PNAS Nexus, 2023, 2, 1-15

PNAS

Y NEXUS

Ethylene-mediated metabolic priming increases
photosynthesis and metabolism to enhance plant
growth and stress tolerance

https://doi.org/10.1093/pnasnexus/pgad216
Advance access publication 18 July 2023

Research Report

Eric Brenya (2%, Esha Dutta ° Brittani Herron (®?, Lauren H. Walden {®?, Daniel M. Roberts {2?° and Brad M. Binder {22+

#Department of Biochemistry & Cellular and Molecular Biology, University of Tennessee, Knoxville, TN 37996, USA
PGenome Science and Technology Program, University of Tennessee, Knoxville, TN 37996, USA

*To whom correspondence should be addressed: Email: bbinder@utk.edu

Edited By: Edward Bayer

Abstract

Enhancing crop yields is a major challenge because of an increasing human population, climate change, and reduction in arable land.
Here, we demonstrate that long-lasting growth enhancement and increased stress tolerance occur by pretreatment of dark grown
Arabidopsis seedlings with ethylene before transitioning into light. Plants treated this way had longer primary roots, more and longer
lateral roots, and larger aerial tissue and were more tolerant to high temperature, salt, and recovery from hypoxia stress. We
attributed the increase in plant growth and stress tolerance to ethylene-induced photosynthetic-derived sugars because ethylene
pretreatment caused a 23% increase in carbon assimilation and increased the levels of glucose (266%), sucrose/trehalose (446%), and
starch (87%). Metabolomic and transcriptomic analyses several days posttreatment showed a significant increase in metabolic
processes and gene transcripts implicated in cell division, photosynthesis, and carbohydrate metabolism. Because of this large effect
on metabolism, we term this “ethylene-mediated metabolic priming.” Reducing photosynthesis with inhibitors or mutants prevented
the growth enhancement, but this was partially rescued by exogenous sucrose, implicating sugars in this growth phenomenon.
Additionally, ethylene pretreatment increased the levels of CINV1 and CINV2 encoding invertases that hydrolyze sucrose, and cinvl;
cinv2 mutants did not respond to ethylene pretreatment with increased growth indicating increased sucrose breakdown is critical for
this trait. A model is proposed where ethylene-mediated metabolic priming causes long-term increases in photosynthesis and
carbohydrate utilization to increase growth. These responses may be part of the natural development of seedlings as they navigate
through the soil to emerge into light.
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Significance Statement

The ability of seedlings to transition from darkness to light as they emerge from the soil is critical for plant survival. Here, we dem-
onstrate that ethylene is an important factor early in seedling development that has long-lasting effects on plant growth and toler-
ance to stresses after they transition from darkness into light. Our study illustrates that transient exposure to ethylene in darkness
results in long-term increases in photosynthesis and carbohydrates upon transition to light. These changes lead to increased growth
and stress tolerance. This response is likely to be widespread in angiosperms since several angiosperm species show growth enhance-
ment under these conditions.

Introduction Plant growth is regulated by a variety of hormones including
ethylene, which is a gaseous hormone that has wide-ranging ef-
fects on plants that impact growth, development, and responses
to various stresses that reduce crop yield and postharvest storage

(1, 2). Because of its complex and widespread signaling role in

Enhancing plant vigor is a major challenge because of an increas-
ing human population and reduction in arable land. Methods to
increase growth and stress resistance are key to addressing this
challenge. However, the success of these approaches is challen-

ging, since improvement in growth often leads to compensation
through a decrease in stress tolerance and vice versa. This trade-
off can have profound implications on strategies to enhance both
plant growth and stress tolerance.

growth and stress responses, ethylene biosynthesis and signaling
are often targeted for genetic or chemical control to improve
agricultural outcomes and postharvest storage (3). The current
model for ethylene signaling posits that ethylene receptors signal
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to constitutive triple response 1 (CTR1), which functions as a
negative regulator of the pathway (4-6). Downstream of CTR1 is
ethylene-insensitive 2 (EIN2) which is a central regulator of ethyl-
ene signaling (7). When bound to ethylene, the receptors are inhib-
ited leading to a reduction in CTR1 activity resulting in EIN2
dephosphorylation and cleavage to release the C-terminal portion
of EIN2 (8). This leads to stabilization of EIN3 and EIN3-like1 (EIL1)
transcription factors that bind to target gene promoters causing
changes in other ethylene-responsive genes, including other tran-
scription factors, leading to ethylene responses (9-14). Light af-
fects some responses to ethylene and alters the networks of
transcription factors regulated by ethylene downstream of EIN3
and EIL1 (15-18). Ethylene also promotes greening of seedlings
during photomorphogenesis (19). These changes have been linked
to seedling survival as they emerge from under the soil into the
light.

Many of the core elements of the ethylene signaling pathway
were discovered using the “triple response” assay of dark-grown
Arabidopsis thaliana seedlings characterized by a shorter root and
hypocotyl, a thicker hypocotyl, and an exaggerated apical hook
(4, 20). These responses help the seedlings to grow out of the soil
(18). While conducting a “triple response” screen on dark-grown
Arabidopsis seedlings, we surprisingly observed that after removal
of ethylene and transfer to light, seedlings pretreated with ethyl-
ene grew larger and were more stress tolerant than control seed-
lings. This long-lasting increase in growth included longer
primary and lateral roots, a higher density of lateral roots, and
an increase in aerial tissue fresh weight. We show that these
changes in response to ethylene in the dark are caused by an in-
crease in photosynthesis and carbohydrate levels after transfer
to light and removal of ethylene. The growth enhancement re-
sponse occurs in multiple angiosperm species suggesting that
thisis a general feature of ethylene signalingin angiosperms tran-
sitioning from darkness (underground) to light during germin-
ation. The mechanisms for these responses are likely to be
different from the effects of continuous ethylene exposure, which
can also affect photosynthesis and growth (2, 21).

Results

Seedlings grow larger after transient treatment
with ethylene

Ethylene typically inhibits the growth of dark-grown eudicot seed-
lings (1). As expected, Arabidopsis seedlings treated for 3 days
in the dark with ethylene displayed a typical “triple response”
with shorter hypocotyls and roots, exaggerated apical hooks,
and thicker hypocotyls compared with controls (Fig. S1).
Unexpectedly, when ethylene was removed and the seedlings
were grown under a 16-h photoperiod, the seedlings that had
been pretreated with ethylene developed longer primary and lat-
eral roots, a higher number of lateral roots, and more aerial tissue
fresh weight than control seedlings that were not exposed to
ethylene (Fig. 1A-D). Hypocotyls remained shorter than air con-
trols days after ethylene removal (Fig. S2). Using end-point ana-
lysis, the faster primary root growth became evident 3 days after
transfer to light and persisted throughout the observation period
(Fig. 1B). The effects of ethylene were long-lasting and resulted in
an increase in rosette and plant height after transfer to light com-
pared with controls (Fig. 1E and F).

To determine how rapidly plants respond with increased pri-
mary root growth, we used time-lapse imaging to examine the
rate of root growth for the first 22 hours after transfer to light

(Fig. 1G). We estimated the latent time for an effect of ethylene
pretreatment with two methods to provide a range of times where
ethylene pretreatment may begin to affect growth. The time at
which there was first a statistical difference (Students t test, P <
0.05) in the mean value was 2.25hours, whereas a value of
3.75 hours was obtained using cumulative sum control chart ana-
lysis to determine when the trends diverge.

The enhancement of growth is not limited to the Columbia
(Col) ecotype (Fig. S3), and other flowering plant species also ex-
hibit the ethylene-induced enhanced growth response (Fig. 2).
Ethylene-pretreated tomato (Solanum lycopersicum, cultivar
Floridade) plants sown in soil were taller and had more leaf area
than controls, whereas ethylene-pretreated cucumber (Cucumis
sativus, cultivar Beit Alpha Burpless) plants sown in soil had an ac-
celerated production of leaves and wheat (Triticum aestivum) seed-
lings responded with faster primary root growth. Thus, the
ethylene-induced growth stimulation signaling pathway may be
widespread in the angiosperms.

One possible explanation for enhanced growth is that pretreat-
ment with ethylene might lead to a negative feedback loop to re-
duce ethylene biosynthesis or responsiveness. However, this
does not appear to be the case since there was no statistical differ-
ence in ethylene production of the control and ethylene-
pretreated Arabidopsis seedlings after transfer to ethylene-free
conditions (Fig. S4A). Furthermore, the mRNA levels of several
ethylene-inducible genes, which were upregulated immediately
after treatment with ethylene for 3 days in the dark, returned to
basal expression levels 5 days after removal of ethylene and trans-
fer to light. This is consistent with no long-term changes in ethyl-
ene responses (Fig. S4B).

The ethylene-induced growth response was not simply a de-
layed response to ethylene since seedlings that were administered
continuous ethylene treatment after transfer to light lacked
the growth enhancement phenotype and showed shorter roots
(Fig. S5) in agreement with the earliest studies on Arabidopsis
(4, 20). Additionally, the hypocotyls were taller in the seedlings
keptin continuous ethylene upon transfer to light, which is consist-
ent with prior reports documenting that ethylene stimulates the
growth of hypocotyls in light-grown Arabidopsis seedlings (22).
Thus, the removal of ethylene is required for growth enhancement.

To determine if ethylene pretreatment in darkness is required,
we conducted experiments in continuous light. This showed that
ethylene treatmentin darkness is required for growth stimulation
since ethylene pretreatment of seedlings in light (rather than
darkness) followed by ethylene-free conditions did not cause
stimulation of growth (Fig. S6). These results indicate that there
is a critical period during seedling development during which
transient ethylene exposure in darkness causes lasting growth
stimulation upon subsequent exposure to light.

Ethylene signaling via EIN2 and EIN3/EIL1
mediates ethylene-induced growth enhancement

The above experiments indicate that ethylene pretreatment in
darkness is having profound and long-lasting effects on plants
after removal of ethylene and transfer to light. To determine if
the primary ethylene signaling pathway is involved, we examined
ein2-5 and ein3-1;eill-1 ethylene-insensitive Arabidopsis seedlings.
Neither mutant responded to the ethylene pretreatment with lon-
ger primary roots (Fig. 1H) and ein2-5 mutants did not respond
with increased leaf growth (Fig. 1D). These data demonstrate
that the observed growth phenotypes require the primary ethyl-
ene signaling pathway.
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Fig. 1. Phenotypes of plants after exposure to ethylene in the dark in the presence and absence of added sugar. Germinating Arabidopsis seeds were
exposed to 0.7 ppm ethylene or ethylene-free air in the dark. At this time (day 0), they were transferred to ethylene-free conditions and grown under a
16-h photoperiod. In some cases, exogenous sugar was included as indicated. A) Images of wild-type (Col) seedlings were acquired 10 days after transfer
to light. Scale bar =5 mm. B, C) The effects of ethylene pretreatment at the indicated concentrations of sucrose on wild-type B) new primary root growth
and C) lateral root density at the indicated times after transfer to light and ethylene-free conditions. D) The effects of ethylene pretreatment on leaf fresh
weight of wild-type and ein2-5 seedlings in the presence or absence of 0.8% (w/v) sucrose at 12 days after transfer to light and ethylene-free conditions. E,
F) Images of plants grown in soil for D) 22 days or E) 33 days after transfer to light and ethylene-free conditions. Scale bars =1 cm. G) Images of growing
roots were captured every 15 min for the first 22 h after transfer to light. The average growth rate + SEM for each time interval is plotted (n > 10). H) The
effects of ethylene pretreatment on new root growth of wild-type, ein2-5, and ein3-1;eil1-1 seeds in the presence or absence of 0.8% (w/v) sucrose at 9 days
after transfer to light and ethylene-free conditions. I) The effects of ethylene pretreatment on new primary root growth in wild-type seedlings in the
presence or absence of 0.8% (w/v) sucrose, glucose, or fructose at 9 days after transfer to light and ethylene-free conditions. J) The effects of ethylene
pretreatment on new primary root growth in wild-type seedlings in the presence or absence of 0.02% (w/v) glucose or mannose at 9 days after transfer to
light and ethylene-free conditions. Data in B-D) and H-J) represent the mean + SEM (n > 15), the data were analyzed by ANOVA, and the different letters
indicate significant difference (P <0.05).

Signaling downstream of EIN3/EIL1 varies depending on light the levels of and binding sites for EIN3 to regulate which genes
conditions and involves the phytochrome-interacting factors are regulated (15-19, 23-27). PIF1, PIF3, PIF4, and PIFS have over-
(PIFs) which are important for the transition from darkness to lapping gene targets with EIN3 (28). Because of this, and our obser-
light, and, depending on lighting conditions, they can determine vation that a transition from darkness to light is important for the
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Fig. 2. Ethylene enhances the growth of several plant species. Germinating tomato (S. lycopersicum, cultivar Floridade) A-D) and cucumber (C. sativus,
cultivar Beit Alpha Burpless) E) seeds sown in soil were treated with ethylene or ethylene-free air in the dark for 4 days and wheat (T. aestivum) seeds
grown on agar F, G) for 3.5 days. At this time, the seedlings were transferred to light and ethylene-free conditions. Photos show representative plants A)
7 days, B) 9 days, E) 11 days, and F) 1.5 days after transfer to light. E) Arrows point to first true leaves. Seedlings on the left in each panel are ethylene-free
controls and on the right pretreated with 0.7 ppm ethylene. Scale bars =1 cm. C, D) Quantification of tomato height and leaf area of tomato seedlings

9 days after transfer tolight. G) Quantification of wheat primary rootlength 1.5 days after transfer to light. Data in C),

D), and G) are the mean + SEM (n > 6)

and statistical differences from the untreated controls determined with Student’s t test (*P < 0.05; **P < 0.001).

ethylene-induced growth stimulation, we examined the effects of
ethylene on pifl-1;pif3-7;pif4-2;pif5-3 (pifq) seedlings. The pifq
Arabidopsis seedlings still responded to ethylene pretreatment
with enhanced growth comparable to wild-type (Fig. S7) indicating
these transcription factors are not involved in this response.

Sucrose, glucose, and fructose phenocopy
ethylene pretreatment

Thebasipetal flow of auxin and photosynthesis-derived sugars are
important for root development (29, 30). Therefore, we explored
the potential roles for each of these in ethylene-induced stimula-
tion of growth. Application of N-1-naphthylphthalamic acid (NPA)
to Arabidopsis seedlings, which blocks auxin transport, reduced
primary root growth by ~40%, but did not block stimulation of
primary root growth or leaf growth by ethylene (Fig. S8A and B).
In contrast, NPA prevented changes in lateral root density
(Fig. S8C) suggesting that auxin transport is required for lateral
root formation, but not the other two traits. Auxin transport is
known to be critical for lateral root initiation and emergence
(30). We also monitored the expression of DR5::GUS in control
and experimental seedlings 5 days after transfer to light. The
DRS promoter is sensitive to auxin and provides a measure of aux-
in responsiveness (31). Ethylene pretreatment had little or no
measurable effect on GUS expression in either leaves or root tips
indicating auxin responses are not measurably altered by ethyl-
ene pretreatment under these conditions (Fig. S8D and E).

We typically carry out “triple response” assays in the absence
of added sugar. To explore if the enhanced growth is controlled
by sugar, we conducted ethylene treatment experiments in
the presence of different concentrations of sucrose. A typical
ethylene-induced growth inhibition response of hypocotyls and
roots (3 days ethylene in darkness) was observed for all seedlings
regardless of sucrose concentration (Fig. S1B and C). After subse-
quent transfer to light, the length of the primary roots of control
seedlings increased as a function of sucrose concentration, with
maximum growth observed with 0.8% (w/v) sucrose (Fig. 1B).
Ethylene pretreatment followed by transfer to light led to in-
creased root growth compared with the controls at all concentra-
tions of exogenous sucrose tested.

Sucrose also regulates lateral root formation (32). Increasing
sucrose concentrations caused an increase in lateral root density
in the air controls and ethylene led to a further increase at all su-
crose concentrations, although it took longer for a statistical dif-
ference to occur at 0.8% (w/v) sucrose (Fig. 1C). Exogenous
sucrose also led to higher leaf fresh weight (Fig. 1D). Unlike stimu-
lation of growth by ethylene, ethylene signaling is not required for
increased root or leaf growth in response to exogenous sucrose
(Fig. 1D and H).

Since sucrose is broken down to fructose and glucose, we next
tested whether or not these monosaccharides also phenocopy the
growth enhancement phenotype caused by ethylene pretreat-
ment, or whether the effect is specific for sucrose. Addition of
0.8% (w/v) glucose or fructose led to increased primary root
growth similar to the effect of sucrose (Fig. 1I). Pretreatment
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with ethylene led to a further enhancement of growth. Thus, like
sucrose, the application of either glucose or fructose phenocopies
the effects of ethylene pretreatment suggesting that the enhanced
growth in ethylene-pretreated plants might be mediated by an in-
crease in photosynthesis-derived sugars.

Sugars are acting as a carbon source to affect
growth after ethylene pretreatment

Our observations suggest that the growth enhancement pheno-
type is due to higher levels of sugars. Sugars can affect growth
both as signaling molecules and as carbon sources. To first deter-
mine whether or not changes in sugar sensing are important, we
examined the effects of ethylene pretreatment on a double mu-
tant in Arabidopsis lacking two proteins involved in sugar sensing,
hexokinasel (HXK1) and regulator of G protein signaling 1 (RGS1)
(Fig. S9A). The hxk1-3;rgs1-2 double mutant still responded to
ethylene with more growth. Consistent with HXK1 not being in-
volved, the transcript abundance of HXK1 was not altered 5 days
after ethylene treatment (Fig. S9B). To explore this more, we com-
pared the effects of glucose with mannose. Mannose and glucose
are epimers that both signal via HXK1; however, unlike glucose,
mannose is poorly metabolized via glycolysis (33-35). If sugar sig-
naling has a major role in the growth enhancement from ethylene
pretreatment, then mannose and glucose should have similar
effects. However, unlike glucose, mannose inhibited root growth
enhancement caused by ethylene (Fig. 1J). These data indicate
that the HXK1 sugar sensing pathway is not essential for
ethylene-induced growth enhancement. Rather, sugars act as car-
bon sources to enhance growth after ethylene treatment.

Ethylene pretreatment increases photosynthesis

In the absence of added sucrose, primary growth inhibition, rather
than growth enhancement, was observed in seedlings kept in
darkness after removal of ethylene (Fig. S10A). This combined
with the above results with sucrose, glucose, fructose, and man-
nose suggests that photosynthesis-derived sugars are important
for the growth stimulation. We therefore examined which wave-
lengths of light cause growth enhancement since transition to
light is important for the growth phenotype. Arabidopsis seedlings
transferred to monochromatic blue, green, or red light had
enhanced growth after ethylene pretreatment compared with
controls suggesting each contributes to the growth response.
However, blue light resulted in growth enhancement similar to
white light, whereas less growth enhancement occurred with
green and red light. Transfer to far-red light led to no growth en-
hancement. When these experiments were conducted in the pres-
ence of 0.2% (w/v) sucrose, growth enhancement by ethylene
pretreatment was observed under all wavelengths of light tested
and a small, but statistically significant, increase in darkness
also occurred (Fig. S10B).

To elucidate the role of photoreceptors in the growth enhance-
ment phenotype, we examined mutants lacking various photore-
ceptors including mutants that lack the phototropin (Phot) 1 or 2
blue light photoreceptors, a mutant lacking both Photl and 2
(phot1;phot2), and a quadruple mutant (phyA,B/cry1,2) lacking
the phytochrome (Phy) A and B photoreceptors for red/far-red
light and the cryptochrome (Cry) 1 and 2 photoreceptors for blue
light. All of these mutants responded to ethylene pretreatment
with growth enhancement (Fig. S11) indicating these receptors
are not critical for this trait under these conditions.

Based on these results, we hypothesized that photosynthesis-
derived sugars are increased by ethylene pretreatment and are

required for this trait. To test this, we evaluated Arabidopsis
seedling growth in the presence of norfluorazone or lovastatin
to block chlorophyll biosynthesis, or in the presence of
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) which blocks
photosynthesis by disrupting electron transfer in photosystem II
(36-39). None of these chemicals blocked root growth inhibition
caused by application of ethylene for 3days in darkness
(Fig. S12A and B), but, in the absence of added sugar, all three
chemicals prevented stimulation of growth by ethylene pretreat-
ment (Figs. 3A and S12C). However, these chemicals also greatly
reduced root growth in the control plants making it difficult to de-
termine if they are blocking the effects of ethylene or are having
toxic effects on the seedlings. To address this, we examined mu-
tants that affect photosynthesis. Constitutive photomorphogenic
1 (COP1) affects photomorphogenesis, and copl mutants are pale
in the light (40). Arabidopsis root growth of cop1-4 seedlings was in-
hibited by a 3-day treatment with ethylene in darkness (Fig. S12D)
showing that this mutant responds to ethylene. However, ethyl-
ene pretreatment in the absence of added sucrose failed to stimu-
late growth of the cop1-4 roots (Fig. 3B). Ethylene pretreatment did
not affect COP1 transcript abundance 5 days after transfer to light
(Fig. S12E). We also examined the effects of several higher order
mutants of members of the family of small subunits of ribulose
1,5-bisphosphate carboxylase/oxygenase (Rubisco) which have
been shown to greatly reduce carbon fixation and growth (41).
Neither rbcs1a2b nor rbesla3b double mutants affected responses
to ethylene pretreatment (Fig. 3C). However, in the absence of ex-
ogenous sucrose, the rbcs1a2b3b triple mutants, which fix much
less carbon than the double mutants (41), failed to have growth
stimulation after ethylene pretreatment. These results show
that interfering with either the light reactions of photosynthesis
or carboxylation reactions of the Calvin cycle blocks the effects
of ethylene on growth. Addition of exogenous sucrose to copl-4,
rbes1a2b3b, or DCMU-treated wild-type seedlings partially rescued
the enhancement of growth from ethylene pretreatment (Fig. 3A-
C). Thus, sucrose is necessary and when sucrose is available,
ethylene pretreatment enhances growth, perhaps by enhancing
sucrose breakdown.

Since photosynthesis is the source of sugars in plants, we
examined various aspects of photosynthesis in more detail to de-
termine whether or not ethylene pretreatment affects photosyn-
thesis. The cotyledons of seedlings treated with ethylene were
greener than control seedlings for several hours after transfer to
light. This combined with our results with sucrose and the fact
that photosynthesis is most rapid in blue light where we see the
largest growth enhancement led us to question whether or not
increased chlorophyll content and photosynthesis underlie the in-
creased growth we observe. Both the optimum quantum effi-
ciency (F/Fm) (Fig. 3D) and chlorophyll content (Fig. 3E) of
ethylene-pretreated seedlings were higher for several hours after
transfer to light and ethylene-free conditions. However, these dif-
ferences were not long-lasting. Thus, it seems unlikely that these
early, transient changes cause the enduring growth changes, but
may be involved in the early stages of growth enhancement after
transfer to light.

We hypothesized that genes involved in the growth enhance-
ment would be altered several days after removal of ethylene.
Therefore, we analyzed the transcript levels of several genes
that encode proteins related to photosynthesis. Of the six genes
examined, ethylene pretreatment caused an increase in the tran-
script abundance of four genes 5days after transfer to light
(Fig. 3F). This included chlorophyll a/b binding protein 2 (CAB2),
which encodes a protein that is part of the light-harvesting
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Fig. 3. Ethylene pretreatment increases carbon assimilation. Germinating Arabidopsis seeds were treated with 0.7 ppm ethylene or ethylene-free air for
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sown in the presence or absence of 0.2% sucrose in the presence of 2.5 yu DCMU to block electron transport. Solvent-treated samples are included as
controls. B, C) Wild-type and cop1-4 B) or rbcs C) mutants were sown in the absence or presence of 0.2% (w/v) sucrose. A-C) New root primary root growth
was measured 9 days after transfer to light. Data are the average + SEM of at least 15 seedlings. Different letters denote statistical difference (P <0.05)
using ANOVA. D) The F,/F, was determined in tissue of wild-type seedlings at the indicated times after transfer to white light. Data represent the mean +
SEM (n > 9). E) Chlorophyll was extracted from excised cotyledons of wild-type seedlings and quantified at different times after transfer to white light as
indicated. Data were normalized to tissue fresh weight and represent the mean + SEM (n > 6). D, E) Data were analyzed by Student’s t test and found to be
statistically different from seedlings not treated with ethylene with a *P < 0.05 and *P < 0.005. F) Transcript levels of selected genes that encode proteins
involved in photosynthesis and chlorophyll metabolism were evaluated by gPCR as described in the Materials and methods at 5 days after transfer to
light. Each gene was normalized to its levels in the control condition and to housekeeping genes. G) Measurements of carbon assimilation and stomatal
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were analyzed by Student’s t test and found to be statistically different from seedlings not treated with ethylene with a *P <0.05 or **P < 0.001.

complex associated with photosystem II, glutamyl-tRNA reductase Ethy]ene pretreatment leads to increased
(HEMAZ1) involved in chlorophyll biosynthesis, and RBCS1A and levels of starch and glucose

RBCS2B. Correlating with these increases in RBCS1la and RBCS2B,
ethylene pretreatment led to a 23% increase in CO, assimilation
3 weeks after transfer to light (Fig. 3G) showing that photosynthet-
ic capacity is increased long-term. In contrast, stomatal conduct-

To explore further the link between ethylene pretreatment, en-
hanced growth, and photosynthesis-derived sugars, we grew
Arabidopsis seedlings in the absence of added sugars and com-
pared the levels of starch and glucose in ethylene-pretreated

ance was not significantly affected. Together, these results  seedlings compared with controls 5 days after transfer to light.
indicate that ethylene pretreatment leads to long-lasting in- As seen in Fig. 4A and B, ethylene pretreatment led to an increase
creases in expression of select transcripts encoding proteins in starch levels in cotyledons, leaves, and roots after transfer to
related to photosynthesis which are likely involved in the long- ethylene-free conditions. Consistent with this increase in starch,

term increase in carbon fixation. the transcript abundance of starch synthase 3 (SS3) that encodes
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a starch biosynthesis enzyme was increased in the seedlings pre-
treated with ethylene (Fig. 4C). The sucrose phosphate synthase 3F
(SPS3F) gene involved in sucrose biosynthesis and the glucuronic
acid substitution of xylan 2 (GUX2) gene involved in cell wall biosyn-
thesis were also up-regulated by ethylene pretreatment.

Ethylene pretreatment also results in 266% elevation of seed-
ling glucose levels compared with controls (Fig. 4D). We also ob-
served a concomitant increase in the transcript abundance of
cytosolic invertase 1 (CINV1) and CINV2 which encode enzymes
that degrade sucrose to glucose and fructose and are critical for
normal growth (42) (Fig. 4E). Furthermore, mutant seedlings
with the loss of both genes (cinv1;cinv2) did not respond to ethyl-
ene pretreatment with enhanced root growth in either the pres-
ence or absence of sucrose (Fig. 4F). Root and hypocotyl growth
of cinvl;cinv2 seedlings were inhibited by a 3-day treatment with
ethylene in darkness (Fig. S13) showing that this mutant responds
to ethylene. These results are consistent with a model where
ethylene pretreatmentis leading to an increase in the degradation
of sucrose by these invertases to form glucose and fructose which
leads to more growth.

The above results show that transient ethylene treatment of
dark-grown seedlings grown in the absence of added sugar results
in sustained changes in the accumulation of carbohydrates upon
subsequent growth under light conditions. To determine how
widespread the effects of ethylene pretreatment are on cellular
metabolism, we carried out an untargeted metabolomic analysis
on seedlings grown in the absence of added sugar 6 days after re-
moval of ethylene and transfer to light. Partial least squares dis-
criminant analysis of the data shows a clear separation of
control versus ethylene-pretreated samples (Fig. S14A). Based
on variable importance in the projection (VIP) scores, 15 metabo-
lites, including trehalose/sucrose, are contributing the most to
this separation (Fig. S14B). Of the 131 metabolites detected, 13
were significantly reduced and 97 were significantly increased
(P<0.05, t test) by pretreatment with ethylene (Table S1 and
Fig. S14C). Pathway analysis shows that carbon fixation was up-
regulated supporting our observations above for an increase in
carbon assimilation (Fig. S15 and Table S2). Additionally, amino
acid metabolism, purine and pyrimidine metabolism, glyoxy-
late/dicarboxylate metabolism, glutathione metabolism, and
nicotinate/nicotinamide metabolism were affected by ethylene
pretreatment. The map of altered metabolism illustrates the
interconnectedness of the pathways involved and the widespread
up-regulation of metabolism. These data show that ethylene pre-
treatment results in prolonged changes in many metabolites in
multiple metabolic pathways. We refer to this as ethylene-
mediated metabolic priming.

To further explore processes affected by ethylene-mediated
metabolic priming, we conducted RNA sequencing analyses on
seedlings 5 days after transfer to light. Under these conditions,
ethylene pretreatment resulted in 1,938 gene transcripts being al-
tered 2x or more with an adjusted P < 0.05. Of these, 1,102 were up-
regulated and 836 were down-regulated (Fig. 516 and Spreadsheet
S1). We examined these genes for enrichments in Gene Ontology
(GO) biological processes (43). This revealed that processes associ-
ated with up-regulated genes include development, differenti-
ation, morphogenesis, cell cycle, cell division, and cell wall
organization (Table S3). In contrast, almost all GO biological proc-
esses associated with down-regulated genes have to do with re-
sponses to different environmental signals and stress (Table S4).
Thus, there appears to be a shift toward growth-related processes
and away from defense-related processes. Many of the altered
gene transcripts mapped onto the same metabolic pathways as

the altered metabolites including carbohydrate metabolism, car-
bon fixation, amino acid metabolism, and purine and pyrimidine
metabolism (Fig. S17). However, additional processes altered at
the transcript level by ethylene pretreatment became apparent
from the RNA-seq results including fatty acid metabolism, plasto-
quinone cycling, and the biosynthesis of tocopherol, isoprenoids,
monolignol, flavanol, and flavone. These data indicate that transi-
ent treatment of plants with ethylene results in up-regulation of
processes involved in plant growth and development.

Seedlings are more stress tolerant after transient
treatment with ethylene

Ethylene is a critical hormone that coordinates many stress re-
sponses in plants (1). Ethylene pretreatment is known to “prime”
plants to survive better upon subsequent challenge with various
stresses (44-54). Therefore, we asked whether or not ethylene pre-
treatment under the conditions reported here also affects toler-
ance to various abiotic stresses. Since exogenous sugar can
increase stress tolerance (55, 56), unless otherwise noted, no sugar
was added to the media for these stress experiments. Arabidopsis
plants were exposed to each stress 5 days after transfer to light
and removal of ethylene. In the absence of ethylene pretreatment,
most seedlings exposed to 22 min of high temperature (43°C) or 7
days of 150 mm NaCl, or during recovery from 12 h of hypoxia in
darkness, became bleached and died (Figs. 5 and S18). Ethylene
priming led to more seedlings surviving exposure to the stress.
In seedlings exposed to either high temperature or salt stress,
nearly 100% of seedlings survived the stress after exposure to
ethylene. By 2 days after hypoxia, the ethylene-pretreated seed-
lings showed a clear and statistically significant higher survival
rate compared with the control seedlings. This trend continued
to day 3 of recovery from hypoxia. In all three stress conditions,
ethylene pretreatment had no measurable effect on the survival
of seedlings not challenged with the stress. Loss of both CINV1
and CINV2 resulted in seedlings that did not respond to ethylene
pretreatment with enhanced heat tolerance (Fig. 5A) and applica-
tion of sucrose phenocopied ethylene with increased heat toler-
ance (Fig. 5D) suggesting that carbohydrate levels are important
for the effects of ethylene priming on stress tolerance.

Discussion

Enhancing plant growth and vigor is an important challenge that
needs to be met to feed a growing human population. Methods to
increase growth and stress resistance are key to addressing this
challenge. However, there is often an inverse relationship be-
tween growth and stress tolerance (57). This trade-off can have
profound implications on bioengineering strategies to enhance
plant yield. Despite these challenges, bioengineering has led
to plants with 25% or more photosynthetic efficiency, growth,
and yield (58-60). Here, we show that treating dark-grown
Arabidopsis seedlings with ethylene for several days followed by
transfer to ethylene-free conditions and light results in robust in-
creases in the growth of leaves and roots and increased tolerance
to abiotic stresses. Correlating with these results, seedlings pre-
treated with ethylene have almost a 25% increase in carbon fix-
ation and large increases in carbohydrate levels. Although auxin
is often involved in growth-related phenotypes, our results indi-
cate that ethylene pretreatment is not altering auxin responses
to stimulate leaf and primary root growth. NPA blocks the en-
hanced formation of lateral roots by ethylene pretreatment.
More experiments will be needed to determine if this simply
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ethylene-treated (right) seedlings stained for starch as described in the Materials and methods 9 days after transfer to light. Scale bar is 3 mm. B)
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enzymes involved in starch and sucrose biosynthesis were evaluated 5 days after transfer to ethylene-free air and light by gPCR as described in the
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normalized to fresh weight of the tissue at the indicated days after transfer to light (n =5). E) Transcript levels of CINV1 and CINV2 were evaluated 5 days
after transfer to ethylene-free air and light by qPCR as described in the Materials and methods. Each gene was normalized to its levels in the control
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Data in B-F) are the mean + SEM (n > 15).

reflects a requirement for auxin transport or if ethylene pretreat-
ment is altering auxin responses for this trait. In contrast, our
studies reveal that transient ethylene treatment results in large
and long-term increases in both photosynthesis and carbohydrate
abundance resulting in metabolic priming to impact growth and
stress tolerance that is comparable to existing bioengineering
strategies.

Photosynthetically derived sugars control root growth early in
seedling development (61), and hexoses and sucrose can affect
Arabidopsis root growth and architecture (32, 62, 63). Previous
work showed that ethylene affects chloroplast development and
chlorophyll levels and photosynthesis in diverse ways depending
on factors such as plant species, age of the plant, lighting condi-
tions, and stress conditions (2, 21), and treating etiolated
Arabidopsis seedlings with ethylene promotes greening when
they are transferred to light (18, 19). Here, we show an interesting
effect of ethylene on photosynthesis that is induced in darkness,
but is sustained long-term after removal of ethylene and growth

in the light. Similar to a prior study on cucumber (64), an increase
in chlorophyll levels and optimum quantum efficiency occurred
in etiolated Arabidopsis seedlings pretreated with ethylene com-
pared with controls. However, these differences disappeared by
12 h after transfer to light making it unlikely that these changes
are important for the long-lasting changes in growth. However,
the increase in root growth occurs within several hours after
transfer to light and these early, transient changes in photosyn-
thesis may have a role in the early stages of growth stimulation.
Long-lasting increases in RBCS1a, RBCS2b, CINV1, and CINV2 oc-
curred after ethylene treatment which correlates with the higher
carbon assimilation and carbohydrate levels we measured and in-
creased growth.

Our results with monochromatic light indicate that blue lightis
important for growth enhancement after priming. Although
photosynthesis is stimulated by blue light and photosynthesis is
important for this trait, plants also respond to blue light via photo-
receptors such as the Cry and Phot (65, 66). Higher order photl;
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ANOVA.

phot2 and phya,b;cry1,2 mutants still respond to ethylene priming
with enhanced growth. However, both mutant combinations
slightly reduce the growth enhancement response. One interpret-
ation of this is that these photoreceptors are involved, but not re-
quired, for this response. For instance, phot mutants affect
chloroplast movement which could alter photosynthesis (67) to
reduce the effects of priming. Alternatively, these photoreceptors
may be required but have overlapping functions that will only be-
come evident with higher order mutant combinations that elimin-
ate both sets of blue light receptors. It is also possible that other
blue light receptors not tested in this study are required (68, 69).

The growth enhancement from ethylene pretreatment was
blocked in copl and rbes1a2b3b mutants and by chemical inhibi-
tors of photosynthesis and chlorophyll synthesis. Thus, in the ab-
sence of exogenous sucrose, proper chloroplast development and
photosynthesis are required to observe growth stimulation after
treatment with ethylene. Addition of sucrose to cop1, rbcs1a2b3b,
and DCMU-treated wild-type seedlings partially rescues the ef-
fects of ethylene pretreatment. These observations coupled with
the fact that ethylene pretreatment causes a long-lasting up-
regulation of RBCS1a, RBCS2b, and carbon fixation are consistent
with the idea that increases in photosynthetically derived sugars
are involved in the growth enhancement phenotype. The fact
that such enhancement is not observed in rbcs1a2b3b seedlings
shows that the increases in RBCS transcripts are required for the
effects of ethylene pretreatment.

Addition of sucrose to seedlings maintained in darkness after
ethylene treatment results in ethylene-mediated root growth

stimulation supporting the idea that ethylene is leading to
changes in sugar utilization independently of photosynthesis.
Ethylene pretreatment leads to large increases in sucrose, glu-
cose, and starch which correlate with increases in several genes
related to carbohydrate metabolism including CINV1 and CINV2
that encode invertases that break down sucrose and are critical
for carbon allocation for cellulose biosynthesis and normal plant
growth (42, 70, 71). We show that CINV1 and CINV2 are required
for the growth enhancement caused by ethylene pretreatment,
and addition of sucrose does not rescue this trait in cinvl;cinv2
seedlings. Thus, these invertases are regulated by ethylene and
are required for the long-term growth effects caused by ethylene-
mediated metabolic priming. However, our data do not distin-
guish between direct regulation of CINV1 and CINV2 by ethylene
and indirect regulation via other factors such as increased sucrose
levels from higher photosynthesis. Taken together, our results
support a model where transient treatment of dark-grown seed-
lings with ethylene results in a factor or factors that, upon transfer
tolight and ethylene-free conditions, resultin the long-lasting up-
regulation of genes that lead to increased photosynthesis and car-
bon assimilation that lead to higher levels of glucose, sucrose, and
starch and other metabolites to enhance growth (Fig. 6). Whether
or not any of these effects are directly due to ethylene signaling or
are secondary effects caused by other changes has yet to be deter-
mined. Although the metabolomic data indicate many metabo-
lites are up-regulated by ethylene, the results with cinvl;cinv2
suggest that it is the breakdown of sucrose that is critical for
growth enhancement. Our experiments demonstrated that the
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Fig. 6. Model for enhanced plant vigor from ethylene pretreatment in
darkness. In this model, exposure to ethylene while seeds are germinating
in darkness activates ethylene signaling resulting in higher EIN3/EIL1
activity. In the dark, this results in the “triple response.” Also, an unknown
factor or factors downstream of EIN3 and EIL1 lead to long-lasting
changes that, upon illumination and removal of ethylene, result in
increased photosynthesis and sugar metabolism resulting in more stress
tolerance and growth. It is currently unclear if ethylene is directly
affecting all of these pathways or if some effects are secondary to a
primary response. In either case, increased photosynthesis leads to
higher glucose levels in the leaves to increase starch accumulation. The
synthesis of sucrose is also increased which is transported from source to
sink tissues where it is broken down to glucose (and fructose).
Metabolomic data indicate other metabolic pathways are also affected.
Although COP1is known to affect EIN3 levels in the dark, our data suggest
that COP1 affects priming via its role in photomorphogenesis. The
changes in photosynthesis and carbohydrate metabolism might occur
naturally when seeds germinate underground in darkness and ethylene
levels are high due to mechanostimulation from the soil. Upon
emergence into light aboveground, the seedlings are exposed to less
ethylene because of less mechanostimulation and diffusion away from
the aboveground parts of the plant leading to long-lasting developmental
changes.

growth stimulation phenotype is probably due to increased car-
bon availability, rather than sugar signaling via HXK1. However,
we cannot rule out that sugar signaling via other pathways that
control growth and stress responses, such as via the target of ra-
pamycin (TOR) and sucrose non-fermenting 1-related protein kin-
ase 1 (SnRK1) pathways (72), are important for this response.
RNA-seq revealed that ethylene pretreatment leads to the long-
term up-regulation of genes involved in development and mor-
phogenesis and down-regulation of genes annotated to be in-
volved in signaling for environmental stresses. This is consistent
with the fact that stress tolerance and growth often show an in-
verse relationship. However, physiologically, we observe an in-
crease in both growth and tolerance to several abiotic stresses.
Given the large increases in carbohydrate levels, the increase in
both growth and stress tolerance is consistent with prior research
showing that exogenous application of sugars can increase
growth (61) and stress tolerance (55, 56), and starch stores are
often key to survival of plants under stress (73). Furthermore,
ethylene pretreatment increases the levels of both CINVI and

CINV2 and cinvi;cinv2 loss-of-function mutants fail to have in-
creased growth or heat stress tolerance indicating that regulation
of sucrose breakdown is a key process affected by ethylene pre-
treatment. Ethylene has previously been shown to prime plants
for specific stresses (44, 45, 47-54), but in most cases, this has
not been linked to photosynthesis or carbohydrate levels.
However, pretreatment of rice seedlings with the ethylene precur-
sor 1-aminocyclopropane-1-carboxylic acid to increase ethylene
levels caused enhanced submergence tolerance and led to higher
chlorophyll levels (46) supporting the idea that metabolic priming
by ethylene is widespread across angiosperm species. Our results
showing enhanced growth of tomato, cucumber, and wheat sup-
port this. It is likely that other factors are influenced by ethylene
to affect stress tolerance. For instance, the metabolomic analysis
indicates that several pathways that affect stress tolerance, such
as glyoxylate, nicotinate, and glutathione metabolism, are af-
fected by ethylene-mediated metabolic priming.

It is likely that ethylene signaling in darkness is leading to long-
term changes that are indispensable for the growth phenotype.
Our data do not identify which factor(s) downstream of EIN3/
EIL1 mediate the ethylene effects in darkness that are responsible
for these long-term changes upon transfer to light. However, dis-
tinct light and dark transcriptional networks regulated by EIN3
and EIL1 could provide a clue to the mechanism for this trait.
Two such candidates that are involved in the distinct light and
dark responses to ethylene are the PIF transcription factors (15,
17-19, 24, 25) and COP1 (21, 64, 70). Our results with pifq plants in-
dicate these PIFs are not involved; however, COP1 is required for
the growth enhancement phenotype in the absence of exogenous
sucrose. COP1 has previously been shown to regulate EIN3 since
EIN3 levels are enhanced by COP1 in darkness (19, 74). However,
given the importance of COP1 in the development of chloroplasts,
it is more likely that COP1 is required for growth enhancement
through its effects on photomorphogenesis and photosynthesis.
In support of this, exogenous sucrose does not rescue ethylene-
mediated growth enhancement of ein3;eill, but does rescue
copl-4 suggesting that EIN3/EIL1 are not acting downstream of
COP1 for this trait.

During seed germination, mechanical stress caused by growing
through soil leads to higher ethylene levels, which is important for
seedlings to sense mechanical stress and successfully navigate
through the soil from darkness into light (18, 74-78). Our studies
show that germinating seeds may require this initial stress to in-
crease ethylene levels to affect development for robust growth
and tolerance to stresses. This is consistent with the idea that
mechanical stress can prepare plants against future stresses by
affecting hormone biology (79). The growth stimulation caused
by ethylene seems to be a general trait of angiosperms since we
see similar ethylene-induced growth enhancement in several
angiosperm species. Thus, this represents a possible new ap-
proach to increase plant vigor, perhaps in greenhouse applica-
tions where plants can be easily pretreated with ethylene.

Materials and methods

Plant materials

Unless otherwise specified, experiments were carried out on A.
thaliana in the Col background. Col and Wassilewskija seeds are
lab stocks. The ein2-5 seeds were from Anna Stepanova (7),
ein3-1;eill-1 seeds from Joseph Ecker (12), copl-4 mutants from
Peter Schopfer (61), cinvl;cinv2 seeds from Charles Anderson
(70), mutants of the small subunits of Rubisco (rbcs2b3b, rbesla3b,
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and rbcsla2b3b) were from Alistair McCormick (41), and hxk1-3;
rgs1-2 (80), pifl-1;pif3-7;pif4-2;pif5-3 (81), and additional ecotypes
and the photl and phot2 seeds were from the Arabidopsis
Biological Resource Center. The DR5::GUS lines were from Elena
Shpak. All mutants are in the Col background. Seeds of tomato
were obtained from Zellajake Farm and Garden, cucumber from
Isla’s Garden Seeds, and wheat from Palouse Brand.

Preparation of seeds and growth

Arabidopsis seeds were surface sterilized and sown on 0.8% (w/v)
agar containing half-strength Murashige and Skoog basal salt
mixture, pH 6.0 with no added sugar. In some experiments, the
medium was supplemented with the indicated concentration of
other compounds. Prior to growth experiments, seeds were strati-
fied for 2-3 days at 4°C, light-treated for 2 to 4 h under continuous
fluorescentlights, and then wrapped in aluminum foil. Seeds were
allowed to germinate and grow on vertically orientated plates for 3
days in darkness in chambers through which ethylene-free air or
ethylene was passed at a flow rate of 50 ml min~*. Unless other-
wise specified, ethylene treatment of seedlings was carried out
with methods modified from Binder et al. (82) using a concentra-
tion of 0.7 ppm ethylene. At the end of this treatment (designated
day 0), images were acquired by scanning on a flat-bed scanner.
The position of each root tip was then marked, and the plates
were transferred to ethylene-free chambers under a 16-h photo-
period (120 umol m~2 s~ at 21 to 23°C for up to 14 days. To exam-
ine the effects of monochromatic light, seedlings were transferred

to ethylene-free conditions under continuous 40 umol m™2 s~*

white, 53 umol m™ s~ blue (Apnax=462nm), 20 umol m~2 s~*
green (Amax=525nm), 28 umol m™ s! red (Amax=672nm),
12 pmol m~ s7* far-red (Amax =732 nm), or darkness for 9 days.
Monochromatic light was delivered using light-emitting diode ar-
rays from Quantum Devices. The amount of new primary root
growth and number of lateral roots were determined using
ImageJ (ver. 1.52E). Lateral root density was then calculated for
each seedling from these parameters. For all analyses, the length
of new root growth after transfer to light is measured. In some ex-
periments, leaf biomass was determined 14 days after transfer to
light by removing shoot tissue and weighing the tissue fresh
weight for each seedling.

To determine the longer-term effects of ethylene pretreatment,
Arabidopsis seeds were prepared as above and sown in soil com-
prised of a 2:1 mixture of peat light:perlite. They were then treated
in darkness for 4-5 days with either 0.7 ppm ethylene or ethylene-
free air followed by ethylene-free conditions in a 16-h photo-
period. Images were taken at the times designated.

Tomato and cucumber seeds were surface sterilized with 5% (v/
v) bleach for 30 min. Tomato seeds were placed under white light
for 2-3 h and then planted in soil mixture. Cucumber seeds were
soaked in water for 1 h under white light, then excess water re-
moved and light treated for 2 h. They were then transferred to
soil. Wheat seeds were surface sterilized with 33% (v/v) bleach
for 15 min, rinsed three times with sterile distilled water, and
sown on 0.8% (w/v) agar plates. For all three species, the seeds
were then treated in darkness for 3.5-4 days with either 0.7 ppm
ethylene or ethylene-free air. They were transferred to ethylene-
free and long-day conditions. At the indicated times, images
were taken of the plants. The height and leaf area of tomato
were determined using Image]. Wheat seedlings were imaged
1.5 days after transfer to light and the length of the primary root
determined using ImageJ.

Growth rate measurements of primary roots

Seedlings were treated and grown on vertically orientated plates as
described above. After 3 days in the dark in the presence or absence
of 0.7 ppm ethylene, seedlings were transferred to continuous white
light (75 pmol m~ s7%) and ethylene-free conditions. At this time,
high-resolution time-lapse imaging was carried out on the primary
roots using imaging setups previously described (83). Imaging was
started 15 min after transfer to light and images were acquired
every 15 min for 22 h. New growth in each time interval was then de-
termined and the growth rate calculated for each time interval. To
estimate the latent period for an effect of ethylene pretreatment,
we used two methods. One was to determine the time at which
ethylene pretreatment led to a statistically significant change in
the mean growth rate between the two conditions using Student’s
t test (P <0.05). The other was using cumulative sum control chart
analysis to determine the time at which the growth rate trends di-
verged between the control and experimental seedlings (84).

Photosynthesis and chlorophyll measurements
To determine optimum quantum efficiency (F,/Fr,) and chloro-
phyll levels, ~50 Arabidopsis seeds were plated on agar plates
and treated as above. For quantum efficiency measurements,
plates of seeds were transferred to continuous white light and at
the times indicated placed in a FluoroCam 800MF (Photon
Systems Instruments, Czech Republic), dark acclimated for 3-
5 min, and the F,/F,, measured using a preprogramed protocol.
To determine chlorophyll a and chlorophyll b levels, cotyledons
were excised at the times indicated. Chlorophyll was extracted
with acetone and quantified with a spectrophotometer according
to the methods of Lichtenthaler (85). Data were normalized to the
tissue fresh weight.

To determine photosynthetic capacity and stomatal conduct-
ance, Arabidopsis plants were grown in soil and treated as above.
After 24 days growth in a 16-h photoperiod, leaf 7 was clamped
in a cuvette (LI6400XT, LI-COR, Lincoln, NE, USA) with a
light emitting diode. Light intensity was 350 umol m~2 s~ (10%
blue and 90% red) with a block temperature of 22°C, humidity of
55%, constant CO, concentration maintained at 400 pmol mol~?,
and a flow rate of 500 pmol s~'. When stomatal conductance
and net assimilation were stable, two to three measurements
were made to represent a technical replicate. All experiments
were repeated three times.

Ethylene measurements

Arabidopsis seeds were prepared as above except they were placed
on agar in 130-ml jelly jars covered with aluminum foil. Eight days
after treatment with ethylene, the jars were sealed with gas-tight
lids fitted with a septum, and 24 h later, the amount of ethylene in
the headspace was measured using an ETD-300 ethylene detector
(Sensor Sense).

GUS reporter gene assay and microscopy

Transgenic seedlings expressing DR5:GUS were grown and
treated with ethylene or ethylene-free air as described above.
GUS staining was carried out 5days after transfer to light.
Images of leaves and roots were taken using a dissecting micro-
scope (Olympus SZH10) with a digital camera (Canon Rebel T1i).

Starch and glucose analyses

Arabidopsis seedlings were grown and treated with ethylene and
ethylene-free air as described above. For starch staining, seedlings
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were harvested at 9 days after transfer to light and then were
boiled in 95% ethanol to remove chlorophyll after which seedlings
were rinsed twice in distilled water. Leaves were stained for
10 min in Lugol’s iodine solution (Volu-Sol) in the dark and then
rinsed in water to clear excess background. Images were acquired
using Zeiss Stereo microscope Discovery V8 with a Canon camera.
For starch quantification, seedlings were collected 9 days after
transfer to light and for glucose quantification 5 and 9 days after
transfer to light. For both assays, seedlings were frozen in liquid
nitrogen after weighing and then ground into fine power in a
2-ml Eppendorf tube containing two steel balls using a homogen-
izer (Biospec). Starch quantification was performed as described
in the protocol of the starch assay kit (SA20, Sigma) and glucose
quantification as described in the glucose assay kit (GAHK20,
Sigma). For all assays, seedlings were harvested at 10 h into the
photoperiod.

Untargeted metabolomic analysis

Arabidopsis seedlings were grown and treated as described above.
Seedlings were harvested 6 days after transfer to light and at 10 h
into the photoperiod. Samples were weighed and quickly frozen in
liquid nitrogen before untargeted metabolomic analysis using ul-
traperformance liquid chromatography coupled with hybrid
quadrupole Orbitrap mass spectrometry (UPLC Orbitrap MS/MS)
at the Biological and Small Molecule Mass Spectrometry Core
Facility in the Department of Chemistry at the University of
Tennessee. MetaboAnalyst 5.0 was used for partial least squares
discriminant analysis and VIP scores and to conduct pathway
analysis (86). Data represent the analysis of five biological repli-
cates for controls and four replicates for ethylene-pretreated sam-
ples which were each analyzed with three technical replicates and
normalized to tissue fresh weight.

RNA isolation and real-time qRT-PCR

Whole seedlings were collected and quickly frozen in liquid nitro-
gen. Total RNA was extracted using the PureLink plant RNA re-
agent (Ambion, TX, USA) and treated with turbo-DNase
(Invitrogen). RNA was purified using acid phenol-chloroform
(Invitrogen). RNA concentration was determined using a
NanoDrop after which samples were normalized to the same con-
centration for cDNA synthesis. First-strand cDNA synthesis was
done using SensiFAST cDNA synthesis kit (Meridian Bioscience).
Primers were designed across exon junction using the online
Primer3Plus program. Secondary structures were identified to
eliminate primer dimers using the IDT UNAFold program, and pri-
mer quality and efficiency were determined to be between 90 and
100%. gPCR was performed using Sensifast SYBR No-Rox
(Meridian Bioscience) as described in the manual with the follow-
ing PCR conditions: 28 cycles of 98°C for 30 s, 98°C for 10 s, 60°C for
30s,and 72°C for 30 s followed by 72°C for 5 min. Gene expression
levels relative to the previously validated reference genes UBQ10
(At4g05320) and GAPDH (At1g13440) (87) were used for each sam-
ple following the method of Pfaffl (88). Specific primer sequences
for these analyses are listed in Table S5.

RNA sequencing

Arabidopsis seeds were germinated in the presence or absence of
0.7 ppm ethylene in darkness for 3 days, followed by transfer to
ethylene-free conditions and light for 5 days. At this time, seed-
lings were harvested and quickly frozen in liquid nitrogen. Total
RNA was extracted using TRIzol and sent to Genewiz (Azenta
Life Sciences, South Plainfield, NJ) for library preparation and

sequencing using an Illumina HiSeq 4000. This produced over 25
million paired-end reads per sample. All data analyses including
read trimming, GO analyses, differential gene analysis, and map-
ping reads to the A. thaliana reference genome were conducted by
Genewiz. Three biological replicates were used for each condition.
The RNA-seq data discussed in this publication are deposited in
the NCBI's Gene Expression Omnibus (89) and are accessible
through the GEO Series Accession Number GSE218645 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE218645).

Salt stress assays

Seeds were initially sown on sterile nylon filters placed on agar
plates and treated as above. At 5 days after removal of ethylene
and transfer to light, the seedlings were transferred to plates
with either 150 mm NaCl or no added salt and survival rate deter-
mined 1 week later by monitoring chlorosis. All experiments were
repeated 3 times.

Heat tolerance and hypoxia assays

For both assays, seeds were prepared as described above and
stress administered 5 days after transfer to light. Heat tolerance
assays were carried out based on published methods (90, 91) at ei-
ther 22 or 43°C for 22 min. Seedlings were returned to 22°C, and
any that turned white and had not grown new leaves by 3 days
afterwards were scored as having died.

Hypoxia stress treatments on Arabidopsis seedlings were ad-
ministered by argon gas as previously described (92). Briefly, hyp-
oxia was administered by purging a sealable chamber (9.5-1 jar
Gas Pak System, BBL) with argon gas (AR UHP300, Airgas) to a final
O, level <2% measured by using a Traceable Oxygen probe (Fisher
Scientific). Plants were kept in hypoxic conditions in darkness for
12 h and then were returned to normal aerobic long-day growth
chamber conditions. Plant survival was then assessed over a
3-day period by monitoring the absence of shoot chlorosis (93).
Control (normoxic) plants were treated identically except that
the argon purging step was omitted.

Statistical analyses

Pairwise comparisons were conducted with Student’s t tests using
Excel (Office 2019). For multiple group comparisons, ANOVA tests
were performed using GraphPad Prism ver. 9.3.1. Cumulative sum
control chart analysis was conducted using Excel.
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