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Time-lapse imaging of dark-grown Arabidopsis (Arabidopsis thaliana) hypocotyls has revealed new aspects about ethylene
signaling. This study expands upon these results by examining ethylene growth response kinetics of seedlings of several
plant species. Although the response kinetics varied between the eudicots studied, all had prolonged growth inhibition for as
long as ethylene was present. In contrast, with continued application of ethylene, white millet (Panicum miliaceum) seedlings had
a rapid and transient growth inhibition response, rice (Oryza sativa ‘Nipponbare’) seedlings had a slow onset of growth
stimulation, and barley (Hordeum vulgare) had a transient growth inhibition response followed, after a delay, by a prolonged
inhibition response. Growth stimulation in rice correlated with a decrease in the levels of rice ETHYLENE INSENSTIVE3-LIKE2
(OsEIL2) and an increase in rice F-BOX DOMAIN AND LRR CONTAINING PROTEIN7 transcripts. The gibberellin (GA)
biosynthesis inhibitor paclobutrazol caused millet seedlings to have a prolonged growth inhibition response when ethylene
was applied. A transient ethylene growth inhibition response has previously been reported for Arabidopsis ethylene insensitive3-
1 (ein3-1) eill-1 double mutants. Paclobutrazol caused these mutants to have a prolonged response to ethylene, whereas
constitutive GA signaling in this background eliminated ethylene responses. Sensitivity to paclobutrazol inversely correlated
with the levels of EIN3 in Arabidopsis. Wild-type Arabidopsis seedlings treated with paclobutrazol and mutants deficient in GA
levels or signaling had a delayed growth recovery after ethylene removal. It is interesting to note that ethylene caused alterations
in gene expression that are predicted to increase GA levels in the ein3-1 eill-1 seedlings. These results indicate that ethylene

affects GA levels leading to modulation of ethylene growth inhibition kinetics.

Ethylene is a simple, unsaturated hydrocarbon that
affects diverse processes throughout the lifetime of a
plant, including seed germination, growth, formation of
the apical hook, organ senescence, fruit ripening, ab-
scission, gravitropism, and responses to various stresses
(Mattoo and Suttle, 1991; Abeles et al., 1992). Of these
many processes much attention has focused on the ef-
fects of ethylene on dark-grown seedlings. The Russian
scientist Dimitry Neljubow discovered that ethylene is
biologically active when he showed that ethylene was
the active compound in illuminating gas that altered
growth of etiolated pea (Pisum sativum) seedlings
(Neljubow, 1901). The growth inhibition response from
prolonged exposure to ethylene is a sensitive and easily
quantified bioassay that has been used to screen for
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mutants to acquire information and generate models
about the ethylene signaling pathway (Bleecker et al.,
1988; Guzman and Ecker, 1990).

The model plant Arabidopsis (Arabidopsis thaliana)
contains five receptor isoforms localized to the mem-
branes of the endoplasmic reticulum and Golgi appara-
tus that mediate responses to ethylene (Chang et al., 1993;
Hua and Meyerowitz, 1998; Hua et al., 1998; Sakai et al.,
1998; Chen et al., 2002, 2010; Dong et al., 2008; Grefen
et al., 2008). The ethylene receptors form a complex with
CONSTITUTIVE TRIPLE RESPONSE1 (CTR1; Clark
et al.,, 1998; Cancel and Larsen, 2002; Gao et al., 2003;
Huang et al., 2003; Mayerhofer et al., 2012). CTR1 nega-
tively regulates the ethylene response pathway by either
directly or indirectly inhibiting activity of ETHYLENE
INSENSITIVE2 (EIN2; Kieber et al., 1993; Alonso et al.,
1999; Huang et al.,, 2003). The EIN3, EIN3-LIKE1 (EIL1),
and perhaps EIL2 transcription factors act downstream of
EIN2 (Chao et al., 1997; Solano et al., 1998; Alonso et al.,,
2003b; Binder et al., 2004a, 2007). These, in turn, regulate
other transcription factors such as ETHYLENE RE-
SPONSE FACTORT1 (ERF1) and ETHYLENE RESPONSE
DNA BINDING FACTOR1 to EDF4 (Chao et al.,, 1997;
Solano et al., 1998; Alonso et al., 2003a; Stepanova et al.,
2007). EIN3 and EIL1 are required for prolonged re-
sponses to ethylene but transient growth responses still
occur in double ein3 eill loss-of-function mutants (Alonso
et al, 2003b; Binder et al., 2004a). At least part of the
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regulation of EIN3 and EIL1 involves selective proteoly-
sis via the ubiquitin/26S proteasome pathway using S-
PHASE KINASE-ASSOCIATED1-CULLIN-F-BOX (SCF)
E3 ubiquitin ligase complexes containing EIN3-BINDING
F-BOX1 and EBF2 F-box proteins (Guo and Ecker, 2003;
Potuschak et al.,, 2003; Yanagisawa et al, 2003; Gagne
et al., 2004; Binder et al., 2007; An et al., 2010). This model
posits that ethylene binding to the receptors reduces the
activity of the receptors, leading to reduced activity of
CTR1 and an increase in EIN2 protein levels along
with subsequent signaling associated with it (Qiao et al.,
2009). EIN2 acts in part to directly or indirectly reduce
ubiquitination of EIN3 and EIL1 by SCF*/? Jeading to
an increase in EIN3 and EIL1 levels and most ethylene
responses. Similar genes have been described in other
plant species such as rice (Oryza sativa), tomato (Solanum
lycopersicum), and strawberry (Fragaria vesca; Rzewuski
and Sauter, 2008; Ma et al., 2010; Klee and Giovannoni,
2011; Shulaev et al., 2011) suggesting similar signaling
pathways are present across land plant species. Events
downstream of transcriptional changes are more com-
plicated and less understood. However, in cases where
ethylene stimulates growth, ethylene treatment is mod-
eled to cause an increase in GA levels and sensitivity
leading to an increase in growth (Rijnders et al.,, 1997;
Kende et al., 1998; Voesenek et al., 2003; Cox et al., 2004;
Pierik et al., 2004, 2006). The role of GA in the ethylene
growth inhibition response in dark-grown seedlings is
less clear.

Although end-point analysis of seedling growth
continues to be an informative bioassay, it has the
limitation of only examining the long-term, end-point
effects of ethylene on seedlings, so that transient events
are overlooked. Time-lapse imaging has led to a more
refined understanding about the ethylene receptors,
feedback control mechanisms, signaling cross talk, and
the roles that various proteins have in ethylene signal-
ing in Arabidopsis (Binder et al., 2004a, 2004b, 2006,
2007; Potuschak et al., 2006; Gao et al., 2008; van Zanten
et al, 2010; Vandenbussche et al.,, 2010; Zadnikova
et al, 2010; Kim et al.,, 2011, McDaniel and Binder,
2012). Even though many new details about ethylene
signaling and responses have come out of studies using
this approach, it is important to determine whether this
information is specific to Arabidopsis or applicable to
other plant species. With this in mind, we undertook a
comparative study examining the growth response ki-
netics to the application and removal of ethylene in the
shoots of several eudicot and monocot plant species.

Coupled with analyses of Arabidopsis mutants, these
experiments revealed EIN3/EIL1-dependent and -inde-
pendent regulation of GA levels, leading to modulation
of both ethylene-induced growth inhibition kinetics and
growth recovery kinetics after removal of ethylene.

RESULTS
Ethylene Growth Responses in Eudicots

In this study, Arabidopsis Columbia (Col) seedling
hypocotyls grew in air with a rate of 0.32 £ 0.01 mm
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h™! that diminished to a steady-state rate of 0.04 *
0.01 mm h™' upon application of 10 uL L' ethylene
(Supplemental Fig. S1). This is consistent with our prior
results (Binder et al., 2004a, 2004b). We examined the
rate of growth in air and ethylene for a variety of other
eudicot plant species including kale (Brassica oleracea
‘Red Russian’), canola (Brassica napus), two cultivars of
tomato (Solanum lycopersicum ‘Floradade’” and ‘German
Queen’), poppy (Papaver orientale ‘Oriental Scarlet’), and
beetberry (Chenopodium capitatum). The growth rates in
air for these species ranged from 0.15 + 0.01 to 0.76 *
0.06 mm h™". The growth rate of each of these eudicots
was inhibited by the application of ethylene and ranged
from 0.04 = 0.01 to 0.20 = 0.0l mm h™ ' (Supplemental
Fig. S1).

Our earlier studies on Arabidopsis seedlings uncov-
ered two phases of hypocotyl growth inhibition when
10 uL L™ ethylene was applied (Binder et al., 2004a,
2004b). The first phase of inhibition starts about 10 min
after ethylene is added and lasts approximately 15 min
when it reaches a new steady state. This new steady
state lasts approximately 20 min when the second phase
of growth inhibition occurs that further inhibits growth.
A new steady-state growth rate is reached after ap-
proximately 20 min. This second, prolonged phase of
growth inhibition requires the EIN3 and EIL1 tran-
scription factors and lasts for as long as saturating con-
centrations of ethylene are present (Binder et al., 2004a,
2006, 2007). Similar onset kinetics are seen in both the
Col and Wassilewskija ecotypes (Binder et al., 2004b).
When ethylene is removed after a 2-h treatment, hypo-
cotyl growth recovers to pretreatment rates in approxi-
mately 85 min in Col and 120 min in Wassilewskija
seedlings. A dampened oscillation in growth rate often
occurs during this recovery phase that involves a growth
rate overshoot where the growth rate increases over the
rate initially observed prior to ethylene treatment (Binder
et al., 2004b, 2007). The growth response kinetics of Col
hypocotyls to a 2-h application of 10 uL L™ ethylene
(Fig. 1) were indistinguishable from our previous results
(Binder et al., 2004a, 2006, 2007).

We examined kale and canola as two other members
of the Brassicaceae family. The onset of the second
phase of growth inhibition was less distinct in these
species than Arabidopsis (Fig. 1A). Additionally, after
the removal of ethylene, kale and canola seedlings had
a growth rate overshoot that continued to increase
rather than the dampened oscillation in growth rate
observed with Arabidopsis. By 5 h after the removal of
ethylene, the growth rates of both species reached a
plateau but had not yet started to return to pretreat-
ment growth rates (data not shown). It is possible that
this is part of a dampened oscillation in growth rate
that had a longer period beyond the time frame of these
experiments. The shoots of both cultivars of tomato
showed a measurable decrease in growth rate approxi-
mately 10 min after application of ethylene (Fig. 1B). cv
German Queen reached steady-state growth inhibition
within approximately 60 min whereas cv Floradade
reached maximum growth inhibition approximately
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Figure 1. Ethylene growth response kinetics in dark-grown shoots of
various eudicots. Seedlings were grown in air 1 h before 10 pl L™ eth-
ylene was applied (downward arrow). Ethylene was removed 2 h later
(upward arrow), and seedlings allowed to grow another 3 h. The growth
rate was normalized to the growth rate in the 1-h air pretreatment. A,
Arabidopsis, canola, and kale. B, Two cultivars of tomato. C, Poppy and
beetberry. In B and C, responses of Arabidopsis seedlings are shown in
gray for comparison. Data represent the average * sem of at least five
seedlings.

90 min after ethylene was added. Both took approxi-
mately 1 h longer than Col to recover to pretreatment
growth rates after the removal of ethylene. To gain a
better understanding about the variability of ethylene
growth response kinetics in eudicots, we examined
ethylene growth responses in poppy and beetberry to
represent two other plant families (Fig. 1C). Poppy
seedling shoots showed growth inhibition kinetics very
similar to cv German Queen seedlings (Fig. 1, B and C).
However, after the removal of ethylene, poppy had
growth recovery kinetics that were more similar to Col
seedlings with one difference being the lack of a growth
rate overshoot. In contrast, beetberry seedling shoots
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showed ethylene growth inhibition kinetics very similar
to Col seedlings. Of the eudicots observed, beetberry
seedlings had the shortest delay in the onset of growth
recovery and the fastest rate of growth recovery after
ethylene removal (Fig. 1C; Supplemental Table S1). These
seedlings also had a growth rate overshoot that rose to
approximately 2.5-fold over the growth rate initially ob-
served in air before treatment with ethylene (Fig. 1C).

These results show that eudicots vary in their ethyl-
ene growth response and recovery kinetics even within
the same species. The underlying mechanisms for these
differences are unknown. From the above data, five
growth parameters were measured including growth
rate in air, steady-state growth rate in ethylene, time to
maximum growth inhibition after addition of ethylene,
delay in onset of recovery after ethylene removal, and
recovery time after ethylene removal (Supplemental
Table S1). To determine if any of these parameters might
be mechanistically linked, we compared them pairwise
and calculated the correlation coefficient (r%). Most have
an 7* value well below 0.5 indicating a weaker correla-
tion between the traits (Supplemental Table S2). The
steady-state growth rate in air correlated with the
steady-state growth rate in ethylene with an 7* = 0.51
whereas the delay in the onset of growth recovery cor-
related with the recovery time with an 7* = 0.49. These
low correlations suggest that these traits are not tightly
linked mechanistically.

Ethylene Growth Responses in Monocots

To gain more insights into the action of ethylene, we
examined the ethylene rapid growth response kinetics
of the coleoptiles of seedlings from rice ‘Nipponbare’,
white millet (Panicum miliaceum), and barley (Hordeum
vulgare). In air, under these conditions, rice coleoptiles
grew at 0.16 = 0.02 mm h ™', millet coleoptiles at 0.44 =
0.05 mm h™!, and barley coleoptiles at 0.71 = 0.03 mm
h™". Application of 10 uL. L ™" ethylene inhibited cole-
optile growth in millet, although the growth rate began
to recover prior to ethylene removal 2 h later (data not
shown). This prompted us to examine the growth re-
sponse kinetics of millet with prolonged exposure to
ethylene. For comparison, we also measured the growth
inhibition kinetics of Arabidopsis seedlings with pro-
longed ethylene treatment. Consistent with our prior
research (Binder et al., 2004a, 2006), Col seedling hy-
pocotyls had prolonged growth inhibition in the con-
tinued presence of 10 uL L' ethylene (Fig. 2). Ethylene
treatment of millet seedlings resulted in a transient
growth inhibition response that corresponded in timing
to the first phase of growth inhibition observed in
Arabidopsis hypocotyls (Fig. 2). Millet showed maxi-
mum growth inhibition approximately 20 min after
ethylene was added. This growth rate stabilized for
approximately 30 min at 0.19 + 0.04 mm h™' after
which the growth rate increased, returning to pretreat-
ment growth rates approximately 90 min after ethylene
was added.
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Figure 2. Ethylene growth response kinetics in dark-grown shoots
of several monocots. Seedlings were grown in air 1 h before 10 uL L™
ethylene was applied (arrow). The growth rate was normalized to the
growth rate in the 1-h air pretreatment. The growth response kinetics of
Arabidopsis are shown for comparison. Data represent the average *
sem of at least five seedlings.

We obtained very different growth response kinetics
with rice seedlings. Application of ethylene caused no
measurable growth inhibition of rice coleoptiles (Fig. 2).
Approximately 70 min after the addition of ethylene, the
growth rate started to increase, reaching a maximum
about 3.5 h after ethylene was applied. The maximum
growth rate was approximately double the air pretreat-
ment growth rate. This growth stimulation response to
ethylene is consistent with prior studies on rice (Ku
et al.,, 1970; Suge, 1972, 1985; Suge et al., 1971; Raskin
and Kende, 1984; Rose-John and Kende, 1985; Satler and
Kende, 1985; Keith et al., 1986; Hoffmann-Benning and
Kende, 1992; Watanabe et al., 2007). It is interesting to
note that whereas adult cv Nipponbare rice is con-
sidered submergence intolerant, at the seedling stage
this cultivar is flooding tolerant and has increased co-
leoptile growth upon flooding (Lee et al., 2009).

In contrast to millet and rice, application of ethylene
to barley resulted in a small, transient growth inhibi-
tion response that was followed, after a delay, with a
prolonged growth inhibition response (Fig. 2). These
results show that the ethylene growth response kinet-
ics in these monocots are more variable and distinct
from what are seen in the eudicots studied.

Ethylene Alters Transcript Levels of OsEIL2 and OsFBL7
in Rice Coleoptiles

The EIN3 and EIL1 transcription factors are required
for long-term growth inhibition responses to ethylene in
Arabidopsis (Chao et al., 1997; Solano et al., 1998; Alonso
et al., 2003b; Binder et al., 2004a, 2007). Because of this,
we were interested to examine the levels of the homol-
ogous genes, OsEIL1 and OsEIL2, from rice. These genes
have been linked to ethylene responses in rice (Mao
et al., 2006; Hiraga et al., 2009). In Arabidopsis, growth
inhibition caused by application of ethylene correlates
with increases in EIN3 and EIL1 levels (Gao et al.,
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2003; Yanagisawa et al., 2003; Gagne et al., 2004). In
rice, coleoptile growth is stimulated by ethylene. We
therefore predicted that the transcript levels for OsEIL1
or OsEIL2 or both would decrease in coleoptiles treated
with ethylene. The levels of these transcripts relative to
OsUBIQUITINS (OsUBQb) were analyzed using quan-
titative real-time reverse transcriptase (qQRT)-PCR. This
revealed that in coleoptiles of dark-grown rice seedlings
maintained in air, the transcript levels of OsEIL2 were
approximately 2.5-fold higher than transcript levels of
OsEIL1 (Fig. 3). Upon treatment with 10 uL L! ethylene
for 3 h, the OsEIL2 transcript levels decreased 50%
but no significant change (P = 0.4) was observed in
the transcript levels of OsEIL1 (Fig. 4). Thus, ethylene
treatment may lead to lower levels of OsEIL2 because
of decreased transcript abundance.

In Arabidopsis, EIN3 and EIL1 levels are controlled by
SCF E3 complexes containing the EBF1 and EBF2 F-box
proteins (Guo and Ecker, 2003; Potuschak et al., 2003;
Yanagisawa et al., 2003; Gagne et al., 2004; Binder et al.,
2007; An et al, 2010). The rice genome contains two
related genes, rice F-BOX DOMAIN AND LRR CON-
TAINING PROTEIN7 (OsFBL7) and OsFBL30 (Wang
et al., 2009). We therefore examined the transcript levels
of these two genes in coleoptiles of dark-grown rice
seedlings maintained in air versus 10 uL. L' ethylene
for 3 h. We found that in air, OsFBL7 transcript levels
were approximately 24-fold higher than OsFBL30 (Fig.
3). Application of ethylene caused OsFBL7 transcript
levels to increase but no significant alterations (P = 0.13)
in OsFBL30 transcript levels occurred. These observa-
tions suggest that application of ethylene results in
lower levels of OsEIL1 and OsEIL2 due to higher levels
of the OsFBL?7 F-box protein, resulting in higher rates
of ubiquitination and proteolysis.
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Figure 3. Transcript levels for select ethylene signaling genes in rice
coleoptiles. The levels of transcript for OsEIL1, OsEIL2, OsFBL7, and
OsFBL30 were normalized relative to OsUBQ5. Seedlings were grown in
the dark in air for 3 d, RNA was extracted from coleoptiles, and transcript
levels were analyzed with qRT-PCR. Transcript levels in untreated seed-
lings were compared with seedlings treated with 10 uL L™' ethylene for
3 h before RNA extraction. Data show the average = sem for three bio-
logical replicates with two to three technical replicates each. *Statistical
difference compared with untreated seedlings (P = 0.05).
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Figure 4. Effects of paclobutrazol on growth in air and ethylene
growth response kinetics. Seedlings of millet, Col, ein3-1 eil1-1 double
mutants, and ebf2-3 single mutants were treated with paclobutrazol.
A, Paclobutrazol dose dependency on growth in air. The responses of
millet shoots at several doses of paclobutrazol are shown for com-
parison. Data represent the average =+ sem of at least four seedlings. B,
Effects of paclobutrazol on ethylene growth response kinetics of millet.
C, Effects of paclobutrazol and paclobutrazol plus GA on ein3-1 eil1-1
mutants. In B and C, seedlings were grown 1 h in air prior to appli-
cation of 10 uL L' ethylene (arrow). Data represent the average * sem
of at least five seedlings.

Paclobutrazol Prolongs the Ethylene Growth Inhibition
Response of Millet Seedlings

A model has developed that posits that when rice is
submerged, ethylene levels increase that in turn lead to
an increase in GA levels, causing increased growth of
aerial tissues (Kende et al., 1998; Bailey-Serres and
Voesenek, 2008). Similarly, GA is modeled to be involved
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in ethylene stimulated growth of Arabidopsis hypo-
cotyls that occurs under specific growth conditions
(Vandenbussche et al., 2007). This raises the possibility
that the transient growth response in millet seedlings is
caused by an increase in GA levels in ethylene-treated
seedlings that counteracts the growth inhibition initially
caused by application of ethylene. Inhibition of GA bio-
synthesis has previously been shown to reduce flood-
induced and ethylene-stimulated growth of rice (Raskin
and Kende, 1984; Setter and Laureles, 1996; Das et al.,
2005; Hattori et al., 2009). Therefore, to test this hypoth-
esis, we germinated millet seedlings on paclobutrazol-
containing medium to block GA biosynthesis. Both 30
and 120 um paclobutrazol reduced the growth rate of
millet coleoptiles in air approx1mately 30% (Flg 4A)
from 0.39 = 0.02 mm h™ ' to 0.27 + 0.01 mm h " Di-
methyl sulfoxide (DMSO), solvent-control seedhngs
had a transient growth inhibition response (Fig. 4B)
similar to what we observed above in the absence of
DMSO (Fig. 2). Millet seedlings treated with 30 um
paclobutrazol still had a transient growth inhibition
response, but took longer than control seedlings to
recover to pretreatment growth rates whereas 120 um
paclobutrazol blocked the growth rate reversal so that
the growth rate remained inhibited while ethylene was
applied (Fig. 4B). Thus, GA appears to be important for
the reversal in growth inhibition when millet seedlings
are treated with ethylene.

Paclobutrazol Prolongs and Constitutive GA Signaling
Attenuates the Ethylene Growth Inhibition Response of
ein3 eill Seedlings

Unlike wild-type Col seedlings, ein3-1 eill-1 double
mutant seedlings only have a transient growth inhibition
response to the application of ethylene (Binder et al.,
2004a, 2007) resembling the growth kinetics observed
with millet (this study). Therefore, we treated ein3-1 eil1-1
double mutant seedlings with paclobutrazol to deter-
mine whether GA biosynthesis is involved in the growth
response kinetics of this mutant. The ein3-1 eill-1 double
mutants were more responsive to paclobutrazol than
millet (Fig. 4A). Also, consistent with prior studies on
Arabidopsis (Jacobsen and Olszewski, 1993; Peng et al.,
1999; Wen and Chang, 2002), ein3-1 eill-1 seeds failed to
germinate well on paclobutrazol (data not shown).
Therefore, ein3-1 eill-1 seeds were germinated on media
without paclobutrazol and then gently transferred onto
plates containing paclobutrazol or DMSO and allowed to
grow in air for 3 h prior to time-lapse imaging. Solvent
control ein3-1 eill-1 double mutants had a transient
growth inhibition response with complete growth re-
covery taking approximately 2 h after the addition of
ethylene (Fig. 4C) that was similar to our prior results
with this double mutant (Binder et al., 2004a, 2007).
Application of 30 um paclobutrazol reduced the growth
rate of these seedlmgs from 050 = 0.01 mm h™'
0.10 = 0.004 mm h™' and completely blocked the
growth reversal of these double mutants, so that eth-
ylene caused prolonged growth inhibition (Fig. 4C). To
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determine whether the effect of paclobutrazol on the
ein3-1 eill-1 mutants was caused by GA, we treated the
double mutants with both 30 um paclobutrazol and
10 um GA. The presence of GA shghtly increased the
growth rate in air to 0.13 = 0.005 mm h ' and restored
the transient response to ethylene that was eliminated
by paclobutrazol (Fig. 4C).

To confirm that GA is involved in reversing the first
phase of growth inhibition, we compared the ethylene
growth inhibition kinetics of ein3-1 eill-Imutants with
ein3-1 eill-1 della mutants where all five DELLA genes
have also been mutated (Feng et al., 2008; An et al,
2012). The quintuple della mutant seedlings have a con-
stitutive GA response phenotype and hypocotyl growth
in dark-grown della seedlings is insensitive to application
of either GA or paclobutrazol (Feng et al., 2008). In air,
the growth rate of the double mutants was indistin-
guishable from the septuple mutants (data not shown).
The ein3-1 eill-1 della mutants had a very attenuated or
no growth inhibition response when ethylene was added
compared with ein3-1 eill-1 mutants (Fig. 5).

Together, these data suggest that GA is involved in
regulating the long-term growth inhibition response to
ethylene. One possibility is that GA and ethylene are
regulating long-term growth via parallel pathways.
Alternatively, EIN3 and EIL1 could be negatively
regulating GA levels, so that when ethylene levels are
high, EIN3 and EIL1 levels increase and GA biosyn-
thesis is reduced or catabolism is increased leading to
reduced GA levels and long-term growth inhibition. The
second hypothesis predicts that wild-type Arabidopsis
seedlings should be more sensitive to paclobutrazol than
the ein3-1 eil1-1 mutants because EIN3 and EIL1 in wild-
type seedlings would also be negatively regulating GA
levels. Consistent with the second hypothesis, Col
seedlings grew slower than ein3-1 ezll 1 mutants in air
(0.32 = 0.01 versus 0.50 = 0.01 mm h ™" respectively) and
were also slightly more sensitive to paclobutrazol than
the double mutants (Fig. 4A). We also examined the
effects of paclobutrazol on an EIN3 overexpression line
(EIN3-GFP) that has previously been shown to have a
constitutive ethylene response phenotype (Guo and
Ecker, 2003). Whereas paclobutrazol inhibited growth of
these seedlings, we could not obtain clear dose-response
measurements because these seedlings grew very slowly
(0.09 = 0.01 mm h™') in the absence of paclobutrazol
(data not shown). Therefore, we examined ebf2-3 mu-
tants that have previously been shown to accumulate
EIN3 protein to higher levels than wild-type seedlings
(Gagne et al., 2004). Whereas ebf2-3 mutants grew at a
similar rate in air as Col seedlings, the ebf2-3 seedlings
were more sensitive to paclobutrazol than Col seedlings
(Fig. 4A) providing more support for the idea that EIN3
and EIL1 negatively regulate GA levels.

Altered GA Levels or Signaling Affect Ethylene Growth
Response Kinetics in Arabidopsis

These results prompted us to investigate whether GA
is involved in regulating the ethylene growth kinetic
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Figure 5. Constitutive GA signaling attenuates the ethylene growth
inhibition response of ein3 eilT seedlings. Seedlings were grown 1 h in
air prior to application of 10 uL L~" ethylene (arrow). The growth re-
sponse of ein3-1 eil1-1 versus ein3-1 eil1-1 della mutants are com-
pared. Data represent the average = sem of at least 11 seedlings.

responses of wild-type Arabidopsis seedlings. Addition
of 1 uM GA had no obvious effect on the growth rate in
air or ethylene growth response kinetics (data not
shown). This is consistent with prior results showing
that addition of GA had little effect on hypocotyl elon-
gation in the dark suggesting that GA levels are satu-
rated (Cowling and Harberd, 1999; Feng et al., 2008).
Treating Col seedlings with 5 uM paclobutrazol had no
measurable effect on the inhibition kinetics upon addi-
tion of 10 uL L' ethylene (Fig. 6A), although the
growth rate in air was reduced from 0.29 = 0.0l mmh ™’
to 0.15 = 0.01 mm h™' when paclobutrazol was added.
In contrast, the paclobutrazol-treated seedlings had al-
tered growth recovery kinetics after the removal of
ethylene. It is most notable that the paclobutrazol-
treated seedlings failed to completely recover to pre-
treatment growth rates in the time scale of these
measurements. These results indicate that GA levels
may also modulate normal growth recovery after the
removal of ethylene. To further address the role of GA
in modulating these responses when EIN3 and EIL1
are present, we examined the ethylene growth re-
sponse kinetics of ga3-oxidasel-3 (ga3ox1-3) that is
mutated in the GA3ox1 gene and produces less GA
(Mitchum et al., 2006). In air, the ga3ox1-3 mutants
grew at 0.28 mm =+ 0.01 mm h™!, which is slightly
slower than the Col wild-type controls (P < 0.05). The
ga30x1-3 seedlings had similar growth inhibition ki-
netics compared with the wild type, but appeared to
reach a slower growth rate during the plateau in
growth prior to the onset of the second phase of
growth inhibition response (Fig. 6B). As expected,
based upon the results obtained with paclobutrazol-
treated seedlings, these mutants also recovered more
slowly after the removal of ethylene. We examined
another mutant of GA3ox1 (ga4-1) that produces less
GA (Talon et al.,, 1990; Chiang et al., 1995; Cowling
et al.,, 1998) and obtained similar results (data not
shown). Because reduced GA levels altered the ethylene
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Figure 6. Altered GA levels or signaling modulate ethylene growth
response kinetics. Seedlings were then grown for 1 h in air, followed by
the application of 10 uL L™ ethylene (downward arrow). Ethylene was
removed 2 h later (upward arrow). A, Col seedlings were treated with
5 uM paclobutrazol or DMSO as a solvent control for 3 h prior to time-
lapse imaging. B, ga3ox7-3 compared with Col controls. Data for Col
were taken from Figure 2. C, gai-1 and della mutants were compared
with Ler controls. Data represent the average *+ sem of at least eight
seedlings.

growth response, we also examined the ethylene growth
response kinetics of the ga insensitive-1 (gai-1) mutant
that has reduced GA responses (Koorneef et al., 1985;
Peng and Harberd, 1993, 1997; Wilson and Somerville,
1995; Peng et al., 1997). In air, hypocotyls of gai-1 seed-
lings grew at approximately 50% the rate of Landsberg
erecta (Ler) control seedlings (0.14 * 0.01 versus 0.27 *
0.01 mm h™! respectively) consistent with prior studies
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(Cowling and Harberd, 1999). Hypocotyls of Ler
seedlings had growth inhibition kinetics similar to Col
seedlings but took longer to recover after ethylene was
removed (Fig. 6C; Supplemental Table S1). Like the
ga3ox1-3 mutants, the gai-1 mutants appeared to reach a
slower growth rate during the plateau in growth prior
to the onset of the second phase of growth inhibition
response (Fig. 6C). In addition, the mutants had slower
growth recovery after removal of ethylene and never
fully recovered to pretreatment growth rates in the
timescale of these experiments (Fig. 6C). It is interesting
to note that in ethylene the gai-1 mutants reached a
steady-state growth rate of 0.02 + 0.002 mm h™!, which
is significantly slower (P < 0. 001) than Ler seedhngs that
grew at 0.04 = 0.004 mm h™",

We also examined quintuple dellz mutant seedlings
where all five DELLA genes are mutated, and seedlings
have a constitutive GA response phenotype (Feng et al.,
2008). The hypocotyl growth rate of della seedlings in air
was similar to wild-type seedlings consistent with prior
research (Feng et al.,, 2008). The ethylene growth inhi-
bition kinetics of the della seedlings were similar to the
wild type except that they seemed to reach a slightly
faster growth rate during the plateau in growth prior to
the onset of the second phase of growth inhibition re-
sponse (Fig. 6C). The della mutant seedlings had similar
recovery kinetics to the wild type after the removal of
ethylene, except that the mutants had a growth rate
overshoot that was missing in the Ler controls (Fig.
6C). Both of these alterations are opposite to what we
observed in the gai3ox1-3, ga4-1, and gai-1 mutants
that have reduced GA levels and signaling (Fig. 6, B
and C).

Transcript Levels for GA Metabolism Genes Are Altered in
ein3 eill Seedlings

From the above, we were interested to know whether
altered levels of EIN3 correlated with altered GA bio-
synthesis or degradation. To address this, RNA was
extracted from 2-d-old Col, ebf2-3, and ein3-1 eill-1 seed-
lings that were grown in the dark in hydrocarbon—free
air. Some seedlmgs were treated with 1 uL L™ ethylene
for 2 h prior to RNA extraction. We used qRT-PCR to
compare the transcript levels of select genes related to
GA metabolism. We focused on several GA biosynthesis
genes (ent-kaurene synthase [KS], GA200x1-GA200x3,
and GA3ox1) and one gene coding for a GA degradation
enzyme (GA20x2). The levels of these transcripts relative
to ACTIN2 (ACT2) were normalized to levels in un-
treated, Col seedlings (Fig. 7).

In air, we found that the transcript levels for KS
increased in the ebf2-3 background relative to Col
seedlings, whereas the transcript levels for the other
genes did not change. A different pattern was observed
in transcripts from ein3-1 eill-1 seedlings where the
level of KS transcript was unchanged but the levels of
GA20x2, GA3ox1, GA200x1, GA200x2, and GA200x3
transcripts increased (Fig. 7). Therefore, the levels of
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these transcripts in dark-grown seedlings maintained
in air are affected by mutations that alter EIN3 levels

When Col seedlings were treated with 1 uL L7
ethylene for 2 h and examined for changes in gene
expression, we observed increases in the transcript
levels of KS and GA3o0x1 and decreases in the levels of
GA20x2, GA200x1, and GA20o0x2 transcripts. The levels
of KS transcript were similar between ethylene-treated
Col and untreated ebf2-3 mutants. The pattern of
ethylene-induced changes was different in the ebf2-3
mutants where application of ethylene led to a slight
increase in the level of GA20o0x3 transcripts. Other
apparent differences in the ebf2-3mutants caused by
ethylene were considered statistically insignificant
(using a P = 0.05). Surprisingly, application of ethyl-
ene to the ein3-1 eill-1 double mutants caused a de-
crease in GA20x2 and an increase in GA3ox1 transcript
levels. Thus, ethylene may cause an increase in GA
levels in the ein3-1 eill-1 double mutants that is pre-
dicted to increase the growth rate of these seedlings.

It is also interesting to note that after treatment with
ethylene, the ein3-1 eill-1 double mutants had lower
levels of KS transcript but higher levels of GA3ox1,
GA200x1, GA200x2, and GA200x3 compared with
ethylene-treated Col that would likely result in higher
GA levels in the double mutants compared with Col.
By contrast, ethylene treatment of the ebf2-3 mutants
resulted in an increase in the level of GA20x2 transcript
and a smaller increase in GA20ox2 transcripts compared
with ethylene-treated Col. These differences would
potentially lead to lower levels of GA in the ebf2-3
mutants and perhaps underlie the delay in growth re-
covery after removal of ethylene that has been observed
in these mutants (Binder et al.,, 2007). These results
show that ethylene affects GA metabolism genes both
via EIN3/EIL1 and independently of these transcription
factors.

DISCUSSION

It is believed that all land plants bind and respond to
ethylene. However, the range and number of responses in
dark-grown seedlings differs between species (Goeschl,
1975; Abeles et al., 1992). We used high-resolution, time-
lapse imaging of dark-grown seedlings to compare the
effects of ethylene on the growth of shoots from several
eudicot and monocot species. All eudicots studied here
had a growth inhibition response with a delay of between
10 and 15 min before the onset of growth inhibition upon
application of 10 uL. L ™" ethylene. Similar latent times for
growth inhibition with ethylene have generally been ob-
served in other eudicot species using other techniques
(Warner and Leopold, 1971; Burg, 1973; Goeschl, 1975;
Rauser and Horton, 1975; Jackson, 1983). Whereas the
delay for growth inhibition was fairly constant between
the eudicots studied, the time for full growth inhibition
after ethylene was added and the time for full growth
recovery after ethylene was removed were both more
variable and differed by over 1 h between species.
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Figure 7. Transcript levels for select GA metabolism genes in Arabi-
dopsis seedlings. The levels of transcript for KS, GA2ox2, GA3oxI1,
GA200x1, GA200x2, and GA200x3 relative to ACT2 in ebf2-3 and
ein3-1 eill-1 mutants were normalized to levels in untreated Col
seedlings. Seedlings were grown in the dark in air for 2 d, RNA was
extracted, and the transcript was analyzed with qRT-PCR. Transcript
levels in untreated seedlings (closed bars) were compared with seed-
lings treated with 1 uL L™" ethylene for 2 h before RNA extraction
(open bars). Data shows the average = sem for three biological repli-
cates with two to three technical replicates each. *Statistical difference
compared with untreated Col (P = 0.05); bstatistical difference caused
by treatment with ethylene compared with untreated seedlings of that
background (P = 0.05); statistical difference caused by ethylene
compared with ethylene-treated Col seedlings (P = 0.05).

Similarly, the delay in the onset of growth recover after
removal of ethylene varied up to approximately 50 min
between the different eudicots. It remains to be seen
whether the ethylene growth kinetics of shoots from
other eudicots are similar to those observed in this study.
The three monocots studied, millet, rice, and barley were
more diverged in their growth kinetic responses to eth-
ylene. Barley seedlings had growth inhibition kinetics
that were somewhat similar to the eudicots, except that
the initial growth inhibition response was attenuated, and
there was a delay prior to prolonged growth inhibition.
In contrast, millet seedlings had a rapid growth inhibition
response when ethylene was added. However, whereas
eudicots had a second phase of growth inhibition that
was slower in onset and more prolonged, millet had a
transient growth response to the continued application of
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10 uL L™! ethylene. The underlying mechanism for this
first, transient growth inhibition response is unknown but
in Arabidopsis occurs independently of EIN3 and EIL1
(Binder et al., 2004a). The transient response in millet is
similar to our prior results with wild-type Arabidopsis
seedlings treated with low, subsaturating dosages (= 0.01
wL LY of ethylene (Binder et al., 2004a). In this study, we
used 1,000-fold higher ethylene concentrations suggesting
that the transient growth response in millet is not caused
by subsaturating dosages of ethylene. Rice seedlings
lacked a growth inhibition response. Rather, rice seed-
lings had a slow onset of growth stimulation after eth-
ylene was added. It is interesting to note that phase II
growth inhibition in Arabidopsis is predicted to have a
similar delay in onset and time for maximum response
(Binder, 2007) as the growth stimulation response in rice
(compared in Supplemental Fig. S2), indicating that the
two responses may have common molecular components
even though ethylene is having opposite effects.

Prior studies have shown that when ethylene treat-
ment leads to stimulation of growth, GA levels in-
crease to mediate this growth stimulation (Kende et al.,
1998; Voesenek et al., 2003; Vandenbussche et al.,
2007). We therefore explored the role of GA in ethylene
growth response kinetics. Treatment of millet seed-
lings with paclobutrazol to block GA biosynthesis at-
tenuated or prevented the growth reversal seen during
continuous ethylene treatment. In other words, growth
inhibition caused by application of ethylene was pro-
longed by paclobutrazol treatment. This suggests that
ethylene treatment of millet leads to an increase in GA
biosynthesis that in turn leads to an increase in the
growth rate. In the case of millet, this overcomes the
initial growth inhibition effect of ethylene whereas in
rice there is no initial growth inhibition response, so
ethylene only causes a stimulation of growth. Some links
between ethylene and GA metabolism have been un-
covered in light-grown seedlings (Achard et al., 2007;
Vandenbussche et al., 2007). However, the role for GA
metabolism in the ethylene growth inhibition response
in the shoots of dark-grown eudicot seedlings remains
largely unexplored. Whereas GA has been linked to
growth stimulation caused by ethylene, here we show
that regulation of GA levels also has a role in modulating
growth inhibition caused by application of ethylene and
recovery after ethylene removal. GA stimulates hypo-
cotyl elongation in eudicots (Sun, 2008), which suggests
a model where ethylene causes a decrease in GA levels
in dark-grown eudicot seedlings to affect the second
phase of growth inhibition. Support for this model
comes from the observation that ethylene treatment
causes a decrease in GA content in sunflowers (Helianthus
annuus; Pearce et al., 1991), and ctrl mutants in Arabi-
dopsis with constitutive ethylene signaling have de-
creased GA content (Achard et al., 2007).

In Arabidopsis, the prolonged growth inhibition re-
sponse to ethylene is controlled by EIN3, EIL1, and
probably EIL2 (Chao et al., 1997; Binder et al., 2004a,
2007). EIN3 levels rise when Arabidopsis is treated with
ethylene (Guo and Ecker, 2003; Yanagisawa et al., 2003;
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Gagne et al., 2004). Also, EIN3 overexpression in Arab-
idopsis leads to slower growth in air and slower re-
covery after ethylene is removed (Guo and Ecker, 2003;
Binder et al., 2007). These observations are consistent
with lower GA levels. It is interesting to note that mu-
tants deficient in GA signaling or levels also recover
slower after removal of ethylene. In contrast, ein3-1 eil1-1
loss-of-function mutants grow faster in air than wild-
type plants and lack a prolonged growth inhibition
response when ethylene is added (Binder et al., 2004a,
2007; this study) consistent with higher GA levels. This
supports a model where ethylene-induced activation of
the EIN3 and EIL transcription factors in eudicots leads
to reduced GA levels to modulate growth inhibition
(Fig. 8). Consistent with this, we found that sensitivity to
paclobutrazol was inversely correlated to the levels of
EIN3 indicating that paclobutrazol and EIN3 inhibit GA
accumulation via independent mechanisms. Whereas
ethylene altered the expression levels of genes for GA
metabolic enzymes in Col seedlings, ethylene probably
also modulates GA levels independently of EIN3 and
EIL1 because ethylene treatment of ein3-1 eill-1 seed-
lings resulted in decreased levels of GA20x2 transcript
and increased levels of GA30x1 transcript. Both changes
are predicted to lead to an increase in GA content. It is
interesting to note that paclobutrazol prolonged the
growth response of ein3-1 eill-1 double mutants whereas
coapplication of GA with paclobutrazol did not, sug-
gesting that increased GA content in this double mu-
tant leads to the transient ethylene growth inhibition
response. It is also interesting to note that the ein3-1
eill-1 della mutants had a highly attenuated growth
inhibition response compared with ein3-1 eil-1 mu-
tants. Because della mutants have a constitutive GA
response phenotype, this further supports a role for
GA signaling in modulating the growth inhibition re-
sponse to ethylene.

We have previously proposed two models invoking
feedback mechanisms to explain the two phases of
growth inhibition and the transient nature of the first
phase of growth inhibition in Arabidopsis (Binder et al.,
2004a). In both of these models, we proposed dual func-
tions for EIN2. The results from this study suggest a third
possible model involving GA (Fig. 8). In this model,
EIN2 levels are low, so there are no ethylene responses
and growth is fast; growth rate is modulated by feed-
back control of GA levels where higher growth rate
leads to lower GA levels. Ethylene treatment of Arabi-
dopsis seedlings leads to an initial growth inhibition
response via EIN2 that is independent of EIN3 and
EIL1. This is modeled to be independent of GA. After a
delay, the reduced growth leads to an increase in GA
levels or signaling that overcomes the initial growth
inhibition response caused by EIN2. Also after a delay,
EBF1 and EBF2 activity is inhibited resulting in higher
levels of EIN3 and EIL1. In this model, we propose that
this leads to decreased levels of GA resulting in the
second, prolonged phase of growth inhibition. There
also is a GA-independent inhibition of growth by EIN3
and EIL1. This model predicts that when EIN3 and EIL1
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Figure 8. Models for modulation of ethylene growth responses by GA
in Arabidopsis, rice, and millet. In Arabidopsis, this model proposes
that in the absence of ethylene, EIN2 levels are low so there are no
ethylene responses and growth is fast. Growth rate is modulated by
feedback control of GA levels where a higher growth rate leads to
lower levels. Ethylene leads to an accumulation of EIN2. One output of
EIN2 reduces growth via an EIN3/EIL1-independent mechanism. On a
slower time course, this reduced growth leads to an increase in GA
levels resulting in an increase in growth. This pathway is proposed to
underlie the transient first phase of growth inhibition response. On a
slower time course, EIN2 also inhibits degradation of EIN3/EILT me-
diated by the EBF1 and EBF2 F-box proteins. Accumulation of EIN3
and ElL1causes a lower growth rate leading to the second phase of
prolonged growth inhibition response. Our results indicate that this is
occurring via a GA-dependent pathway where EIN3 and EIL1 inhibit
GA accumulation. There also is likely to be a GA-independent path-
way. Thus, when EIN3 and EIL1 are not present, ethylene initially
causes growth inhibition, but this inhibition is reversed by the delayed
feedback involving GA. The model predicts that in rice, OsEIN2 ac-
tivation by ethylene has no growth inhibition effect. On a slower time
scale, activation of OsEIN2 leads to enhanced degradation of OsEIL1
and OsEIL2 mediated by the OsFBL7 and OsFBL30 F-box proteins.
This leads to lower levels of OsEILT and OsEIL2, resulting in higher
levels of GA and enhanced growth. In millet, the model proposes that
PmEILs are either absent or at very low levels. Thus, PmEIN2 activity
initially leads to growth inhibition, but feedback resulting in higher GA
levels reverses this inhibition leading to a transient growth response.

are removed, ethylene activation of EIN2 initially causes
growth inhibition, but after a delay the feedback loop
causes an increase in GA levels that overcomes this
initial growth inhibition response leading to a transient
growth inhibition response. Addition of paclobutrazol
blocks or reduces this increase in GA, leading to pro-
longed growth inhibition. Similarly, mutants with re-
duced GA levels or signaling have a stronger growth
inhibition response when ethylene is added and take
longer to recover after removal of ethylene. This model
also provides a framework to understand the variety of
growth inhibition responses in the eudicots studied, as
well as barley, where the timing and relative strengths of
the proposed outputs from EIN2 and feedback varies
between species.
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This basic model needs to be modified to explain the
results obtained with rice and millet. Six EIL genes have
been identified in the rice genome (Mao et al.,, 2006).
OsEIL1 and OsEIL2 are the most closely related to EIN3,
EIL1, and EIL2 from Arabidopsis and have been linked to
ethylene signaling in rice (Mao et al., 2006; Hiraga et al.,
2009). Overexpression of OsEIL1 in rice leads to decreased
growth (Mao et al., 2006) much like overexpression of
EIN3 in Arabidopsis decreases growth (Guo and Ecker,
2003). Thus, these transcription factors have similar roles
in Arabidopsis and rice, yet ethylene has the opposite
effect on the growth of shoots of these species under the
conditions used in this study. If these differences in the
growth effects of ethylene are mediated by the EILs, it is
likely that the levels of the EILs are controlled differently
in these two species when ethylene is applied. Consistent
with this, we found that ethylene caused a decrease in the
mRNA levels of OsEIL?2 in coleoptiles correlating with the
growth stimulation caused by application of ethylene.
Also, application of ethylene enhanced transcript levels of
OsFBL7. Increased levels of this F-box protein would lead
to decreased levels of OsEIL1 and OsEIL2. The Arabi-
dopsis homologs of OsFBL7 and OsFBL30 are EBF2 and
EBF1, respectively (Rzewuski and Sauter, 2008; Ma et al.,
2010). EBF2 appears to have a larger role in long-term
responses to ethylene than EBF1(Binder et al, 2007),
paralleling the results in this study suggesting that FBL7
may have a larger role than FBL30 in the slow onset of
growth stimulation caused by the application of ethylene.
Several ethylene response factors have been identified
that act downstream of the OsEILs to mediate ethylene
responses in rice (Xu et al., 2000, 2006; Yang et al., 2002;
Fukao and Bailey-Serres, 2008; Hu et al., 2008; Fukao
et al., 2009, 2011; Hattori et al., 2009; Jung et al., 2010;
Qi et al., 2011). At least some of these ethylene re-
sponse factors act to modulate GA levels. The results
from these prior studies coupled with results in this
study indicate that the output from EIN2 in Arabi-
dopsis that causes a rapid growth inhibition response
is lacking from OsEIN2 in dark-grown cv Nipponbare
rice coleoptiles (Fig. 8). Rather, increased activity from
OsEIN2 leads to increases in OsFBL7, causing in-
creased proteolysis of OsEIL1 and OsEIL2. The lower
levels of these transcription factors are predicted to
lead to increased GA biosynthesis and increased
growth (Fig. 8). We cannot rule out that there is also an
OsEIL1/OsEIL2-independent mechanism that leads to
increased GA levels. Whereas ethylene stimulates co-
leoptile growth of dark-grown rice seedlings, it inhibits
growth of roots (Ma et al., 2010). The differences in
mechanisms by which ethylene causes growth stimu-
lation versus inhibition has yet to be resolved. Arabi-
dopsis EIN3 has been shown to be affected by factors
other than ethylene (Yanagisawa et al., 2003; Lee et al.,
2006; Zhu et al., 2011; An et al.,, 2012), suggesting that
EIN3 and the EILs are part of a complex regulatory
network that could underlie these opposite responses
to ethylene. Although we have no data on the PmEILs
from millet, we predict that PmEIL levels are low and
ethylene causes little or no change in their levels (Fig.
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8). Therefore, ethylene is predicted to initially cause
growth inhibition via output from PmEIN2. On a slower
timescale, this inhibition is counteracted by a feedback
mechanism similar to what is predicted to occur in
Arabidopsis.

Based upon the limited number of species studied,
the shoots of eudicot species appear to have diverged
only slightly in the kinetics of growth inhibition upon
addition of ethylene. In contrast, shoots of monocots
have evolved more divergent of ethylene growth re-
sponses. Even though the number of ethylene receptor
isoforms can vary between species and receptor func-
tion within a species is not entirely overlapping (Binder
et al.,, 2012), it is likely that much of this divergence in
ethylene growth responses arises from differences in
downstream signaling components. Our data indicate
that the control of the EIN3 and EIL transcription fac-
tors by ethylene is one locus that differs between plant
species and under different environmental and devel-
opmental conditions. This leads to differences in GA
levels that affect growth responses to ethylene.

MATERIALS AND METHODS

A variety of eudicot plant species were used in this study including kale
(Brassica oleracea ‘Red Russian’), canola (Brassica napus), two cultivars of to-
mato (Solanum lycopersicum ‘Floradade” and ‘German Queen’), poppy (Papaver
orientale ‘Oriental Scarlet’), and beetberry (Chenopodium capitatum). Three
monocots species, rice (Oryza sativa ‘Nipponbare’), white millet (Panicum
miliaceum), and barley (Hordeum vulgare) were also examined. Seeds for these
different species were obtained from various sources (Supplemental Table S3).
These species were chosen both to represent a variety of plant families as well
as because of their small seed size, which made them compatible with the
time-lapse imaging methods used with Arabidopsis (Arabidopsis thaliana)
seedlings. The ein3-1 eil1-1 double mutant was originally obtained from Joseph
Ecker and has previously been characterized (Alonso et al., 2003b; Binder
et al., 2004a). The ga4-1, ga30x1-3, and gai-1 mutants were from the Arabi-
dopsis Biological Resource Center and have previously been characterized
(Talon et al., 1990; Jacobsen and Olszewski, 1993; Chiang et al., 1995; Jacobsen
et al., 1996, Mitchum et al., 2006), the quintuple della mutant seeds where all
five DELLA genes are mutated (rga-t2 gai-t6 rgl1-1 rgl2-1 rgl3-1) were obtained
from Xiuhua Gao and Xiangdong Fu (Feng et al., 2008), the EIN3-GFP over-
expressing seeds and ein3 eill della septuple mutants were from Hongwei Guo
(Guo and Ecker, 2003; An et al., 2012). The ebf2-3 loss-of-function mutant has
been previously described and characterized (Gagne et al., 2004; Binder et al.,
2007). The ein3-1 eil1-1, ebf2-3, and ga30x1-3 mutants are in the Col background
whereas the ga4-1, gai-1, and della mutants are in the Ler background. Gib-
berellic acid was from Fisher Scientific, and paclobutrazol was a gift from
Elena Shpak (University of Tennessee-Knoxville).

Seed Preparation

Most seeds were surface-sterilized by treatment with 70% alcohol for 30 s.
Rice and barley seeds were surface-sterilized with a solution containing 10%
(v/v) bleach with 0.01% (v/v) Triton X-100 for 5 min prior to treatment with
70% (v/v) alcohol. Unless otherwise specified, surface sterilized seeds were
placed on sterile filter paper to dry and then placed on agar plates containing
0.8% (w/v) agar, one-half-strength Murashige and Skoog basal salt mixture,
(Murashige and Skoog, 1962), pH 5.7, fortified with vitamins and with no
added sugar. Arabidopsis, kale, and canola seeds were cold treated at 4°C for
2 to 4 d prior to being light treated for 2 to 8 h at 21°C. Tomato seeds were
plated and light treated without cold treatment. To ensure germination in the
dark, the ga3ox1-3, ga4-1, gai-1, and della mutants were soaked in sterile, dis-
tilled water with 1 um GA at 4°C in the dark for 1 d prior to being placed on
agar plates and cold treated at 4°C for 2 d prior to being light treated. The
ga3ox1-3 and ga4-1 seeds were light treated for 4 h, and gai-1 and della seeds for
12 to 24 h at 21°C. Light-treated seeds were then allowed to germinate in the
dark at 21°C. Millet, poppy, and beetberry seeds were plated and allowed to
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germinate in the dark at 21°C without light treatment, and rice seeds were
germinated in the dark at 28°C and then transferred to 21°C for 2 h prior to
time-lapse imaging.

Paclobutrazol and GA Treatment of Seedlings

In some cases, seedlings were treated with paclobutrazol to block GA bio-
synthesis (Dalziel and Lawrence, 1984; Hedden and Graebe, 1985). Paclobu-
trazol was made as a 1,000X stock in DMSOQ, filter sterilized, and added to the
agar after heat sterilization to the indicated final concentration. Millet seed-
lings were germinated on paclobutrazol-containing plates whereas solvent
control millet seedlings were germinated and grown on agar plates containing
DMSO. However, paclobutrazol inhibited Arabidopsis seed germination as
has been previously been reported (Jacobsen and Olszewski, 1993; Peng et al.,
1999; Wen and Chang, 2002). Therefore, we germinated Arabidopsis seeds on
media without paclobutrazol, then gently transferred the seedlings onto plates
containing the indicated concentration of paclobutrazol (or DMSO as a con-
trol) and allowed them to grow in air 3 h prior to time-lapse imaging. We have
previously shown that this transfer protocol has no measurable effect on the
ethylene growth inhibition response (Binder et al., 2006). These manipulations
were done under dim green light. In some experiments, GA was also included
in the agar at the indicated concentration.

Time-Lapse Imaging and Analyses

Seedlings were allowed to germinate in the dark until approximately 4 to
8 mm long as previously described (Binder et al., 2004a, 2004b, 2006). Images of
growing shoots were captured in the dark with Marlin CCD cameras (Allied
Vision Technology) using infrared radiation and at 21°C. All manipulations
prior to imaging were done under dim green light.

Growth rate experiments used two different protocols. In one, seedlings
were allowed to grow 1 h in air followed by 2 h with 10 uL L™! ethylene.
Ethylene was then removed and seedlings allowed to grow an additional 3 h
in air to allow for growth recovery. Alternatively, seedlings were grown in air
for 1 h followed by 10 uL L™" ethylene treatment for 5 h. In both cases, images
were captured every 5 min. To determine the growth rate of shoots, the height
in pixels of each seedling in each frame was analyzed using custom software
written by Edgar Spalding (Parks and Spalding, 1999; Folta and Spalding,
2001) as previously described (Binder et al., 2004a, 2004b). Growth rates in air
were determined from the 1 h of air pretreatment prior to applying ethylene.
Growth rates were normalized to the growth rate during the air pretreatment
for each seedling to make response kinetic comparisons easier, and trend lines
were drawn by hand based upon moving averages of two consecutive data
points. To calculate the growth rate in ethylene, the average growth rate was
determined after the growth rate had stabilized at a new rate after ethylene
application.

RNA Isolation and qRT-PCR

The transcript levels of several Arabidopsis GA biosynthesis-related genes
including: KS, GA30x1, GA20x2, GA200x1, GA200x2, and GA200x3 were ana-
lyzed using qRT-PCR. Similar analysis was used to determine the transcript
levels of OsEIL1, OsEIL2, OsFBL7, and OsFBL30 from rice. For qRT-PCR
analysis of Arabidopsis genes, total RNA was extracted from 80 or more 2-d-
old, dark-grown Arabidopsis seedlings using a TRIzol Reagent (Invitrogen).
Some seedlings were treated with 1 uL L' ethylene for 2 h prior to RNA
extraction. For qRT-PCR analysis of rice genes, total RNA was extracted from
five coleoptiles of 3-d-old, dark-grown seedlings. Some seedlings were treated
with 10 uL L™ ethylene for 3 h prior to extractions. The quality and quantity
of the extracted RNAs were examined on a 1.2% agarose gel and by using a
Nanodrop (ND-1000) spectrophotometer (Thermo Fisher Scientific). One mi-
crogram of total RNA was used for complementary DNA (cDNA) synthesis
using the ImProm-II Reverse Transcription System (Promega) according to the
manufacturer’s instructions. The RNA was treated with one unit of DNase I
(Invitrogen) prior to cDNA synthesis, and the cDNAs were diluted 10-fold.
The qRT-PCR was performed with a Bio-Rad iQ5 Real-Time PCR Detection
System (Bio-Rad) using SsoFast EvaGreen Supermix (Bio-Rad). Gene-specific
primers (see below) were used in a total volume of 10 uL with 3 uL of cDNA,
0.5 uM of gene-specific primers and 4 uL of SsoFast EvaGreen Supermix (Bio-
Rad). The qRT-PCR conditions were: 45 cycles consisting of 95°C for 15 s, 58°C
for 30 s, 72°C for 10 s followed by the initial denaturation step at 95°C for
1 min. All gRT-PCR values are from three biological replicates with two to
three technical replicates each. Data represents the average * Sem.
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Arabidopsis transcript data were normalized to ACT2 as an internal control.
The cycle threshold values for the ACT2 reference gene varied by no more
than 1 between treatments and plant backgrounds. The primers used for
qRT-PCR were: KS 5'-AATCAGCTCTACAAGCTCGTGAG-3' (forward), KS
5'-ATTCCCTTGGAACCACACTTCCTT-3' (reverse), GA20x2 5'-CTGTGTG-
AAAGATGGAAGTTGGGT-3' (forward), GA20x2 5'-ATCTTGCTCAGGGA-
CAAGGCAT-3' (reverse); GA3ox1 5-TCGCCTCTCAACGATTTCCGT-3'
(forward), GA3ox1 5'-ATTTAGCTGGAGAGCAGCTTGG-3' (reverse);
GA200x1  5'-CATTCGTCCCAACCCCAA-3'(forward), GA20ox1 5'-TGATG-
CTGTCCAAAAGCTCTCT-3' (reverse); GA200x2 5'-TCGTTGTCAATATTGG-
TGACACTTTC-3’ (forward), GA200x2 5'-TCTTCGGACACAAGAAAAACGC-3’
(reverse); GA200x3 5'-TCGTGGTGAACATAGGCGACA-3' (forward), GA200x3
5'-CGTTTACTAGTTCTTCTGGTGGCTTC-3' (reverse). ACT2 primers were from
Cartieaux et al. (2008). Data were normalized to transcript levels in untreated Col
seedlings. Rice transcript data were normalized OsUBQ5. The cycle threshold
values for the OsUBQ5 reference gene varied by no more than 1 between treat-
ments. The primers used were: OsFBL30 5'-ACTTGAACGGCTGCGAGAA-3'
(forward), 5'-ATCCTGCTGCAACCTTCGAGA-3" (reverse); OsFBL7 5'-AGA-
TAACCGATGCTAGCCTCTTT-3' (forward), 5'-CAGGGTAGCAACACCATTG-
TCA-3' (reverse). Primers for OsEIL1 and OsEIL2 were from Hiraga et al. (2009)
and for OsUBQ5 was from Jain et al. (2006).

Ethylene Concentration Measurements

Ethylene concentrations were determined using a Hewlett-Packard 6890 gas
chromatograph with an HP Plot/Q column (Agilent Technologies) or an ETD-
300 ethylene detector (Sensor Sense).

Statistical Analysis

Five growth parameters (growth rate in air, growth rate in ethylene, time to
maximum growth inhibition after addition of ethylene, delay in the onset of
growth recovery after ethylene removal, recovery time after ethylene removal)
were measured in this study (Supplemental Table S1) and compared pairwise.
The square of 7 was determined using Microsoft Excel. These values are
shown in Supplemental Table S2. qRT-PCR data were analyzed with Student’s
t tests and considered statistically different with a P value of = 0.05.

Arabidopsis Genome Initiative accession numbers for Arabidopsis genes
described in this article are: EBF1, At2g25490; EBF2, At5g25350; EIN3, At3g20770;
EIL1, At2g27050; EIL2, At5g21120; CTR1, At5g03730; EIN2, At5g03280; KS,
Atl1g79460; GA3ox1 (GA4), Atlgl5550; GA20x2, At1g30040; GA200x1, At4g25420;
GA200x2, At5g51810; GA200x3, At5g07200; GAI, At1gl4920. The Gene Loci for
rice genes described in this article are: OsEIL1, Os03g20780; OsEIL2, Os07g48630;
OsFBL7, 0s02g10700; OsFBL30, Os06g40360.

Supplemental Data

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

Supplemental Figure S1. Growth rates of dark-grown eudicot seedling
shoots in air and ethylene.

Supplemental Figure S2. Comparison of ethylene growth response kinet-
ics of rice shoots and predicted phase II growth inhibition kinetics of
Arabidopsis.

Supplemental Table S1. Growth parameter measurements for eudicots
studied.

Supplemental Table S2. Correlations between growth parameters in
eudicots.

Supplemental Table S3. List of species used and source for seeds.
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