-
ene concentrations at 0.001 pL L™! (1 nL L™') or lower in

the long-term dark-grown seedling assay, and were indis-
tinguishable from the wild-type control in the short-term
kinetics growth response assay at 0.1 nL L™! ethylene.
Based on the dose-response analysis, there is at least a
100-fold difference in ethylene sensitivity when compar-
ing plants expressing tETR1"" to tETR1”?*N. This differ-
ence in plant sensitivity is consistent with the 100-fold
or greater difference in ethylene binding affinity of the
ETR1™ and ETR1P*N receptors, based on a [*C]ethyl-
ene binding assay using a heterologous yeast expression
system [30].

The finding that the ethylene affinity of ETR1 can be
perturbed by the single site-directed mutation Asp25Asn
raises the question as to whether other mutations might
similarly affect ethylene sensitivity. When considering
this question, it is important to contextualize the role
that Asp25 plays in the mechanism for ethylene signal-
ing in ETR1. Based on molecular modeling and genetic
analysis, Asp25 performs a bifunctional role [30]. First,
Asp25 forms a polar bond to a critical His residue (His69)
important for chelating the copper cofactor that binds
ethylene [30]. Second, Asp25 forms another polar bond
to Lys91 in the third transmembrane segment implicated
in transmitting conformational changes induced by eth-
ylene binding [30, 39]. Mutation of Asp25 to Asn elimi-
nates the polar bond to His69, thereby weakening the
copper metal complexation and indirectly reducing the
affinity of the receptor for ethylene [30]. However, muta-
tion of Asp25 to Asn still preserves the polar bond to
Lys91 and the ability to transmit conformational changes
to the third transmembrane segment [30].

Based on the specific role of Asp25 in ETRI, it is
unlikely that another residue would function similarly in
the ethylene receptors. However, mutation of other resi-
dues of ETR1 could potentially affect the kinetics for eth-
ylene binding by perturbing the binding site or restricting
the ability of ethylene to reach the binding site. Of rel-
evance to such possibilities, prior mutagenesis studies
have evaluated multiple residues in the transmembrane
domain of ETR1 for their effect on ethylene binding and
signaling [7, 11, 12, 39]. From these studies, 37 residues
associated with the transmembrane domain of ETRI1
were evaluated, most residues replaced with Ala, others
with more conserved substitutions or with mutations
originally found to confer ethylene insensitivity through
forward genetic analysis. From these analyses, there
is a strong correlation between those mutations that
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eliminated or severely reduced ethylene binding in the
transgenic yeast assay and an ethylene-insensitive physi-
ological growth response. This includes the Asp25Ala
mutation [39], which we independently confirmed has
reduced binding and confers ethylene insensitivity in
planta, differing in the later effect from what we found
with the Asp25Asn mutation.

Interestingly, some site-directed mutations exhibit
an apparent reduction in ethylene binding but still con-
fer a physiological growth response to ethylene. These
include Phe33 and Ser34 in the first transmembrane seg-
ment, His107 in the third transmembrane segment, and
Pro110 following the third transmembrane segment [39].
It remains to be seen if the decrease in ethylene binding
is due to a change in binding kinetics as we found for the
ETR1P?°N mutation. If owed to altered ethylene bind-
ing kinetics (~55% ethylene binding for ETR1%3*4; ~40%
binding for ETR1"9A and ETR1"!!%4; ~15% binding for
ETR1"32 when compared to ETR1") [39], the change is
much less dramatic than that found with the ETR1P*N
mutation (100-fold or greater decrease in ethylene bind-
ing compared to ETR1"") [30]. Furthermore, the current
structural model for the ETR1 dimer suggests that these
residues are exposed on the surface of the receptor and
do not directly impact the internal region involved in eth-
ylene binding [30]; as such, the decrease in [**C]ethylene
binding may arise from a decrease in protein expression
when using the heterologous yeast system and not be
directly related to ethylene binding kinetics. Thus, aside
from ETR1P?°N, none of the mutations made within the
ethylene binding domain of ETR1 appear to substan-
tially affect ethylene binding kinetics while still retain-
ing receptor functionality. Nevertheless, the phenotypic
differences we observe for various mutations at a single
amino-acid residue (ETR1°?A compared to ETR1P?N)
point to how, based on the structure of the ethylene bind-
ing site, other targeted mutations can potentially be used
modulate ethylene binding kinetics.

In addition to lending insight into the role that ethyl-
ene binding kinetics plays in the plant response to ethyl-
ene, our results also demonstrate that plants have greater
sensitivity to ethylene than previously recognized. It was
previously found that wild-type seedlings are capable of
weakly responding to 0.2 nL L™ ethylene, based on short-
term kinetic growth analysis [3]. We found that both
tETR1IY (etrl etr2 ersl ers2 ein4) and the etrl etr2 ein4
triple mutant exhibit a long-term dark-grown seedling
response at the lowest ethylene concentration examined
(0.01 nL L! ethylene). Furthermore, the enhanced sen-
sitivity of the tETR1™" (etr1 etr2 ersl ers2 ein4) line was
confirmed in the short-term kinetics growth response
assay at 0.1 nL L ethylene. A common feature of both
lines is that they only express a subset of the receptors,
solely tETRI™ in the etrl etr2 ersl ers2 ein4 background,
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and ERSI and ERS2 in the etrl etr2 ein4 background.
These can be considered sensitized backgrounds because
ethylene receptors function as negative regulators of
ethylene signaling, such that they suppress ethylene
responses in the absence of ethylene (in air) and, upon
binding ethylene, are inactivated to relieve the suppres-
sion [8, 9, 26—28]. Loss of receptors can therefore result
in ethylene hypersensitivity and/or a constitutive eth-
ylene-response phenotype [8, 9, 26-28, 40]. However, it
was not previously recognized that such lines would be
capable of detecting and responding to such low levels of
ethylene as examined here. Furthermore, based on our
results using different mutant backgrounds, this ability to
sense and respond to such low ethylene concentrations
can be mediated by multiple members of the receptor
family. Based on these results, one would predict that a
subset of the ethylene receptors would bind ethylene at
similarly low concentrations in wild-type seedlings, but
it is unclear whether this would be sufficient to confer a
physiological or molecular response.

Short-term kinetic analysis has revealed two phases to
the growth inhibition of dark-grown seedlings to ethyl-
ene [3, 33]. The first phase is rapid and independent of
the EIN3 and EIL1 transcriptional activity. The second
phase is delayed and EIN3/EIL1-dependent. The first
phase of growth inhibition is more sensitive to ethylene
than the second phase, such that wild-type seedlings
exposed to ethylene concentrations<10 nL L™ exhibit a
transient first-phase response before recovering to pre-
treatment growth rates even though in the continued
presence of ethylene. Our kinetic analysis revealed that
tETR1Y (etrl etr2 ersl ers2 ein4) and the etrl etr2 ein4
triple mutant do not fully recover to pretreatment growth
rates in the presence of ethylene concentrations<10 nL
L. This likely facilitated our ability to detect heightened
sensitivity to low concentrations of ethylene in the long-
term growth response assay. Interestingly, the long-term
growth response assay for these two lines also indicated
that the amplitude of their growth response did not
appreciably vary from 0.00001 to 0.001 uL L7 ethylene
(0.01 to 1 nL L'). It was previously determined with
wild-type seedlings that, when fully engaged (ethylene
concentrations above 1 nL L), the amplitude of the first
phase growth response is the same [3]. The similarity in
amplitude we find for the ethylene response at low ethyl-
ene concentrations, is consistent with this response being
mediated through the first-phase mechanism, and sug-
gests that this response may be maintained for a longer
duration than previously known.

How the receptors can mediate a response to such low
ethylene concentrations remains an unresolved ques-
tion. Based on our analyses, the receptors can mediate
a response to ethylene at concentrations at least 1000-
fold lower than the K, of the receptors for ethylene [7,
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41], which suggests that mechanisms exist to amplify the
signal because so few receptors would bind ethylene at
the low concentrations. Mechanisms involving magni-
tude amplification and sensitivity amplification, based on
examples from other signaling systems, have been pro-
posed to explain the sensitivity of the ethylene response
[5]. Magnitude amplification occurs when downstream
elements in a signaling cascade, typically enzymes, regu-
late multiple substrates when activated [42]. In the case
of the ethylene signaling cascade, the CTR1 Ser/Thr
kinase [43—-46] and the EIN3/EIL family of transcription
factors [35, 47] represent points at which signals ema-
nating from the receptors could be amplified. Sensitiv-
ity amplification occurs when a signal elicits a greater
response than predicted from Michaelis-Menten kinetics
[42]. Based on signaling by the evolutionarily related che-
moreceptors of bacteria, it has been proposed that con-
formational changes may be transmitted among ethylene
receptor clusters, such that “empty” receptors take on the
conformation of a neighboring ethylene-bound receptor
[3, 48]. Alternatively, ethylene released from one receptor
could bind to another proximate receptor, in this manner
effectively increasing the local ethylene concentration.
Consistent with these possibilities for sensitivity amplifi-
cation is the finding that ethylene receptors form higher
order clusters [16, 49, 50].

Our results demonstrate that functional ethylene
receptors can be generated that exhibit substantial dif-
ferences in their ethylene binding affinities, and that
such differences are reflected in a plant’s physiological
and molecular responses to ethylene. Such differences
in ethylene affinity can serve both natural and commer-
cial purposes. Naturally, although most ethylene recep-
tors preserve Asp25 as a critical element of their ethylene
binding domain, a small percentage of receptors are vari-
ants in which Asn is found at the Asp25 position, these
variants thus being more sensitive to changes in ethylene
concentration, since they would rapidly release ethylene
once bound [30]. These Asn-variants are found in multi-
ple genera of cyanobacteria (e.g. Kaiparowitsia, Leptolyn-
gbya, Stenomitos, Thermoleptolyngbya, Trichocoleus,
and Tildeniella). In cyanobacteria, the more responsive
kinetics for ethylene binding is likely to facilitate che-
motaxis [51] and/or changes in phototaxis mediated by
ethylene [52]. Such Asn-variants would have lower eth-
ylene binding affinity but, as noted above, mechanisms
exist by which bacterial chemoreceptors can amplify
there sensitivity to low ligand concentrations. Commer-
cially, a receptor that is more responsive to changes in the
environmental ethylene concentration should facilitate
the development of ethylene nanosensors for agricultural
and industrial use [53, 54]. The potential for improv-
ing ethylene nanosensors arises not only from a better
understanding of the mechanism for ethylene binding,
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but also because the ethylene receptors themselves could
potentially be adapted for use as biosensors. Membrane
protein-based biosensors are attractive in comparison
to human-made sensors because of their sensitivity and
specificity for ligand detection [55]. Whereas ETRI™
could potentially be used for sensitive detection of ethyl-
ene, its tight binding to ethylene would not allow for real-
time detection of changes in ethylene levels. In contrast,
the rapid release kinetics of ETR1P?*N for ethylene would
facilitate the development of biosensors capable of fol-
lowing real-time changes in ethylene levels.

Materials and methods

Plant materials and growth conditions

All Arabidopsis lines used in this study were of the
Columbia (Col-0) accession. The etri-6 etr2-3 ein4d-4
triple mutant has been described [27]. Generation of
the following transgenic lines involving ETR1"" and the
mutant ETRIP®N in the triple-mutant etrl etr2 ein4
and the quintuple-mutant etri etr2 ein4 ersl ers2 back-
grounds has been described [30]: tETRIV'-#4 (etrl etr2
eind), tETRIPPN-#6 (etrl etr2 eind), tETR1P®N-#11
(etrl etr2 ein4 ersl ers2), and tETR1P®N-#15 (etrl etr2
eind ersl ers2). For analysis of adult phenotypes, seed-
lings were initially grown on Murashige and Skoog
basal medium with MES buffer (pH 5.7) and vitamins
(Research Products International), 1% (w/v) sucrose, and
0.8% (w/v) phytoagar (Research Products International)
under constant light (100 umol m~? s71) at 22 °C. Green
seedlings were then transferred to soil at one plant per
pot, and grown at 22 °C under long-day conditions (16 h
day/8 hr night) with light intensity of 100 pmol m™% s™*
[56]. The triple response of dark-grown seedlings to eth-
ylene was performed as described, in the presence of 5
UM AVG to inhibit ethylene biosynthesis, and hypocotyl
measurements of the seedlings performed after four days
growth [25]. The short-term kinetic analysis of dark-
grown seedlings was performed as described in the pres-
ence of 5 uM AVG [3, 33].

Generation of CRISPR-Cas9 mutant lines targeting ERS1
and ERS2

The CRISPR cassette targeting ERS1 and ERS2 has been
previously described [30]. To generate a tETR1™ trans-
gene in the quintuple-mutant etrl etr2 eind ersl ers2
background, the CRISPR-ERS1/ERS2 plasmid was intro-
duced into the tETR1V'-#4 (etrl etr2 ein4) line by the
floral dip method [57]. Genomic DNA was isolated [58]
and the region surrounding the CRISPR target sequence
amplified by PCR and sequenced as described [30]. The
presence of the T-DNA insert containing the Cas9 cas-
sette was determined as described [30]. Through this
approach, an indel mutation in ERS2 was identified
containing a six-base-pair deletion: GCCTTCACCT
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T(acaatt) GGGTGGTCT (deleted nucleotides shown in
lower case); however, no mutations in ERS1 were iden-
tified. We therefore crossed a Cas9(-/-) plant of this
tETR1" line to tETR1P®N-#11 (etr etr2 eind ersl ers2),
and in the subsequent segregating generations identified
tETR1Y (etrl etr2 ein4 ersl ers2), in which both the ersl
(1-bp insertion of T) and ers2 (1-bp deletion of T) alleles
were derived from the tETR1P?N-#11 (etr1 etr2 ein4 ersl
ers2) line (Fig. 1B). Primers used for the analysis of the
CRISPR-Cas9-derived lines are listed in Table S1.

Immunoblot analysis

Immunoblot analysis was performed with the micro-
somal fraction of seedlings as described [37]. ETR1 was
identified with a polyclonal anti-ETR1 antibody, and BIP
identified with an anti-BIP antibody to serve as a loading
control [14]. The chemiDoc MP imaging system (BIO-
RAD) was used to visualize chemiluminescence of immu-
nodecorated proteins.

RNA expression analysis

RNA isolation was performed with the RNeasy Plant
Mini Kit (Qiagen, USA) and c¢cDNA synthesized using
the First Strand cDNA Synthesis Kit (Invitrogen, USA).
RT-qPCR was performed with three biological replicates
and two technical replicates, using the beta-tubulin gene
(At5g62700) for normalization. Primers for genes are
listed in Table S1.

Statistical analysis

Unpaired T-tests were performed in Prism (GraphPad
Software, Inc.). ANOVA-based statistical analyses were
performed using an online calculator (astatsa.com/).

Gene identifiers
ETR1I  (Atlg66340), ETR2  (At3g23150), EIN4
(At3g04580), ERS1 (At2g40940), ERS2 (At1g04310), ERFI
(At3g23240), OSRI (At2g41230), EXP5 (At3g29030),
EXPbl (At2g20750), CAPE2 (At4G25780), B-TUB3
(At5G62700).
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