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Ethylene signaling pathway is not linear, however
its lateral part is responsible for sensing
and signaling of sulfur status in plants
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A secondary, non-linear, lateral part of ethylene signaling pathway has been anticipated and speculated before.
Recently, it has been found that part of the proteomic response of Eruca sativa to silver nitrate (which is an inhibitor of
ethylene signaling) is related to sulfur metabolism. Using public Arabidopsis thaliana microarray data, | show that silver
nitrate mimics the signal of sulfur starvation at the transcriptome level. This, combined with data mined from literature,
indicates that ethylene receptors are localized at the beginning of the response to sulfur deficiency in plants. This
means that the non-linear, lateral part of ethylene signaling pathway exists and is responsible for transduction of the
signal of sulfur deficit. Here, | present a model of such a pathway and anticipate it to be the starting point for more
detailed analysis of the lateral part of ethylene signaling pathway and the exact mechanism of sulfur status sensing in
plants.

Introduction

Ethylene is a simple hydrocarbon gas that is known as one of plant hormones. Most of ethylene response effects are induced
through linear pathway (Fig. 1) of ethylene signal transduction.' In Arabidopsis thaliana, ethylene is sensed by ETR1 (ETHYLENE
RECEPTOR1), ETR2, ERS1 (ETHYLENE RESPONSE SENSORI1), ERS2, EIN4 (ETHYLENE INSENSITIVE4). These five
members of ethylene receptors family work as negative regulators upstream the CTR1 (CONSTITUTIVE TRIPLE RESPONSE1).
When ethylene is absent, the receptors activate CTR1, a serine/threonine-protein kinase which directly phosphorylate the EIN2 and
therefore suppresses the ethylene signal transduction.”” In the presence of ethylene, CTR1 stays inactive which results in EIN2 pro-
teolytical processing. After that the C-terminal domain of EIN2 migrates to the nucleus’ where activates the transcription factors
EIN3, EIL1 (EIN3 likel) and EIL2 >° and therefore initiates transcriptional cascade in response to ethylene. Noteworthy, another
EIL, namely the EIL3 also known as SLIM1 (SULFUR LIMITATIONT1), has been shown to control the transcription of most of the
genes related to plant response to sulfur deficit and not partake in response to ethylene.”

A secondary, non-linear, lateral part of ethylene signaling pathway has been anticipated and speculated before based on overlapping
and non-overlapping roles of ethylene receptors (reviewed in®) as well as on research regarding role of MAPK (mitogen-activated pro-
tein kinase) signaling cascade in ethylene signaling.” No clue of such lateral part of ethylene signaling has been demonstrated yet apart
from the strong theoretical need for the explanation of the ethylene receptor differences and controversy of MAPK cascade involve-
ment in ethylene signaling pathway.

Ethylene is involved in many processes of plant growth and development, such as seed germination, seedling growth, leaf, root,
stem and flower development, fruit ripening, organ senescence and abscission. It also plays an important role in plant response to
both biotic and abiotic stresses such as drought, water-logging, flooding, wounding, mechanical impedance, salinity, and various
pathogens (for reviews see: '>'"). In addition, there is strong evidence about involvement of ethylene in plant responses to nutritional
stresses. Changed level of ethylene production was reported as a result of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca),
magnesium (Mg) and iron (Fe) deﬁciency.lz’14

In recent decades anthropological sulfur dioxide (SO,) emission to the atmosphere has been greatly reduced.'® That caused mostly
positive effects; however, the decrease in the amount of sulfur (S) in the natural environment, has become lately a limiting factor in
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Figure 1. Current linear model of ethylene signaling pathway in Arabidopsis. Ethylene is sensed by 5 members of ethylene receptors family: ETR1 (ethyl-
ene receptor 1), ETR2, ERS1 (ethylene response sensor 1), ERS2, EIN4 (ethylene insensitive 4). When ethylene is absent, the receptors activate CTR1 (con-
stitutive triple response 1), which directly phosphorylate the EIN2 and therefore suppresses the ethylene signal transduction.>® In the presence of
ethylene, CTR1 stays inactive and EIN2 activates the transcription factors EIN3, EIL1 (EIN3 like1) and EIL2 56 and therefore initiates transcriptional cascade
in response to ethylene.

plant production in some areas over the world.'® Therefore a strong stimulus to investigate the metabolism of S and its regulation in
plants appeared. Despite the intensive research in the area, some questions remain unanswered. One of the fundamental, open prob-
lems is the nature of perception and signaling of the early stages of S deficiency.

A particularly strong link of S metabolic pathway with ethylene is stressed by the fact that ethylene biosynthesis starts from methio-
nine, which is converted to S-adenosyl-methionine (SAM) (for recent review see: 7). Therefore, multiple attempts to link S deficit
with ethylene signaling pathway have been undertaken previously, but no simple conclusion has been provided. The increase of ethyl-
ene production, during response to S deficiency, by Nicotiana tabacum '® and Solanum lycopersicum " plants has been reported, but
most of the ethylene responsive genes remains unaffected,'® like in microarray studies on Arabidopsis thaliana.”>*" The factor, respon-
sible for lack of correlation for results of ethylene measurements and transcriptomics, might be the regulation of ethylene signaling.
Recently, it has been shown that Nicotiana attenuata plants, which heterologously expressed the mutant A. thaliana ethylene receptor
etrl—I, were impaired in sulfate uptake and S metabolism.** Such changes, according to current knowledge, have to be mediated
through EIL3. Moreover, it has been found lately that part of the proteomic response of Eruca sativa to Ag" ions is related to S metab-
olism.”> Noteworthy, the Ag™ ions inhibit the hormone signaling at the sensing level hence silver nitrate (AgNO3) is frequently used
to study ethylene perception.

In this work, the draft of model of secondary, lateral part of ethylene signaling is presented. The fundamental part of the model is
EIL3, already known as the central transcription factor in plant response to S deficiency. Previous data suggests that signal to EIL3
might be relayed from ethylene receptors.”>*> To test such hypothesis, the response to S deficiency and AgNOj treatment should
share characteristic similarities shown in this study.

Materials and Methods
The Perturbations Tool (also described as GENE SEARCH across Perturbations) of Genevestigator 24 software was used for find-
ing genes similarly up-regulated under chosen conditions and for visualization of the expression levels of the identified genes. Default

settings was used: all base categories were selected, the base checkboxes were not shown, the threshold was set at 0.5. The methodology
behind the tool utilizes the Kg parameter which measures how specific the up-regulation of a gene is in the target categories compared
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to the base categories. The relevant part of software documentation define the Kg parameter as:
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where s; , is the meta-profile signal for category i and gene g, T, is the set of all target categories in the upregulated group, Ty is the set

Kg=

of all target categories in the down-regulated group, B" is the set of all base categories with positive log-ratios (log(sig) > 0) and B~
is the set of all base categories with negative log-ratios (log,(s; 5) < 0).

Results

In this work, to find correlations in plant responses to S deficit and AgNOj treatment, I analyzed the publicly available Arabidopsis
microarray data and identified a group of 20 genes (Table A1) up-regulated in the similar manner under both conditions (Fig. 2,
Table A2). Many of these genes are considered as the S deficiency markers. The 11 of 20 recognized genes could be found among 32
genes previously reported to be under the control of a transcription factor EIL3.” Noteworthy, based on the list of the mentioned 32
genes, EIL3 is considered to be a central transcription factor responsible for plant early response to S deficiency. On the other hand,
the data, for expression of the 20 identified genes in s/im1 knock-out plants (Table A3), suggest that 3 more genes may (at least par-
tially) stay under the control of EIL3, namely SIPI;2 (SMALL INTRINSIC PROTEINI;2) (affected in both knockout lines) and
LSU2 (RESPONSE TO LOW SULFUR?2) as well as OPRI1;2 (12-oxophytodienoate reductasel;2) (affected only in one knock-out
line, slimI-I). Moreover, among the remaining 6 genes only APR2 (adenylylsulfate reductase2) and APR3 have been upregu-
lated by S deficit in control plants, in the cited experiment. This indicates that expression of only 2 gens (APR2 and APR3),
out of 20 identified in this study, for sure do not stay under EIL3 influence during plant early response to S deficiency.

To determine how S deficiency is coupled with ethylene signaling, I revealed that no correlation in regulation of transcription (for
the 20 genes) could be found between S deficit and treatment with ethylene, ethylene precursor 1-Aminocyclopropane-1-carboxylic
acid (ACC), or inhibitor of ethylene biosynthesis Aminoethoxyvinylglycine (AVG) (Fig. 2, Table A2). Consequently, the observed
correlation, in gene expression, in responses to S deficit and AgNOj5 treatment, is specific to AgNOj action.

Some new effects of AgNOj3 treatment (unrelated to the ethylene signaling pathway) have been reported recently.”>*>?® Therefore,
I had to examine the hypotheses that AgNO3 mimics the S deficit signal not by its action on the ethylene receptors.

Heavy metals (including Ag) induce particular plant response including production of glutathione (GSH) and heavy metal chela-
tors, the phytochelatins (PCs). The excessive need for the S containing metabolites (such as PCs and GSH) is especially strong for cad-
mium (Cd).*” Therefore Cd could cause some type of S deficiency itself. The effect of Ag" ions might be similar to Cd*" ions as has
been recently proposed.”” However, the toxic effect of heavy metals depends on the concentration and time of treatment, and the
induction of transcription of the selected 20 genes could not be detected in short time experiments utilizing low concentration of
Cd*" ions (Fig. 2, Table A2).

On the other hand, even concentration as low as S.M of AgNO3 could greatly reduce the potassium (K™) ions influx to roots.>
However, I showed that the 20 genes of interest are not induced by neither early nor late K starvation (Fig. 2, Table A2).

One more effect of AgNOj is the increase of auxin efflux from Arabidopsis root tips.”® Such increase could result in decreased level
of endogenous indole-3-acetic acid (IAA). However, microarray data related to various conditions related to IAA, reveal no influence
on the expression of most of the 20 genes of interest (Fig. 2, Table A2).

In summary, the co-expression of the 20 genes under S deficit and AgNOj treatment could not be explained by the generic toxicity

5

of heavy metals, the decrease of K" uptake or increase of auxin efflux. So, according to current knowledge, the mechanism of AgNO;
ability to mimic the S deficit signal have to be linked with ethylene signaling, more precisely with binding to ethylene receptors. Inter-
estingly, Ag" ions inhibits the ethylene perception, but promotes ethylene binding to ETR1 and ERS1.® Besides, experiments show-
ing that the effect of AgNOj3 on the linear ethylene signaling pathway is connected with the hormone receptors have underlined the
dominant role of ETR1.?® Therefore, I examined the data for the A. thaliana etrl—1 mutant which produces mutated ETRI protein
that could not relay signal in linear ethylene signaling pathway. The results signify that the correlation documented in this study is
not dependent on ETR1 role in primary linear ethylene signaling pathway (Fig. 2, Table A2). In Arabidopsis 4 other ethylene recep-
tors exist (ETR2, ERS1, ERS2 and EIN4) and could supplement the role of ETR1.® Therefore, I investigated the microarray data for
the A. thaliana ein2—1 knockout mutant of the downstream element of the pathway, EIN2.*> The observed mild induction of only a
fraction of the 20 genes could not fully explain the AgNOj; or S deficit effect (Fig. 2, Table A2). This shows that the mechanism that
I looked for is not dependent on the inhibition of signal transduction through the primary, linear ethylene signaling pathway.
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Figure 2. Expression of the A. thaliana genes found as similarly upregulated under S deficit and AgNO3 treatment. Similar upregulation has been found
based on data from experiments marked with red boxes. Genes previously reported to be under the control of transcription factor EIL3 (also known as
SLIM1) are marked with asterisks. For annotations of genes see Table A1, for numerical data see Table A2.

Discussion

Data presented in this manuscript indicates that AgNO3 mimics the signal of S deficiency. The identification of 20 genes similarly
up-regulated in response to S deficit and AgNOj treatment could be explained only by EIL3 action. Therefore AgNO3 somehow
influences EIL3.

Here, I propose the model of the lateral part of ethylene signaling pathway responsible for transduction of S deficit signal (Fig. 3).
It is lateral as it shares the beginning with the primary, linear ethylene pathway but leads to expression of different genes at the end. It
begins at the ethylene receptors level where the S status in cell should be recognized. The exact mechanism of such sensing is yet to be
discovered, but the potential signaling molecule should function analogously to AgNOs. The next element is EIL3 which, in my
model, plays similar role to the EIN3 in primary ethylene signaling. In contrast to other family members (namely EIN3, as well as
EIL1 and EIL2 >©), EIL3 is the member of the family that has not been shown to partake in response to ethylene, but instead
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modulates the transcription of most of the genes related to S deficit.” Noteworthy, my model links EIL3 with lateral part of ethylene
signaling as the changes in transcription of most of the 20 genes identified in this work could be explained by EIL3 action.

Based on current knowledge the signal from the receptors to the EIL3 might be transferred through: (I) 2-component signaling
pathway,*q’o’32 (I) MAPK signaling cascade,”**34 (111) unidentified molecules, (IV) directly.

The link of the 2-component signaling pathway with ethylene signaling is on the receptors level. The interaction of AHP1
(histidine-containing phosphotransmitterl) with ETRI %0 and modulation of ethylene response by ARR2 (2-component
response regulator ARR2) have been reported.’** The possibility of existence of pathway, independent from main linear eth-
ylene signaling, is supported by the exhibition of partial response to ethylene in ¢z null mutants.>>® The two-component
phosphorelay has been suggested as a candidate for such lateral pathway.® However, MAPK cascade has been shown to directly
modulate EIN3 stability ? and therefore it also could be responsible for lateral ethylene signaling. Interestingly, during plant
response to S deficiency, transcription of only fraction of ethylene responsive genes is induced,'®**?! despite increased ethyl-
ene production.'®! Noteworthy, stabilization due to phosphorylation by MAPK of at least one form of ACC synthases, and
therefore increase in ethylene biosynthesis has been shown.”’”” On the other hand, the similarity of EIN3 and EIL3 also
point to MAPK cascade as it has been shown that the stability of EIN3 is regulated by phosphorylation mediated by MAPK
kinases.” Additionally, such hypothesis could finally resolve the controversy of involvement of MAPK cascade in linear ethyl-
ene signaling pathway.*>*' Many of the inconsistent results of studies on MAPKs could be explained by different S status in
cells of used plants.

While further research is needed to identify the way of signal transduction to EIL3, the next step of the early response to S deficit is
induction of the genes identified in this study. Noteworthy, the candidates for modulators of the response to S starvation should be
found among these genes. Indeed, a regulatory role of LSUs and SULTR1;2 (SULFATE TRANSPORTER1;2) has been reported
recently."®** Interestingly, transcription of the homologues of EIN4 and ERSI is mistegulated in Nicotiana tabacum plants with the
lowered level of UP9 family (in Arabidospsis the family is called LSU) transcripts.18 Moreover, the mentioned research has underlined
the complexity of the linkage between ethylene signaling and S starvation as increased ethylene production in response to S deficit has
been reported, but not in the plants with lowered transcription of the UP9 family members.

One of the ways to verify the proposed model is to study the plant response to S deficiency in the plants with changed
level of the ethylene receptor genes. For example overexpression of ethylene receptor genes should cause the plants inability to
sense current S status in the cells. Such plants should have S deficiency symptoms even under optimal sulfate supply. Note-
worthy, it has been recently shown that Nicotiana attenuata plants, which heterologously expressed the mutant A. thaliana
receptor etrl—1I, were impaired in sulfate uptake and S metabolism.”” The mentioned results include abnormal phenotype of
358-etr] seedlings under optimal sulfate supply and correspond with the model proposed in this study. Noteworthy, the data
presented in the mentioned study®” in the light of the model presented in this study, clearly links ETR1 with the EIL3 action
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J 20 genes identified in this study ‘

Early response to S deficit Response to ethylene

Figure 3. Model of role of AgNOs in primary, linear and suggested secondary, lateral ethylene signaling pathway. Secondary ethylene pathway (responsi-
ble for transduction of signal of S deficit) is presented on the left, primary on the right. The most speculative parts of pathway (including 3 distinct possi-
bilities of signal transduction from ethylene receptors to EIL3 (also known as SLIM1) is light gray. AHP1 (histidine-containing phosphotransmitter1), ARR2
(2-component response regulator ARR2), MAPK (mitogen-activated protein kinase), MEK also known as MAPKK (MAPK kinase).
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and therefore with sensing of S status. Moreover this linkage is not related with ETR1 role in primary ethylene signaling path-
way as the used mutated receptor could not relay the signal of ethylene downstream the linear pathway. On the other hand,
such murtation seems to not affect the ETRI ability to properly function in the lateral part of ethylene signaling pathway.
This means that data from the cited study** could be treated as experimental validation of the model of lateral ethylene signal-
ing pathway presented in this study. Summarizing, the data obtained using Nicotiana attenuara plants, which heterologously
expressed the mutant A. thaliana receptor etrl—1 ** indicates that the correlation identified in this study could be explained
by AgNOj effect on ethylene receptors resulting in relay the signal to EIL3, which regulates most of the plant early response
to S deficit.

For the first view, most of the effects showed in this study could be explained also by a hypothesis that silver ions could directly
block S uptake. However, no data to confirm such theory exists in literature. On the other hand, data cited in the previous paragraph
clearly confirms my model. Additionally, it has been proposed that the effect of Ag™ ions might be similar to other heavy metals.”®
This means that silver ions should actually increase not decrease the S uptake. Noteworthy, data presented in this study (Fig. 2,
Table A2) also indicates that low concentration of Ag™ ions should not result in S deficit.

I anticipate my model to be the starting point for more detailed analysis of the non-primary ethylene signaling pathway.
Previously, the thinking of ethylene signaling pathway has been restricted only to functions linked with ethylene, but even the
core elements of pathway might actually play role in more complex signaling. Utilizing this new point of view, the knowledge
about structure and role of ethylene signaling pathway could be expanded. Additionally, my work explains the nature of up to
now open, fundamental problem with determining the exact mechanism of S status sensing in plants. The ethylene signaling
has not been seen before as the candidate to transfer S deficit signal because only the primary, linear pathway has been
considered.
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