ABSTRACT

Bullock, David Allen. Exploring The Molecular Mechanism of The Initial Response to Ethylene in
Arabidopsis Thaliana (Under the direction of Drs. Anna Stepanova and Jose Alonso)

Ethylene is a gaseous phytohormone that drives multiple growth and development
responses. External ethylene exposure causes robust phenotypic changes, such as the triple
response in etiolated seedlings and drastic gene expression changes at transcriptional and post-
transcriptional levels. In contrast, the molecular nature of the initial phase of the growth
response to ethylene, known as the fast response, is less understood. However, it is currently
thought that the fast response to ethylene does not require gene transcriptional mechanisms.

This project aims to shed light on the molecular basis of the fast ethylene-mediated
response. To accomplish this goal, we completed the following objectives. First, we developed
and implemented a high-throughput live infrared imaging pipeline to monitor seedling growth
dynamics with custom-made MATLAB software developed in our lab.

Second, we investigated the role of the hormone auxin in the fast response to ethylene.
Our semi-automated imaging pipeline assesses the ethylene phenotypes of a set of previously
characterized auxin mutants and wild-type plants. We treated WT seedlings with an auxin
biosynthesis inhibitor, kynurenine, and confirmed that the fast ethylene response requires
normal auxin levels. We also characterized the roles of additional hormones in the fast ethylene
response.

The third objective addressed the possibility that ethylene-mediated gene translational
regulation modulates the fast ethylene response. We have characterized several T-DNA
knockouts corresponding to translationally-regulated ethylene-responsive genes. We have

determined that these genes do not play a prominent role in the fast response to ethylene. In



parallel, we pursued a pharmacological approach to examine the role of translational regulation
in the ethylene response growth kinetics. We hypothesized that treating the plants with
translation inhibitors such as cycloheximide before ET exposure should interfere with the initial
ethylene-meditated response. We observed that cycloheximide treatment enhances the
sensitivity to ET in roots and delays the ET-mediated recovery in both the roots and hypocotyls
of WT seedlings.

Our fourth objective was to investigate the role of ETHYLENE INSENSITIVE2 (EIN2), an
endoplasmic reticulum-localized ethylene signaling molecule, in the fast ethylene response. The
C-terminal domain of EIN2 (EIN2C) is known to be dephosphorylated and cleaved from the full-
length ER-localized EIN2 protein during external ethylene exposure. EIN2C then directly or
indirectly regulates gene expression in the cytoplasm at the translational level and in the
nucleus at the transcriptional level via EIN3. Currently, the EIN2 N-terminal end (EIN2N)
function is unknown. Therefore, we analyzed the ethylene-mediated growth kinetics of various
EIN2 mutant alleles with defects in the ethylene response. We found that neither the EIN2N nor
EIN2C alone can support the fast ethylene response individually, indicating that both parts of
EIN2 are required for this process.

Finally, we gained additional support for the idea that the fast ethylene response is
independent of gene transcription. We pursued two different approaches to accomplish this
goal. First, we aimed to generate CRISPR/Cas9 knockouts of all EIN3/EIL family members,
starting with the ein3-1 eil1-1 mutant background. Second, we obtained an ein3 eil2 eil3 mutant

and characterized the fast ethylene response in this higher-order mutant. In the ein3 eil2 eil3



mutant, we observed an initial response to ethylene and an enhanced growth recovery during

prolonged ethylene treatment.
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CHAPTER 1

Introduction

Plants utilize a complex array of chemical messengers to respond to various
environmental and internal cues to coordinate cellular activities. These chemical messengers
are known as phytohormones, and these small molecules control every aspect of plant growth
and development [1]. Chapter 1 discusses the ethylene (ET) signaling pathway components and
how mutations in these components alter the ET-mediated response. In addition, Chapter 1
describes how other phytohormone signaling pathways, such as that for auxin, gibberellic acid,
and jasmonic acid, interact with ET-mediated growth dynamics in Arabidopsis.
The ET biosynthesis pathway

ET biosynthesis involves a simple two-step enzymatic pathway [2]. First, the substrate S-
adenosyl-I-methionine (SAM) is converted to 1-aminocyclopropane-1-carboxylic acid (ACC) and
5’-methylthioadenosine (MTA) by ACC synthase (ACS) [3, 4]. Second, ACC is converted to ET,
carbon dioxide, water, and cyanide by ACC oxidase (ACO) [5, 6] [Figure 1]. Since ACS and ACO
are the only two enzymes involved in ET biosynthesis, much of the regulation of overall ET
production occurs by manipulating the transcription, translation, and protein stability of ACS

and ACO [Figure 1].
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Figure 1. The ET biosynthetic pathway. ET is made from SAM via ACC by ACS and ACO.

The ET signaling pathway

The phytohormone ET works with other phytohormones to drive cell elongation and
expansion, fruit ripening, and leaf senescence [7, 8, 9, 10]. In addition, ET influences the
structure of etiolated seedlings by triggering molecular changes at gene transcription and post-

transcriptional levels.

Subfamily | Subfamily 11

ETR2 ETR2 EIN4 EIN4 ERS2 ERS2
e membrane /| \ )\ |\
A \

Cytoplasm

Figure 2. The ET receptors. A simplified diagram of the ER-membrane localized receptors, ETHYLENE
RESPONSE1 (ETR1), ETR2, ETHYLENE RESPONSE SENSOR1 (ERS1), ERS2, and ETHYLENE INSENSITIVE4
(EIN4). The subfamily | receptors, ETR1, and ERS1, contains three transmembrane-spanning regions and a
cytoplasmic domain required for Histidine (H) kinase activity. In contrast, subfamily Il, represented by

ETR2, EIN4, and ERS2 receptors, exhibits the Serine (S) / Threonine (T) kinase activity.



In Arabidopsis thaliana, the ET signaling pathway begins upon ET binding to one of the
partially redundant ER-localized receptors, ETR1, ETR2, ERS1, ERS2, and EIN4 [11, 12, 13]. These
receptors share homology to bacterial two-component receptors. In the bacterial system,
following stimuli, the two-component receptors signal by histidine (His) autophosphorylation
and transfer of the phosphoryl group to a conserved aspartate (Asp) residue on a receiver

domain of a response regulator protein [Figure 2] [14].
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Figure 3. The ET perception and signaling pathway. (A) In the absence of ET, ET receptors, for example,
ETR1, form a complex with CTR1, leading to phosphorylation of EIN2C. The SCF-E3 ligase complex
containing the ETP1 and ETP2 F-box proteins targets the phosphorylated EIN2 for ubiquitination and
degradation by the 26S proteasome. In the nucleus, the SCF-E3 ligase complex containing EBF1 and EBF2
ubiquitinates and targets the transcription factors EIN3 and EIL1 for degradation by the 26S proteasome.
The lack of EIN3 and EIL1 prevents the transcriptional changes in ET-responsive genes. (B) ET binding leads
to a conformational change and inactivation of the ET receptors complexed with CTR1, which reduces
EIN2 phosphorylation. ET drives the reduction in EIN2 phosphorylation, thus resulting in the cleavage of
EIN2 into EIN2C and EIN2N. EIN2C remains in the cytoplasm or enters the nucleus. The EIN2C targets the
3’ UTR of specific mRNAs in the cytoplasm, such as EBF1 and EBF2 transcripts, and reduces their
translational efficiency. In the nucleus, EIN2C directly or indirectly stabilizes EIN3 and EIL1. In turn, these

transcription factors modulate the transcription of ET-responsive genes.



Arabidopsis ET receptors are divided into two subfamilies based on the presence or
absence of conserved elements in the His kinase domain [15]. The subfamily | receptors (ETR1
and ERS1) contains three transmembrane-spanning regions and a cytoplasmic domain required
for His kinase activity. The subfamily Il receptors (ETR2, ERS2, and EIN4) have four
transmembrane domains and a cytoplasmic domain with the serine (Ser)/threonine (Thr) kinase
activity [15]. The ET receptors form a signaling complex at the ER membrane along with
CONSTITUTIVE TRIPLE RESONSE1 (CTR1) and ETHYLENE INSENSITIVE2 (EIN2) [Figure 3].

In the absence of ET, the ET receptors and CTR1, an RAF-like Ser/Thr protein kinase, act
as negative regulators of the ET signaling pathway and repress ET-mediated responses [13]. The
receptors interact with CTR1, and CTR1 phosphorylates the EIN2C at Ser®*> and Ser®?* [16, 17].
EIN2 is a transmembrane metal ion transporter-like protein required for all downstream ET-
mediated responses [18, 19]. When EIN2 phosphorylation levels are high, EIN2 is ubiquitinated
by the Skp1-Cullin-F-box (SCF) E3 ubiquitin ligase complex containing the EIN2-TARGETING
PROTEIN1 (ETP1) and ETP2 F-box proteins [Figure 3]. As a result, the ubiquitinated EIN2 is

degraded by the 26S proteasome [14, 20, 21].



Wild-type

ACC Control ACC

Figure 4. The triple response of three-day-old, etiolated WT and classical ET and auxin mutants. The
phenotypes of WT, ein2-5, ein3-1, and aux1-7 mutants grown in MS plates supplemented (ACC) and

unsupplemented (control) with the ET precursor ACC (10uM) are shown.

In the nucleus, an SCF-E3 ligase complex containing EIN3-BINDING F BOX PROTEIN1
(EBF1) and EBF2 ubiquitinate EIN3 and its paralog ETHYLENE-INSENSITIVE3-LIKE1 (EIL1)
targetting them for degradation by the 26S proteasome [16]. The turnover of EIN3/EIL1
transcription factors prevents further downstream ET-mediated transcriptional effects, and the
downstream ET signaling pathway remains inactive.

When ET binds to its receptors [12], the functions of the ET receptors and the CTR1 are
inhibited [Figure 3]. As a result, EIN2 phosphorylation levels decrease, and the EIN2 protein
accumulates at the ER membrane [20, 17]. The EIN2C is cleaved from the ER membrane
through some unknown mechanism. Upon cleavage, EIN2C localizes both in the nucleus and in
the cytoplasm, where it binds to the 3’-untranslated region (UTR) of specific mRNAs, such as
EBF1 and EBF2, targeting them to the processing bodies, and this action reduces the
translational efficiency of these transcripts [16].

Meanwhile, in the nucleus, EIN2C directly or indirectly stabilizes EIN3 and EIL1. In turn,

these transcription factors modulate the transcription of ET-responsive genes. For example,



upon DNA binding, EIN3 induces transcription factor genes ETHYLENE RESPONSE FACTOR1
(ERF1), involved in a range of ET responses [22], PHYTOCHROME INTERACTING FACTOR3 (PIF3),
ROOT HAIR DEFECTIVE 6-LIKE4 (RSL4), ETHYLENE AND SALT INDUCIBLE1 (ESE1), and C-
REPEAT/DRE BINDING FACTOR1/2/3 (CBF1/2/3), the regulators of de-etiolation, root hair
development, salt, and cold stress responses, correspondingly [23, 24, 25, 26]. It is unknown if
the EIN3 and EIL1 paralogs, EIL2, EIL3, EIL4, and EIL5, are also involved in the ET-mediated
response [16]. Similarly, it is also unknown what roles EIN2N plays other than anchoring the
EIN2C to the ER membrane. Next, | discuss how the components of the ET signaling pathway
were characterized and how the loss or overexpression of these components modifies the ET-

mediated response.
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Figure 5. Triple response phenotypes of classical ET and auxin mutants. Hypocotyl (A) and root (B) lengths
of three-day-old WT, ein2-5, ein3-1 eil1-1, aux1-7, and axr2 mutants germinated in control media and
media supplemented with 10uM ACC. The error bars represent the standard deviation measured by the
dispersion around the mean. These data represent N=20 per sample (genotype and treatment

combination).



120 120 +

100 100

80 80

(o2}
o

60

B
o

40

N
o

20

Normalized hypocotyl length (% of untreatreated
seedlings)
Normalized root length (% of untreated seedlings)

WT ein2-5 ein3-1aux1-7 axr2 WT ein2-5 ein3-1 aux1-7 axr2

eil1-1 il1-1
Genotype Genotype
(A) MW Control EACC (B) W Control EACC

Figure 6. The normalized organ lengths of classical ET and auxin mutants. (A and B)The organ lengths of
seedlings treated with 10uM ACC were normalized to those of seedlings grown in control MS media. The
error bars represent the average + standard error. The normalized data were subjected to a one-way
ANOVA test. Statistical significance (a=.05) is depicted with a (*). These data represent N=20 per sample

(genotype and treatment combination).

The triple response assay is extensively used to identify and characterize genes involved
in the ET signaling pathway [Figure 4] [27]. This assay in Arabidopsis consists in exposing
etiolated seedlings to external ET or the ET precursor ACC to induce a robust and uniform
phenotype that is called the triple response that consists of growth inhibition of root and
hypocotyl elongation, radial swelling of the hypocotyl and root, and an exaggeration of the
apical hook curvature [27] [Figure 4]. The assay's reproducibility, simplicity, and high throughput

have made it invaluable in identifying ET biosynthesis, perception, signaling, and response



components. Mutants with defects in ET signaling or biosynthesis display an atypical or no triple
response [27, 28].

The ctrl single mutant constitutively displays the triple response even without the
hormone or ET biosynthetic inhibitors such as 2-aminoethoxy vinyl glycine (AVG), silver ions
(Ag), and the 1-methylcyclopropene (1-MCP) [29]. On the other hand, ein2 null and
hypomorphic mutant alleles display insensitivity to ET [19]. For example, the etiolated seedlings
of transgenic lines expressing a B-estradiol-inducible EIN2-HA gene show a hypersensitive
response to ET in the presence of the inducer B-estradiol [30].

The ebf1 and ebf2 single Arabidopsis mutants both display an enhanced triple response.
The loss of both EBF1 and EBF2 leads to growth arrest and infertility in the double mutants [31,
32], while their overexpression results in ET insensitivity similar to that of ein2 loss-of-function
mutants [33]. The ein3 single mutant in Arabidopsis has prominently reduced sensitivity to ET,
analogous to but slightly weaker than that of the ein2 null mutant, whereas the eill single
mutant has a very mild ET insensitive phenotype [34]. The simultaneous loss of both E/IN3 and
EIL1 results in substantial ET insensitivity similar to that observed in ein2 null mutant plants
[34]. In contrast, transgenic lines that overexpress EIN3, Ell1, or their paralog EIL2 genes display
a constitutive ET response and/or hypersensitivity to ET [35]. These findings firmly implicate
EIN3 and EIL1 as central players in the ET pathway and suggest that E/L2 may also play a role.
On the other hand, the contribution of other EIN3/EIL1 transcription factor paralogs (EIL3, EIL4,
and EIL5 ) to the ET signaling pathway is unknown.

Since the classical triple response assay focuses on the end-point phenotype of three-

day-old, etiolated seedlings [Figure 4], it cannot resolve transient changes in ET-regulated organ

10



growth. Accordingly, in this assay, ein2 single and ein3 eil1 double mutants have similar ET
insensitive hypocotyl and root triple response phenotypes [Figure 5 A and B] and [Figure 6 A
and B]. Thus, it is impossible to determine these genes' relative genetic positions in the ET
signaling pathway based on the triple response phenotype alone. In contrast, live imaging can
study the changes in growth during ET exposure providing additional temporal information on
the ET response in these mutants. Continuous infrared live plant imaging has proven
instrumental in resolving the differences in the ET phenotypes of ein2 versus ein3 eil1 and helps
place these genes in the ET signaling pathway [36].

Live infrared imaging of etiolated ET-treated seedlings can capture root and hypocotyl
growth changes within minutes of ET treatment [36, 37]. In a two-phase pattern, external ET
exposure quickly inhibits the hypocotyl and root growth rate of etiolated Arabidopsis seedlings

[Figure 6].
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Figure 7. ET-mediated growth kinetics. (A) In the first phase, ET exposure quickly inhibits the hypocotyl
growth rate of etiolated Arabidopsis seedlings within 6 minutes of treatment (down arrow). (B)
Continuous ET treatment reduces hypocotyl and growth dynamics to a low steady-state in the second
phase. (C) The growth rate quickly recovers within 30 minutes of the removal of ET (up arrow). These data
represent the normalized growth kinetics of N=160 seedlings. The error bars represent the average +

standard error.

Previous studies show that infrared imaging of etiolated ET-treated seedlings captures
hidden hypocotyl growth dynamics changes within minutes of ET treatment [36, 37]. Our
kinetic analysis pipeline indicates that the ET treatment induces a dynamic growth inhibition
(down arrow) [Figure 32 A]. After 18 minutes of continuous ET treatment, the growth rate of
hypocotyls reaches a new steady-state rate. The ET treatment reduces the hypocotyl growth

rate to 60% of that of air-grown seedlings [36, 37]. The growth rate remains suppressed to
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these low levels until ET is removed (up arrow). Following the removal of ET (up arrow), the
hypocotyl growth rate begins to recover and attains pretreatment values within 30 minutes of
ET withdrawal [Figure 32] [36, 37].

To sum up, the external application of ET induces a two-phase growth inhibition
response in WT roots and hypocotyls [32, 36] [Figure 6]. In contrast, these ET effects are entirely
abolished in the ein2 single mutants [32, 36], indicating that the EIN2 function is required for all
ET responses [32, 36]. On the other hand, the ein3 eil1 double mutants still have the initial ET-
mediated growth inhibition (phase one or fast response). However, the latter responses are
abolished, as demonstrated by the growth recovery observed after phase one [32, 36].
Therefore, the EIN3 and EIL1 transcription factors are not required for the initial ET-mediated
responses, but they are needed for the later ET-mediated growth responses [32, 36]. These
findings, however, do not rule out the potential role of the other members of the EIN3 EIL1
family in the ET-mediated fast response.

Similarly, although the EIN2 protein function is required for all ET-mediated responses, it
is still unknown how EIN2 mediates the initial response to ET. Therefore, this dissertation will
explore the role of EIN2 in the initial ET-mediated response by screening various ein2 mutant
alleles for the initial response to ET. In parallel, this dissertation will explore the role of EIN2

translational targets in the initial and longer-term ET-mediated responses.

The auxin biosynthesis and signaling pathway
Auxin is another phytohormone that drives many physiological processes in plants. Auxin

relays growth and developmental information over short (cell-to-cell) and long (organ-to-organ)
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distance across the whole plant [28, 38]. Two proposed biochemical pathways lead to the
biosynthesis of Indole-3-acetic acid (IAA), the most-studied form of auxin. These pathways are
the tryptophan (Trp)-dependent and the Trp-independent routes [39] [Figure 7]. The Trp-
independent biochemical pathway is thought to diverge from the biosynthesis of L-Trp at the
indole-3-glycerol phosphate step, but very little is known about the enzymatic steps converting
this precursor into 1AA.

On the other hand, the Trp-dependent pathway is much better characterized and starts
with the amino acid tryptophan and splits into three proposed routes which include the indole-
3-acetaldoxime (IAOx), indole-3-acetamide (IAM), and indole-3-pyruvic acid (IPyA) branches
[Figure 7] [28, 38]. This chapter will focus on the IPyA route as this route is responsible for the

majority of IAA production in plants [28, 38].
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Figure 8. Simplified model of the auxin (IAA) biosynthetic pathways in Arabidopsis. Auxin biosynthesis
branches out into Trp-dependent and Trp-independent routes at the indole-3-glycerol phosphate level.
Currently, the Trp-independent route is mainly uncharacterized; thus, it is symbolized with the dashed
double-line arrow. The Trp-dependent route is further broken into three following pathways: the IAOx,

IAM, and IPyA pathways. The dashed arrows indicate multi-step reactions.

IAA is mainly produced from L-Trp in a two-step pathway where first Trp is converted to
IPYA via the tryptophan aminotransferases, in Arabidopsis comprised of WEAK ETHYLENE
INSENSITIVE8 (WEI8)/TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1),
TRYPTOPHAN AMINOTRANSFERASE RELATED1 (TAR1) and TAR2 [40]. Next, IPyA is converted
into IAA by the YUCCA (YUC) family of 11 flavin monooxygenases [41]. Auxin is produced in
multiple regions of the plants, including the shoot apical meristems, young leaves, flower buds,
and root tips. The hormone is then rapidly distributed throughout the plant via the phloem

[42]. Auxin can slowly enter the cell through diffusion via protonation caused by low pH in the
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cell walls. Alternatively, the auxin influx carriers of the AUXIN1/ LIKE-AUX1 (AUX/LAX) family of
transporters can transport auxin into the cell. Auxin is exported out of cells by the PIN-FORMED
(PIN) and ATP-BINDING CASSETTE SUBFAMILY B / PHOSPHO GLYCOPROTEIN (ABCB/PGP)
families of efflux carriers [38, 42, 43]. The PIN proteins have a polar cellular distribution, leading
to directed auxin transport across the membranes with PIN proteins. The ABCB/PGP family of
efflux transporters is thought to limit auxin reuptake at efflux sites and has been firmly
implicated in cellular auxin transport in studies done on plants and in heterologous systems [44,

45, 46, 47, 48, 49].

Figure 9. An overview of the auxin signaling pathway. Auxin is transported across the plasma membrane
through passive diffusion and auxin influx and efflux carriers. In the absence of auxin, the Aux/IAA proteins
interact with AUXIN RESPONSE FACTORs (ARFs), making ARFs unable to regulate the transcription of their
target genes. In the presence of auxin, the hormone binds to the TRANSPORT INHIBITOR
RESPONSE1/AUXIN SIGNALING F-BOX (TIR1/AFB) family of F-box proteins and Aux/IAA transcription
inhibitors. The SCF E3-ligaseTIR1/AFB complex ubiquitinates AUX/IAAs and targets them for degradation

by the 26 proteasomes. As a result, ARFs are free to activate or repress auxin-regulated genes.

Auxin is known to regulate the transcription of many genes [38]. Compared to other

hormone signaling pathways, the auxin signaling pathway is relativity short and
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straightforward. Auxin acts as a glue to bind together the auxin co-receptors, i.e. the F-box
proteins TIR1/AFBs and members of the Aux/IAA transcription repressors family [42, 38].
TIR1/AFBs are part of an SCF E3-ligase complex [38] and bind IAA through the leucine (Leu)-rich
binding pocket formed by TIR1/AFBs and the Aux/IAAs [50]. As a result, the Aux/IAA
transcription repressors are ubiquitinated by the SCF-type ubiquitin-protein ligase complexes
harboring the TIR1/AFBs subunits. Thus, the Aux/IAA proteins are targeted for degradation by
the 26S proteasome. The ARFs, no longer repressed by the Aux/IAA proteins, can then
modulate the transcription of auxin-responsive genes [Figure 8].

Components of the auxin signaling pathway regulate the ET response

The synergistic relationships between the ET and auxin signaling pathways are well
documented, and there is an established connection between ET biosynthesis, signaling, and
auxin biosynthesis, signaling, and transport [51]. For example, in roots, auxin and ET co-regulate
the primary root elongation by controlling cell proliferation and elongation in the root apical
meristem (RAM) [52]. Therefore, molecular defects in the auxin biosynthesis, perception, or
transport machinery lead to ET-insensitive root phenotypes [Figure 5 A and B] and [Figure 6 A
and B]

In Arabidopsis, ET mediates the growth inhibition in roots by inducing auxin synthesis
through the regulation of WEAK ETHYLENE INSENSITIVE2/ ANTHRANILATE SYNTHASEa 1
(WEI2/ASA1) and WEI7/ ANTHRANILATE SYNTHASEB1 (ASB1), which are genes that encode a-
and B- subunits of the rate-limiting enzyme of tryptophan biosynthesis, anthranilate synthase
[28, 51]. The wei2 and wei7 single mutants display ET insensitivity specifically in roots, while

hypocotyls remain responsive to the ET treatment [51]. The loss of function of WEI2 or WEI7
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leads to no overt auxin phenotypes [51]. ET also induces the expression of the auxin
biosynthetic genes WEIS/TAA1 and TARs [53]. Seedlings with the wei8 single mutation display
ET insensitivity in the roots and a reduced response to gravity.

In contrast, the single tarl or tar2 mutant seedlings display a normal response to ET and
gravity [40]. However, wei8 tarl tar2 triple mutants do not make primary roots nor hypocotyls.
In addition to TAA1 and TARs, several YUC genes are also induced by ET in the root [27]. Single
mutants with defects in the YUC genes do not display ET insensitivity. However, the yuc3 yuc5
yuc7 yuc8 yuc9 quintuple mutant roots show reduced sensitivity to external ET compared to WT
[27].

Germinating WT seedlings in the presence of kynurenine (KYN) can also induce an ET-
insensitive phenotype in roots. KYN is a competitive inhibitor of TAA1/TARs that induces ET
insensitivity in roots by inhibiting ET-mediated auxin biosynthesis [53]. In addition to the
mutants in auxin biosynthetic genes, several additional auxin signaling and transport mutants
have also been described as showing defects in ET-mediated responses in roots. Thus, the
primary roots of auxin-resistant2 (axr2), a signaling mutant with a defect in auxin perception,
are insensitive to ET compared to WT seedlings. In the dark, seedlings with the axr2-1 mutation
also grow shorter hypocotyls than WT seedlings grown under the same conditions [54, 55].
These mutants are resistant to external auxin treatment and do not respond to gravity. In
addition, the roots of the auxin-resistant1 (aux1) single mutants are also insensitive to ET
treatment. These mutants have defects in auxin influx, are insensitive to external auxin
treatment, and do not respond to gravity [56]. Since mutations in ET and auxin-related genes

both result in long roots in ET-treated plants [Figure 4 and Figure 6 A and B], it is challenging to
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determine where auxin biosynthesis, transport, and signaling are required for the ET signaling
pathway. In later chapters, this dissertation will use kinetics assays to explore the requirement

of auxin in ET-mediated growth dynamics.

The gibberellic acid biosynthesis and signaling pathway

Gibberellins (GA) are another group of phytohormones that regulate multiple
developmental processes such as seed germination, hypocotyl elongation, and flower
development [57]. There are several locations of GA biosynthesis in a plant, such as actively
growing shoots, young leaves, and flowers [57, 58]. Bioactive GAs are synthesized from the
chloroplast-localized geranylgeranyl diphosphate (GGDP) [Figure 9 A]. ent-copalyl diphosphate
synthase (CPS) converts GGDP into ent-copalyl diphosphate (CPP), and CPP is then converted
into ent-kaurene by ent-kaurene synthase (KS) [57, 58], and KO catalyzes the sequential
oxidation of carbon-19 of ent-kaurene to make ent-kaurenoic acid [57]. Ent-kaurenoic acid is
then oxidized by ent-kaurenoic acid oxidase (KAO) to produce GA1; [Figure 9 B]. Finally, GA12 is
oxidized on carbon-20 and carbon-3 by GA 20-OXIDASE (GA200x) and GA 3-OXIDASE (GA3ox) to
convert the molecule into the bioactive GA4 [Figure 9 C] [57]. Paclobutrazol (PAC) application,

employed later in this work, blocks GA biosynthesis by inhibiting KAO [59].
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Figure 10. Simplified model of the GA biosynthetic pathway in Arabidopsis. (A) (GGDP) is converted into
ent-kaurene in the plastids by CPS and KS. Next, KO catalyzes the oxidation of carbon-19 of kaurene to
produce ent-kaurenoic acid. (B) Ent-kaurenoic acid is oxidated by KAO at the ER membrane and converted
to inactive GA12. (C) Finally, the GA12 is oxidized on carbon-20 and carbon-3 by GA20ox and GA3ox and

converted to the bioactive GA4. The dashed arrows indicate multi-step reactions.

In Arabidopsis, the GA signaling pathway begins with the hormone binding to one of the
three redundant GA receptors: GIBBERELLIN INSENSITIVE DWARF1A (GID1A), GID1B, and
GID1C. The loss of the GID1 receptors makes the plant unresponsive to GA [60]. The GIDs are
soluble, nuclear-localized GA receptors that, upon binding to this hormone, undergo a
conformational change that facilitates the interaction between the receptor and DELLA growth
repressors, GIBBERELLIC ACID INSENSITIVE (GAI), REPRESSOR OF gal-3 (RGA), RGA-LIKE1

(RGL1), RGL2, and RGL3 [61] [Figure 10 A].
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Once the GA-GID1-DELLA complex is formed, the structure of the DELLAs GRAS domain
changes to stabilize the interactions with the F-box proteins SLEEPY1 (SLY1) or SNEEZY1 (SNE).
The SCF E3 ubiquitin ligase complexes with SLY1 or SNE subunits target the DELLA proteins for
ubiquitination and degradation by the 26S proteasome. The DELLA proteins are a family of
transcription regulators that inhibit cell proliferation and expansion, which drives the growth of
plant organs [62]. The DELLA proteins interact with other transcription factors to inhibit DNA-
binding and transcription actives. In Arabidopsis, DELLA proteins interact with PHYTOCHROME
INTERACTING FACTOR3 (PIF3) and PIF4 and block their DNA-binding abilities to their target
gene promoters, thus resulting in short hypocotyls in light-grown plants [63, 64]. As a result of
the degradation of the repressor DELLA proteins, the GA responses in plants are activated [60].
Without GA present, GIDs do not interact with the DELLA repressors, and the GA response

remains suppressed [Figure 10 B].
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Figure 11. Simplified model of the GA signaling pathway in Arabidopsis. (A) In the presence of GA,
the GID1 family of receptors changes conformation and binds the DELLA proteins. The DELLA
proteins are targeted and degraded by the SCF complexed with the F-box protein subunits SLY1
or SNE. As a result, the GA-mediated responses are activated. (B) Without GA, there is no GID1-

DELLA interaction, and the DELLA proteins inhibit the plant GA responses.

Components of the GA signaling pathway modulate the ET response

The changes in relative levels of GA affect the plants’ response to external ET. For
example, treatment with the GA biosynthesis inhibitor PAC reduces the ET-induced hook
curvature of etiolated seedlings [65]. In addition, characterization of the ET-mediated growth
kinetics reveals that low levels of GA signaling lead to slower growth recovery upon the removal
of ET [66]. Thus, for example, gai-1 single mutants show a delayed growth recovery upon
removal of ET [66]. GAI belongs to the DELLA family of transcription inhibitors and plays a
crucial role in GA signaling [65]. In addition, the growth of the GA biosynthetic mutant ga3ox1-3

also recovers at a slower rate than wild-type plants upon the removal of ET [66]. In contrast,
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the della higher-order mutant has similar recovery kinetics to WT upon ET removal, except for
the growth rate overshooting before becoming identical to that of wild-type plants [66].

The ET-mediated fast response relies on an unknown mechanism that involves EIN2 but
does not require EIN3 or EIL1. [37]. It was proposed that the initial growth inhibition mediated
by EIN2 triggers the activation of GA responses, while EIN3 and EIL1 promote the repression of
the GA responses [66]. It was previously reported that the transcription of genes involved in GA
biosyntheses, such as GA200x1, GA200x2, GA30x1, and GA200x3, was up-regulated in ein3-1
eil1-1 double mutants [66]. Furthermore, the ein3-1 eill della higher-order mutants do not
display the typical ET fast response in the hypocotyls, suggesting an interplay between GA and
EIN3/EIL1 in mediating this fast response [66]. We hypothesize that the external application of
GA;3 before the ET treatment will induce growth recovery during prolonged ET treatment of WT
seedlings by inhibiting EIN3 and EIL1 transcription factors. This dissertation leveraged the
kinetics assay to explore the role of GA in ET-mediated growth dynamics in roots during high or

low GA conditions.

The jasmonic acid biosynthesis and signaling pathway

Jasmonates are essential regulators in the plant’s response to biotic and abiotic stress,
such as pathogen infection and wounding. The precursors to jasmonic acid (JA) are generated
from lipids [67]. In Arabidopsis, there are three pathways to produce JA, the octadecane
pathway that utilizes a-linolenic acid, the hexadecane pathway that uses hexadecatrienoic acid,
and the 12-OXO-PHYTODIENOIC ACID (OPDA) REDUCTASE3 (OPR3)-independent pathway [68].
In the chloroplasts, a-linolenic acid and hexadecatrienoic acid are hydrolyzed from the

membrane of chloroplast or plastid, depending on the cell type [68]. Then a series of reactions
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catalyzed by 13-lipoxygenases, allene oxide synthase (AOS), and allene oxide cyclase (AOC)
generate OPDA [69]. However, it is unknown how OPDA is exported out of the chloroplast.
Recently, JASSY was identified in a proteomics study of chloroplast outer envelopes. This
protein was co-expressed with several genes involved in the JA response [70, 71].

JASSY contains a steroidogenic acute regulatory protein-related lipid transfer domain
that suggests a function in the binding and transport of hydrophobic molecules [71]. The jassy
null mutant results in a JA deficiency and influences cold acclimation and pathogen
susceptibility in Arabidopsis. OPDA is imported to the peroxisomes, where it is subjected to
several steps of beta-oxidation to form the non-bioactive JA. In the cytoplasm, JASMONATE
RESISTANT1 (JAR1) conjugates JA to isoleucine (lle) to form the bioactive jasmonyl-isoleucine
(JA-lle) [69]. The external application of phenidone is sufficient to block JA biosynthesis [72, 73].
Phenidone is a specific inhibitor of lipoxygenases, an enzyme that catalyzes the first step in JA

biosynthesis [72, 73].
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Figure 12. Simplified model of the JA signaling pathway in Arabidopsis. In the absence of Jasmonic acid-
isoleucine (JA-lle), JAZ proteins form a complex with MYC2 proteins that binds to the promoters of JA-
responsive genes to inhibit JA-mediated gene expression. However, in high JA-lle conditions, the SCF-E3
ligase complexed with CORONATINE-INSENSITIVE1 (COI1) targets and ubiquitinates the JASMONATE-ZIM
DOMAIN (JAZ) co-receptor. As a result, the JAZ proteins are ubiquitinated and degraded by the 26S

proteasome, and JA transcriptional responses are triggered by MYC2.

Under abiotic or biotic stress, cytoplasmic JA-lle is transported into the nucleus by
JASMONATE TRANSPORTER1 (JAT1). In the nucleus, JA-lle interacts with COI1, an F-box protein
and a component of the E3 ubiquitin ligase complex SCF©" [69]. The JAZ proteins, the JA-lle co-
receptors, disassociate from their transcriptional activator partner MYC2 to localize and
interact with the COI1/JA-lle complex. Once the COI1/JA/lle-JAZ complex is formed, the JAZ

proteins are ubiquitinated by the SCF®" E3 ubiquitin ligase complex. The 26S proteosome
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degrades the ubiquitinated JAZ proteins, and as a result, the MYC2 transcriptional activator is
free to induce the JA responses [Figure 11] [68].

In the absence of JA-lle, MYC2 interacts with the JAZ transcriptional repressors. The JAZ
proteins recruit the TOPLESS (TPL) and TPL-RELATED (TPR) co-repressors through the adaptor
protein, NOVEL INTERACTOR OF JAZ (NINJA), to repress the JA-mediated transcriptional
responses [68].

Components of the JA signaling pathway modulate the ET dynamic response

There are several lines of evidence connecting JA and ET signaling pathways. Etiolated
WT seedlings grown in external methyl ester JA (MeJA) display growth inhibition in roots and
suppression of apical hooks compared toT seedlings grown in the absence of MelA [74]. WT
seedlings grown in the dark in the presence of ET and MelJA display the triple response with a
suppressed apical hook phenotype [74]. In light-grown conditions, JAZ proteins can repress the
function of EIN3 and EIL1 transcription factors [75]. This regulation was observed in transient
transcriptional activity assays in Arabidopsis protoplasts using an ETHYLENE RESPONSE
FACTOR1 (ERF1): Luciferase (LUC) reporter [75]. The overexpression of EIN3 (35Sp: EIN3)
induced the ERF1:LUC reporter, whereas the concomitant overexpression of JAZ1 (35Sp:JAZ1)
suppressed the EIN3-mediated activation of ERF1:LUC [75].

Another point of crosstalk between EIN3 and JAZ1 involves a putative histone
modification enzyme, HISTONE DEACETYLASE6 (HDA6). HDA6 coimmunoprecipitates with COI1,
and the expression of HDAG6 is up-regulated by external ET and MelA treatments. It was found
that HDAG interacts with JAZ proteins, and both JAZ1 and HDAG interact with different domains

of EIN3 [75]. In an HDA®6 loss-of-function mutant axel-4, the JA-induced ERF1 gene expression,
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root hair development, and root growth inhibition are enhanced [75]. The ein3 eil1 double
mutant background suppressed the JA-hypersensitivity phenotypes of axel-4 mutants. These
results suggest HDAG acts as a negative regulator of the JA-regulated process acting in an
EIN3/EIL1-dependent manner [75].

Yet another line of evidence linking JA and ET came from the analysis of the ET response
of ein2 single mutants grown in the presence of the JA biosynthetic inhibitor phenidone in light-
grown conditions [76]. Under low levels of JA obtained either by treating plants with phenidone
or in the dde2-2 mutant background (dde2-2 is a mutant in the AOS gene resulting in plants
deficient in JA production), ein2 responded to the applications of external ET in light-grown
conditions [77]. Therefore, it has been proposed that JA acts to repress an unknown EIN2-
independent ET signaling pathway. However, nothing is known about the dynamics of the ET
response of this postulated EIN2-independent pathway that is typically suppressed in the
presence of normal levels of JA. Since the fast ET response is an E/IN2-dependent process,
Chapter 5 examined the ET-mediated growth dynamics of WT and ein2 single mutants in low or
high JA conditions. In addition, this dissertation explored the ET-mediated growth dynamics of
JA biosynthetic and signaling mutants introgressed into the ein2 mutant background and coil-
16 ein2-1 pen2-4.

Before we get into the molecular characterization of the fast response approached from
different angles, Chapter 2 will describe the customized software implemented in the Alonso-
Stepanova lab and employed in this work to study the kinetics of the ET response using live

infrared imaging.
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CHAPTER 2: THE ALONSO-STEPANOVA LABORATORY’S MORPHOD: A MATLAB APPLICATION
INTRODUCTION
MorphoD is a semi-automatic image analysis application to measure growth dynamics in

Arabidopsis thaliana seedlings. The MorphoD application is divided into four application tabs,
with each tab serving a function in the image analysis pipeline. First, the MATLAB-Arduino
integration tab uses the camera system to simultaneously capture high-resolution time-lapse
images of multiple (up to 40) seedlings. Next, the hypocotyl and root tabs use high-quality
photos of seedlings to extract each plant organ's growth and angle kinetics. Finally, the
smoothing application tab uses the data generated from the hypocotyl and root tabs to process
the growth kinetics data and export the summarized data into Excel spreadsheets [78]. The
MorphoD software can operate on both Mac and Windows computers. Chapter 2 describes
how to install this software on Mac and Windows platforms, the function of each application
tab, and various user applications. Using a database of images, we then validate MorphoD and

compare this software to other established root and hypocotyl analysis methods.

Table 1. MorphoD list of hardware. The list of hardware used to assemble a single growth kinetics module.
This table contains the product's name, vendor, the purpose of the product, and quantity of the product.

This table was modified from [101].

Item Vender Purpose Units
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Table 1 (continued)

Guppy F-146 FireWire.a
%" CCD Monochrome
Camera [79]

Edmund
Opticspart Stock
Number 59-731

This CCD monochrome camera is
used for time-lapse acquisition.
The camera can be controlled by
the provided software that runs
on Windows and Mac-based
computers. The vender no longer
makes this product; therefore,
please refer to the replacement
product [80].

Tripod Adapter for
Guppy Cameras [81]

Edmund Optics
part NT59-158

This camera mounting adapter is
tapped (hole drilled before a
machine screw is inserted) for
1/4-20 screws that match the
mounting locations on the
bottom of the camera. This metal
plate is required to secure the
camera to the mounting
brackets.

Mounting brackets, 90-
degree angle [82]

Newport Corp.
part 360-90

The right-angled metal bracket is
used to make a stable horizontal
mount for the camera. The
second bracket is used to
support the growth kinetics
chamber.

6X (18 - 108mm FL) C-
Mount, Close Focus
Zoom Lens [83]

Edmund Optics
part #58-240

This lens is for close and wide
fields of view. This lens has
variable apertures to adjust the
depth of field. Filter threading
allows the use of lens filters to
modulate incoming light levels.

Infrared long pass filter
[84]

Edmund Optics
part #NT54-753

This infrared filter is a thermal
absorbing filter used to protect
the IR-sensitive sensor in the
camera.
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Table 1 (continued)

Linear translation stages
[85]

Newport
Corp.part TSX-
1D

These manual dovetail slides
provide control of x, y, and z
positions.

Magnetic base mount
[86]

Newport
Corp.part MB-3

This unit has 1/4-20 tapped holes
to mount the stepper motors.
Each base firmly magnetically
grips the steel base plate.

Screw set [87]

Newport
Corp.part SK-
25A

Screws for bolting the
components together are not
provided with the angle brackets,
slides, or bases. However, this
optional kit of various 1/4-20
screws includes everything
necessary for assembly.

Steel base plate

Acquire locally

A smooth and flat 1/4 inch (6
mm) steel plate, approximately
16 x 24 inches, provides a stable
platform for the entire
apparatus.

Infrared backlight [88]

Edmund Optics
part #66-839

The unit consists of an LED array
and a diffusing mechanism for
producing uniform irradiation of
the sample with 880 nm
radiation that the camera
detects but not the plants. Each
module requires its backlight.

24V Power Supply with
Tinned Leads [89]

Edmund optics
Part #66-855

The power supply is used for
each infrared backlight.

Manual Intensity
Adjustment for Al Lights
[90]

Edmund optics
# 86-887

This tool adjusted each infrared
backlight.
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Table 1 (continued)

Polylactic Acid (PLA) 3D
Printer Filament, Sunlu
PLA Filament 1.75 mm,
Dimensional Accuracy +/-
0.02 mm, 1 kg Spool,
1.75mm, PLA Black [91]

Amazon

The plastic filament for 3D
printed kinetics chambers.

560 Series 150mm
Flowmeter [92]

Concoa:
Precision Gas
Controls

This device regulates the gas
pressure for each kinetics
chamber.

24V 15A 360W, Switching
Power Supply
Transformer 110V 220V
AC to DC 24V Applicable
for CCTV Monitoring,3D
Printer, Radio, Computer
Project, LED Strip Lights,
Industrial Etc. [93]

Amazon

The power supply is used to
power each 3D stepper motor.

Usongshine Stepper
Motor Driver TB6600 4A
9-42V Nema 17 Stepper
Motor Driver CNC
Controller Single Axes
Phase Hybrid Stepper
Motor for CNC/42 57 86
Stepper Motor [94]

Amazon

These are the controllers for
each 3D printer stepper motor.

300mm Travel Length
Linear Rail Guide
Ballscrew Sful605 DIY
CNC Router Parts XY Z
Linear Stage Actuator
with NEMA17 Stepper
Motor [95]

Amazon

The X-axis directional 3D printer
stepper motor moves the
mounted cameras.

100mm Travel Length
Linear Rail Guide
Ballscrew Sfu1605 DIY
CNC Router Parts XY Z
Linear Stage Actuator
with NEMA17 Stepper
Motor [96]

Amazon

The y- and z-axis directional 3D
printer stepper motors move the
camera and kinetics chambers.
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Table 1 (continued)

Arduino Uno Rev3 [97] Arduino The Arduino microcontrollers 3
access the X, Y, and Z linear
actuators. The Arduino
microcontrollers also control the
valves used to deliver gaseous
and liquid treatments.

MCIGICM 400 Points Amazon These breadboards bridge the 2

Solderless Breadboard Arduino microcontrollers to their

[98] respective devices.

U.S. Solid Two-Way U.S. Solid The solenoid valve is used to 2

Angle Mini Air Solenoid control the gas treatment.

Valve DC 12 V [99]

Ultrasonic Atomization Amazon The ultrasonic mister was used 1

Maker 20mm 113KHz to apply the liquid treatment to

Mist Atomizer DIY vertically grown seedlings.

Humidifier with PCB 3.7-

12V [100]

MATLAB-Arduino Integration Tab

The MATLAB-Arduino Integration tab utilizes the MATLAB image acquisition app to
access each camera directly and the Arduino microcontrollers to access the X, Y, and Z linear
actuators. The Arduino microcontrollers also control the valves used to deliver gaseous and
liquid treatments. This first part of the application integrates the MATLAB-directed cameras and
the Arduino microcontrollers to capture time-lapse images of plants during various treatments.
The MATLAB-Arduino Integration tab requires the user to establish multiple parameters before
capturing images. Some parameters include, but are not limited to, choosing the time interval
between pictures, the image acquisition settings, and treatment parameters (see “Establishing

experimental conditions” for more details).
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Required MATLAB packages
The MorphoD application MorphoD.mlapp can be downloaded from the GitHub

repository https://github.com/Alonso-Stepanova-Lab/MorphoD. The computer must have

installed MATLAB 2018b, or a newer version of MATLAB, to use this application. Furthermore,
before MorphoD initiation and use, additional software packages must be downloaded to the
MATLAB platform [Table 2]. First, select the Add-Ons option in the environments tab to install
these software packages into the MATLAB platform. Next, select the Get Add-Ons option and
search for each software package listed in [Table 2] by entering its name in the search bar.

Table 2. List of the required software to use MorphoD.

Name Type

Natural-Order Filename Sort version 1.5

MathWorks Toolbox

Control System Toolbox version 10.5

MathWorks Toolbox

Data Acquisition Toolbox version 3.14(4.1.0)

MathWorks Toolbox

DSP System Toolbox version 9.7

MathWorks Toolbox

Image Acquisition Toolbox version 5.5

MathWorks Toolbox

Image Processing Toolbox version 10.3

MathWorks Toolbox

Instrument Control Toolbox version 3.14

MathWorks Toolbox

Optimization Toolbox version 8.2

MathWorks Toolbox

Signal Processing Toolbox version 8.1

MathWorks Toolbox

Simulink version 9.2

MathWorks Toolbox

Simulink Control Design version 5.2

MathWorks Toolbox

Statistics and Machine Learning Toolbox version 11.4

MathWorks Toolbox

Symbolic Math Toolbox version 8.2

MathWorks Toolbox

Computer Vision System Toolbox version 8.2

MathWorks Toolbox

Robotics System Toolbox version 2.1

MathWorks Toolbox

Image Acquisition Toolbox Support Package for GigE
Vision Hardware version 18.2.0

Hardware Support Package

Simscape version 4.5

MathWorks Toolbox

Image Acquisition Toolbox Support Package for
DCAM Hardware version 18.2.0

Hardware Support Package

Curve Fitting Toolbox version 3.5.8

MathWorks Toolbox

MATLAB Compiler version 7

MathWorks Toolbox
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Software Integration

Once MorphoD is downloaded from the hosting website https://github.com/Alonso-

Stepanova-Lab/MorphoD, the Arduino and MATLAB software must be integrated using the

following procedure. The first of these steps is establishing a path for the Arduino files to
communicate to the MATLAB software. The Arduino files are required to control motors, valves,
and sprayers. This action can be done by clicking on the “Setup Arduino Paths” button and
entering the paths to the avrdude and avrdude .conf and the .ino and .hex files for the motors
and sprayers/valves when prompted [Figure 12 A).

For example, the typical paths to these files in a computer running Windows10 can
include the following: “C:\Users\Lab\Documents\MATLAB\Davidlmages\arduino-nightly-
windows\arduino-nightly\hardware\tools\avr\bin\avrdude”,
“C:\Users\Lab\Documents\MATLAB\Davidlmages\arduino-nightly-windows\arduino-
nightly\hardware\tools\avr\etc\avrdude.conf”, and
“C:\Users\Lab\Documents\MATLAB\Davidlmages\ValvesANDSpray3.ino.hex”.

Similarly, in a computer running MacOS, the paths would be
“/path/to/Arduino.app/Contents/Resources/Java/hardware/tools/avr/bin/avrdude”,
“/path/to/Arduino.app/Contents/Resources/Java/hardware/tools/avr/etc/avrdude.conf”, and
“C:/Users/Lab/Documents/MATLAB/Davidlmages/ValvesANDSpray3.ino”. The .hex (Windows)
and .ino files correspond to the Arduino sketches downloaded from GidHub

(https://github.com/Alonso-Stepanova-Lab/MorphoD).
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MorphoD requires the input of the path for these files only the first time the system is
established. After that, these paths will be saved and automatically uploaded after that initial

installation step when the “Setup Arduino Paths” button is selected [Figure 12 A].

| Mslanesrcuing Integration | Hypecatel | Feat | Smosthing

D 9 Gas Treatment Schedule |

o e e o E% Spray Treawmem Schedule | .
| e
] L J
@ vown
@ Marx G 9W|
| O Reset - :
| B start ) e
| B Backward H 9 Pictute frequaney | i
i B rorwarg i
> |
l . lima Seding Freme zmera
| | \
A% Setup Arduing Paths |
B 9 Close Arduino Forts |
C 9 Upload Skatchs ta Ardumos |

Figure 13. MATLAB-Arduino Integration application tabArduino Integration tab. (A) This button allows the
user to set up the Arduino boards when installing the software into a new computer for the first time. (B)
This button closes all the Arduino Ports. (C) Selecting this button uploads the sketches to the Arduino
control boards. (D) This button sets the duration of each gas treatment in minutes. (E) This button
establishes the spray starting and ending time in minutes. (F) This button sets the ports for the Arduino.
(G) While using additional MATLAB software, this button establishes the camera settings. (H) This button
determines the image capture frequency in minutes. (1) Upon clicking this button, the image acquisition

and experimental treatment will begin.

After uploading the paths to the Arduino files, it is essential to ensure that all the
communication ports between the computer and the Arduinos are closed. Trying to start a new
communication between the computer and Arduinos while the ports are still open will result in

an error message. Selecting the “Close Arduino Ports” button [Figure 12 B] should
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prevent/resolve this issue. Furthermore, it is crucial to determine the corresponding serial port
for each Arduino microcontroller before uploading the Arduino Sketches to operate the linear
actuator motors, valves, and sprayers. First, select the “Ports” button to input the name of
ports corresponding to the Arduino microcontrollers [Figure 12 F]. The serial port name can be
identified from a Windows platform's Device manager drop-down menu. While in a Mac
platform, the port identity can be determined by typing Is/dev/tty.* into the terminal. Next,
select the “Upload Sketches to Arduinos” button to upload the Arduino files to the Arduino

microcontrollers [Figure 12 C].

Establishing experimental conditions

Once the Arduinos controlling the motors, valves, and sprayers are connected to the
computer, the cameras are ready to start the recording process (see “Arduino-MorphoD
hardware” section for additional details on the hardware setup [Table 1]). With the standard
configuration, this system allows for two gases (in this example, hydrocarbon-free air and air
supplemented with ten parts per million (ppm) of ET) and one liquid treatment.

Selecting the “Gas Treatment Schedule” button will prompt the user to enter three
numbers separated by commas corresponding to the duration in minutes of the Air pre-
treatment, ET treatment, and Air recovery [Figure 12 D]. Similarly, pressing the “Spray
Treatment Schedule” button [Figure 12 E] will prompt the user to enter two numbers separated
by a comma corresponding to (1) the time lag between the start of the experiment and the
beginning of the liquid treatment and (2) the duration of the treatment, both in minutes.

Camera installation
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The following steps need to be carried out for every experiment. First, the user will
establish communication between the computer and the cameras by selecting the “Set Up
Cameras” button. Next, the user will be prompted to designate the location to save the images
and the generic name of the image files [Figure 12 G]. For example, if the generic name is
“seedling”, all the image files generated will start with this generic name, followed by the suffix
that specifies the camera, position in the plate, and number in the time series [see below Figure
13]. After defining the file and folder names and locations, the Imaqgtool application from
MATLAB will launch.

In the Image Acquisition Tool window, the user will locate the hardware browser menu
and select the camera for the image capturing experiment. Next, the user will select the image
format for each camera and open the preview mode to view the live image captured by the
cameras. These images will display in the left panel window.

The user can adjust the image settings such as contrast, exposure, gain, etc. In addition,
the “Up, Down, Right, and Left” directional buttons in the physical Arduino control panel can be
used to position each camera at the first position in each plate. Similarly, the backward and
forward directional buttons can be used to focus the image. Below is a schematic of the

seedling, marker position, and camera direction [Figure 13].
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Figure 14. The placement schematic. Seedling placement schematic, marker placement, and camera

direction are indicated.

Selecting the “Reset” button in the physical Arduino control panel will erase all previous
coordinates and mark the starting position. Next, the movement buttons in the physical
Arduino control panel can move the camera to the second position and, if required, adjust the
focus. Finally, selecting the “Mark” button will save the coordinates of the seedling and repeat
the process for each position. After marking the coordinates of all the seedlings on the plate,
close the preview mode in the Imaqtools application. The image acquisition parameters are
saved in the MAT-file working directory as a vid .mat file. To produce the vid.mat file, go to the
file option in the Imagtool window, select the export hardware configuration, and save the
MAT-file in the working directory. Once the seedlings' coordinates are marked, pressing the
physical “Start” button in the Arduino control panel will initiate the growth kinetics assay. The
image acquisition will not begin until the user selects the “RUN” button in the MATLAB app (see

below).

38



The last step is to set up the time interval between pictures by selecting the “Picture
Frequency” button [Figure 12 H] and, when prompted, input the time in minutes. For example,
by entering the number six after pushing the button “Picture Frequency,” the system will take
photos of every marked seedling every six minutes. The image acquisition process will start by
clicking the “RUN” button [Figure 12 1]. The images will be saved in the directory selected and or
created during the “Set Up Cameras” step with the generic name given followed by the suffix
that indicates the camera, seedling, and image number [Figure 14]. The four windows below the
“RUN” button display the current time, seedling, frame, and camera. These windows will be
updated with new information while the image capture progresses [Figure 12].

Hypocotyl Tab

The Hypocotyl tab aims to extract growth or angle information from each image stack.
After capturing images, image files need to be organized into folders, one folder per seedling.
The images can be manually collected and relocated to the designated image folders. However,
manually moving the pictures into folders is inefficient and could lead to errors in image
placement. Utilizing the “Rename Files” button in the Hypocotyl and Root tabs is recommended

to reduce potential mistakes.
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Raw image title Align image title

s.eledlin,g.l' Ca CelaH1

File name Seedling number
Image format » | Seedling structure
Camera Camera
Mark number Genotype

Figure 15. Image stack naming convention example. Column A displays the name for the second seedling

(mark #2) in a plate for camera A. Column B contains the desired name of the destination folder.

An Excel file should be generated [55] with two columns to initiate the automatic file
organization, as shown in [Figure 14]. The first column should contain the generic names of the
image files, one name per seedling. The file name of each picture is generated automatically
from the information entered during the camera setup process. For example, if the generic
term “seedling” was selected during the camera setup process, then all files with that generic
title (seedling.tifCA.2.) will be located in the destination folder listed in column B (ColAH1 in this
example) [Figure 14]. Once the generic names for each seedling are selected, save and close the
Excel file. Next, click the “Rename Files” button and select the Excel file containing the generic
names of the images and the corresponding destination folders. Then, select the folder
generated during the “Camera set up” step that includes all of the images, and the files will be

moved to the folders specified in the Excel file.
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Figure 16. The Hypocotyl image analysis tab. (A) The “# of sections” drop-down menu subdivides the image
stack into multiple sections. (B) The “Analysis forward & reverse” toggle is used to select the direction of
the image tracking process. (C) The “# of points to select” drop-down menu sets the number of points to
track in the hypocotyl. (D) The “# of sets of points” drop-down menu sets the number of sets of tracker
points to be tracked. (E) The “Display” toggle chooses whether to display the tracking process while the
software processes each seedling. (F) The “Save movies” toggle button is used to save a copy of the raw
images with tracking points overlaid as movies. (G) The “Calculate angles” toggle is used to calculate the
hypocotyl growth angles. (H) The “Last frame” button will allow the user to select the last frame to analyze
in each image stack. (I) The “Tracker method” drop-down is used to set the method to track the chosen
seedlings across all the images in the image stack. (J) The “First image” allows the user to choose the first
image from each image stack. (K) The “Run” button enables the user to analyze the image stack. (L) The
“List of files” table gets populated with the list of files to process. (M) The main window is where all of the
images appear during image processing. (N) The “Rename Files” button enables the user to organize the
image stacks into folders. (O) The “Adjust image contrast” button, once clicked, adjusts the image contrast

in the image stack using the first image as a reference.

The default parameters will work with high-quality images captured for short recording

periods, but several parameters can be optimized to improve data acquisition under suboptimal
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conditions. These settings are grouped under the “Initial settings” section [Figure 15 A, B, C, and
D]. Once these settings are modified, these parameters apply to all of the following images.
Click on the “First Image” button to select the first image in the image stack of a particular
seedling. Next, a new window will appear with the selected image, and the area containing the
hypocotyl elongation zone should be manually drawn by using the mouse to right-click and drag
the box over the hypocotyl. Next, starting at the hypocotyl-cotyledons junction, use the mouse
to place tracker points by selecting tracker points along the hypocotyl length. Following these
actions, the user will have the option to either start the analysis or add additional seedlings to
the queue. Once the user selects the “RUN” button and the images are in numerical order
starting at zero, the software will automatically analyze all the photos in each chosen image
stack. During each of these steps, the required action will be displayed at the bottom of the
screen in the “Please, follow the instructions described here” window [Figure 15].
Initial settings

In the Initial settings section, the user will set several parameters to extract as much
information from the image stack as possible. Then, for clarification, we will explain the

features provided by the Hypocotyl tab of MorphoD.
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Figure 17. The drop-down menu for “# of sections.” The drop-down menu divides the image stack into

multiple analysis sections.

The “# of sections” drop-down menu divides the image stack into up to four sections
[Figure 16]. An experiment with long-time courses may lead to drastic changes in seedling
morphology; the initial tracking points selected in the first image may disappear during seedling

growth.
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Figure 18. The drop-down menu for “# of points to select.” The drop-down menu establishes the number

of points assigned along the seedling hypocotyl.

The image stack can be broken into multiple sections and assigned different tracker
points at each significant developmental milestone of seedling morphology. For example, for an
image stack of 100 pictures, the user may choose various tracker points to measure the growth
rate in the first 50 images and a different set of tracker points to measure the growth rate in

the last 50 images [Figure 16].
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Figure 19. The drop-down for # of sets of points menu. The number of sets of tracking points drop-down

menu will allow the user multiple opportunities to set data points along the seedling hypocotyl.

The “Forward and Forward&Reverse” toggle serves a similar purpose as the “# of
sections” drop-down menu [Figure 15 B]. This toggle allows the user to select and track points in
the first image of each stack (the default “Forward” option) and the second set of tracker points
set in the last picture (the “Forward&Reverse” position). Thus, if the “Forward&Reverse” option
is selected, the system will track all the tracker points specified in the first image throughout
the whole image stack until the last picture and all the tracker points in the previous image to
the first image. As a result, the software will provide an average of the two sets of
measurements and thus improve the accuracy of the final growth measurements.

Furthermore, using this option in combination with the “# of sections” option [Figure 16]
will enhance the results of seedlings that change substantially between frames or during

specific points in the experiments, such as applying liquid treatments. Other options to improve
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image processing and data acquisition of intricate image stacks involve changing the tracking
method and the default values used by these different tracking methods [Figure 19]. To further
increase the precision of the tracking software, it is recommended to increase the frequency of
image capture to minimize the pixel displacement between frames. For example, reduce the
six-minute time interval to three minutes between frames; see the “Picture frequency” section
in the “MATLAB-Arduino Integration” tab [Figure 12 H].

In the “# of point to select” section, you can assign up to 40 tracker points to mark the
hypocotyl [Figure 17]. These tracker points will track specific pixels along the hypocotyl. In
addition, this section allows the user to measure the hypocotyl angle by choosing the “2”
option [Figure 17]. Increasing the number of tracked points could be advantageous when
analyzing large images or when higher precision is required to measure large high-resolution
images.

MorphoD provides an option to apply multiple sets of tracker points along the
hypocotyl. By using several groups of tracking points, the user can, for example, track the
growth rates of various regions of the seedling independently [Figure 16] or even several
hypocotyls captured in a single image stack. Thus, for example, this option could be used to
determine the growth rate of the hypocotyl's “inner” and “outer”' areas and compare the
growth rates of each region of the shoot [Figure 18].

The "Display" toggle will show how the software processes each image stack [Figure 15
E]; however, having this feature active will increase the time the software takes to process the
images. The "Save movies" toggle provides an option to save a *.avi file with the tracking points

overlaying the seedlings [Figure 15 F]. Using these *.avi movie files, the user can identify
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abnormalities during data processing, such as the tracker points disappearing during the image
processing step. The "Calculate angles" toggle [Figure 15 G] allows the user to measure the
angles between two seedling parts. If the user chooses to measure angles, the software will
prompt the user to select two sets of two points. The software, in this case, will measure the
angle between the defined lines in each frame. Selecting the "Last frame" button opens a pop-
up window where one can limit the number of images to analyze in a stack. For example, to
process the first 100 frames of an image stack, the user should input the number 100 into the

pop-up window.

|=> MaxBidirectionalEmor ¥
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BlockSize
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Run

Figure 20. The drop-down tracker point method menu. This menu is used to select the point tracking

method.

The drop-down "Tracking method" menu allows the user to select among four different
tracking algorithms. Depending on the quality of the images, some tracking methods may
perform better than others [Figure 19]. If the software cannot track the selected points across
the desired image stack, it is recommended that the user tests different tracking methods to
improve the outcome. For example, the NumPyramidLevels utilizes the Kanade-Lucas-Tomasi
tracking algorithm to identify selected displaced points and an image pyramid stack [102, 103,
104, 105]. Each stack level has reduced image resolution by a factor of two compared to the

previous level. The MaxBldirectionalError "default settings" should provide the best results
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when using high-quality photos. If the user changes the default method, a new pop-up window
will open requesting the value to use with the tracking method [102, 103, 104, 105]. For the
NumPyramidalLevels or MaxBidirectionalError, the default value is 1, while for the BlockSize
and Maxlterations, the default values are 5 and 30, respectively [102, 103, 104, 105]. By
increasing these values, the algorithm can track points that experience a more significant
displacement between consecutive frames at the cost of computation time and precision. For
more information about these algorithms, visit this link:

"https://www.mathworks.com/help/vision/ref/vision.pointtracker-system-object.html."”

Hypocotyl image analysis

Once the initial settings are established, the image analysis process can begin. First, click
the "First image" button [Figure 15 J], and a new window will appear. Next, select an image from
an image set corresponding to the first frame. A new pop-up window will appear to confirm the
previous image selection. If "Y" was selected, the software would transition to the next step,
and you will set several tracker points along the hypocotyl. If "N" is typed in the window, a new

window will appear, and you will have the option to select another seedling/frame.
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Figure 21. Order of operation to select tracker points along the length of the hypocotyl. (A) Once the user
selects an image, a new window containing the specified frame will appear. (B) Using the cursor, drag and

drop a box around the hypocotyl. (C) Finally, using the cursor, assign tracker points along the hypocotyl.

Once the first image is selected, a new window containing the specified frame will
appear. Using the mouse, drag and draw a box around the hypocotyl [Figure 20 A]. Next, use the
mouse to assign tracking points along the hypocotyl towards the hypocotyl-root junction
[Figure 20 B]. The number of tracker points to select depends on the number chosen during the
initial setting (we recommend 10 tracker points per assay) [Figure 16 and Figure 20 C]. Once the
user assigns the last tracking point, pressing any key on the computer keyboard will allow the
progression to the next step. The recommended action is displayed at the bottom of the
application in the “Please, follow the instructions displayed here” window [Figure 15]. The
generic name generated in the "Rename files" step for the chosen seedling will appear in the
“List of files” window in the bottom right corner of the application [Figure 15 N]. To measure the
remaining seedlings in the set, repeat the previous steps for the remaining image stacks in the

experiment. Finally, click "Run" to begin the image processing [Figure 15 K]. For drastic changes
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in lighting due to, for example, liquid treatment application, click the “Adjust image contrast”
box to equalize the lighting conditions throughout the image measurements [Figure 15 O].

Once the image processing is complete, MorphoD will generate five files. The *.avi file
entitled "Video" is a raw video file of the hypocotyl without tracking points. The*.avi file
entitled "VideoTracker" is a movie of the hypocotyl overlaid with the tracking points. The frame
number will be indicated in the top left corner of the video. If the user selected multiple sets of
points during the image analysis set, the user should receive multiple *.csv files containing the
growth rate for each section. If only one set of points is chosen, the "1CVS" and the CVS files
will contain the same information. The *.csv file entitled “1CSV” contains the hypocotyl growth
rate in (pixels/frame). The *.csv file ending in the suffix "pattern" contains the hypocotyl
growth between two adjacent tracking points. The *.csv file entitled “CSV” contains the
hypocotyl growth rate in (pixels/frame). The user will use the "CSV" file for the downstream

data analysis and normalization for each seedling.

Root tab

When using the Root tab, the images get automatically organized in the folder
generated during the "Set Up Camera" step, one folder per seedling [Figure 12 G]. The default
parameters will work with quality images captured for short recording periods, but several
parameters can be changed to improve data acquisition (see below). These settings have been
grouped under the "Initial settings" sections [Figure 21 A, B, C, and D]. Once these settings are
changed, these parameters will apply to all of the following image stacks selected in the "Start

image analysis" section.
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The first image is selected in each image stack, each stack corresponding to one
seedling. First, a new window opens where the user previews the chosen picture. Next, using
the mouse, a square is manually placed around a static root section (that does not
grow/elongate) to use as a reference to correct any imperfect camera repositioning between

frames. In addition, the user draws a square around the root tip to track the root growth.

Following these actions, the user can start the analysis or add additional seedlings to the queue.

Once the image analysis process is initiated, the software will measure the displacement

(pixels/frame) between frames of several tracking points in the root tip.

The Root tab shares several functions with the Hypocotyl tab; therefore, we will discuss

the redundant features in minor detail and focus on the image processing portion of the

software.
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Figure 22. Root image analysis tab. (A) The “# of sections” drop-down menu subdivides the image stack
into multiple sections. (B) The “Analysis forward & reverse” toggle is used to select the direction of the
image tracking process. (C) The "Display" toggle displays the root as it elongates in the main window. (D)
The “Save movies” toggle button is used to save a copy of the raw images with tracking points overlaid as
a movie. (E) The “Last frame” button allows the user to select the last frame to analyze in each image
stack. (F) The "Tracking method" drop-down menu sets the tracking method to explore each image in the
image stack. (G) The "First image" button allows the user to select the first image from each image stack.
(H) The "Run" button allows the user to begin the image analysis sequence. (I) The "List of files" window
populates with the names of files to process. (J) The main window, if active, displays the growing root
overlayed with the tracking points. (K) The "Rename Files" button enables the user to organize the image
stacks into folders. (L) The “Adjust image contrast” button, once clicked, adjusts the image contrast in the

image stack using the first image as a reference.

Initial settings
Before measuring root growth dynamics, the user must establish the initial image

analysis parameters listed in [Figure 21 A, B, C, and D]. First, use the drop-down menu to divide
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the image set into multiple parts. Separating the image stack into segments proves beneficial
for long-time-course experiments [Figure 22 A]. For example, as the root elongates over long
periods, the primary root morphology will change due to root hair emergence and growth,
changes in root shape, etc., making tracking the selected points difficult. Breaking up the image
stack into multiple sections will help solve this issue. The default setting works well for high-

resolution photos captured for short periods (a few hours).
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Figure 23. The “# of sections” drop-down menu. The menu allows dividing an image set into a maximum

of four sections.

The "Forward and Reverse" toggle [Figure 21 B] has a similar function to the "Forward
and Reverse" toggle in the Hypocotyl tab [Figure 15 B]. Please review that section for more
information on that feature.

The "Display" toggle shows the progression of the image analysis [Figure 21 J]. If
activated, this helpful feature allows the user to monitor the image processing in real-time and
see the root image overlayed with the tracker points. The display option provides an
opportunity to check for tracking problems and determine whether adding additional sections
(see above) or using the “Forward and Reverse” option is needed. However, the active display

feature reduces the processing rate of the software. The "Save movies" toggle allows one to
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save *.avi files of the raw movies and movies with the tracker points overlaying the seedlings
[Figure 21 D]. These files function as a record of each seedling and display the image tracker's
quality. Selecting the "Last frame" button limits the number of images in a stack that will be
analyzed [Figure 21 E]. This option can be used to reduce the image processing time. For
example, if most seedlings grow out of frame after 100 images, the user can limit the analysis to
the images containing root tips, for instance, in the first 60 frames. This action could be
accomplished by entering 60 in the “Last frame” window.

Like in the Hypocotyl tab, the "Tracking method" drop-down menu allows the user to
choose between four tracking algorithms [Figure 19]. Depending on the quality of the images,
some tracking methods may perform better than others. If the software cannot track the
selected points across the desired stacks of images, it is recommended to test different tracking
methods to improve the outcome [102, 103, 104, 105]. The MaxBlIdirectionalError "default
settings” should provide the best results when the user is analyzing high-quality photos. If the
user changes the default method, a new pop-up window will open requesting the value with
the tracking method. For the NumPyramidallLevels or MaxBidirectionalError, the default value is
1, while for the BlockSize and Maxlterations, the default values are 5 and 30, respectively [102,
103, 104, 105]. By changing these values, the algorithm can track points that experience a

displacement between consecutive frames at the cost of computation time and precision.

Root image analysis
Once the user has established all the initial settings described above, the image analysis

process can begin. First, select the "First image" button [Figure 21 G], and a new window will
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appear. Next, select the first image from an image stack. A new pop-up window will appear to
confirm the previous image selection [Figure 23 A]. If the user is satisfied with the selected
image, type in the window "Y." Finally, the software will transition to the next step, where the
user will choose a small area around the part of the root no longer actively growing [Figure 23
B] and another region around the root-tip [Figure 23 C].

A)

Figure 24. The order of operations for selecting a root to measure. (A) The initial window contains the first
frame of a seedling. Then, using the cursor, a box is dragged and dropped around (B) the primary root and

(C) the root tip.

If the user types "N" in the window, then a new window will appear, and the user will
select another image in the seedling stack. Finally, the generic name generated in the "Rename
files" step for the chosen seedling will appear in the “List of files” window in the bottom right
corner of the application [Figure 21 I]. To measure the remaining seedling in the image set,
select another seedling and set the areas tracked in the root from another seedling in the

experiment.
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Smoothing tab

In this section, the "CSV" files generated from the hypocotyl and root image processing
steps are analyzed to calculate the normalized growth rate of an organ. The user needs to set
the time frame for each experiment by selecting the first image captured in that experiment.
Next, the user needs to establish the time frame for the treatment by choosing two images that
correspond to the start and endpoint of the treatment. The software uses the timestamps of
each picture to determine the actual times the experiment started and when the different
treatments were applied. Since each particular frame (first frame, for example) for each
seedling in an experiment was not captured simultaneously, MorphoD extrapolates the growth
rate of each seedling using a fitting function (Smoothing Spline) at user-selected time intervals.
Finally, the software plots the estimated values every (x) minute depending on the users'
preference. Once the experimental time frame has been established, the growth rate
information for each seedling can be uploaded to the Smoothing application tab

Once the time frame is established, select the first picture for each image set and the
corresponding *.csv file generated in the image analysis step. Next, the user can use the display
window to graph the normalized growth rate of each seedling by compiling the data and
creating the average standardized growth rate of the selected seedling. Finally, the user can

export the results as an Excel file containing the normalized growth rates of each seedling.
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Figure 25. Smoothing and data normalization tab. The first section allows the user to establish the time
frame for the experiment. (A) The "First picture of the experiment" button allows the user to input the
first picture of the experimental series. (B) The "Treatment start" button enables the user to load the
picture corresponding to the start of the treatment. (C) This "Treatment end" button loads the image
corresponding to the end of the treatment. (D) This window lists the time frame of the experiment in
minutes. (E) Checking this box normalizes the growth rate of each seedling to the growth rate
corresponding to the two hours before the start of the treatment. (F) The window allows the user to input
the number of points plotted per minute. (G) This window allows the user to input the start point for the
normalized growth manually. (H) This window enables the user to input the endpoint for the normalized
growth manually. (1) The "First picture for this plant" button allows the user to load the first picture for
each seedling. (J) The "CSV" button lets the user load the *.csv file for each seedling. (K) The name of each
seedling appears in this window. (L) The "Add to list" button allows the user to save the image processing
results/ (M). The "Smoothing spline of all plants" plots all the seedlings' average smoothing spline in the
main window. (N) The "Export" button allows the user to export the result to the folders of each image
stack. (O) The main window shows the normalized growth rate of each seedling and the average results.

(P) This window displays the list of files being processed.
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Setting the treatment time frame

Select the "First picture of the experiment" button to set up the experimental time
frame and align the growth rate of each seedling [Figure 25]. A window will open, and the folder
containing the first image captured needs to be selected for that first seedling. This image will-
serve as time zero for the experiment. MorphoD requires the timestamp from each image file
to extrapolate and plot the normalized growth rate of each seedling at the desired times. To
establish the time frame for the experimental treatment, click on the "Treatment started"

button [Figure 24 B].

This needs to be done just for the first

seedling of each experiment

First picture of the experiment

Treatment start

Treatment end

D% ‘ment started at time: 239 and ended at time: 359

Normalize growth to 2h before treatment

Plot a point every (x) minutes 6

Figure 26. Setting the experimental time frame in minutes. Once the user selects the images to represent

the treatment time frame, the treatment time in minutes will appear in the window.
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The timestamp of this image will serve as the start time point for the treatment. Next,
select the “End treatment” button, and a file selector window will appear [Figure 24 C]. The
timestamp of this image will function as the end time point for the treatment. The window
below the time interval buttons will display the treatment time in minutes; at this point, the
user can review the treatment time frame in minutes [Figure 24 D]. Finally, input the time in
minutes to reflect the time between the data points. The user only needs to input this

information once for each experiment.

Data processing and exporting results

To begin the data processing, select the “First picture for the plant” button to load the
first image for the seedling to be analyzed. This action will set the time frame for each seedling
relative to the start of the experiment and calculate the estimated growth rate at any given
time. Next, select the “CSV” button to load the *.csv file for the corresponding seedling. A
graph of the growth rate normalized to the average growth rate two hours before the
treatment will appear in the main window. Then, select the “Add to list” button [Figure 24 L] if
the user wants the growth rate of this seedling to be used to calculate the average of the
experiment. If this button is not clicked, the information about this seedling will not be used for
the experiment’s summary report. The generic name generated in the “Rename files” step for
the chosen seedling will appear in the “List of files” window on the right [Figure 24 P]. Repeat
the listed steps to add more seedlings to the queue. Finally, selecting the "Smoothing spline of
all plants" button [Figure 24 M] will show the average growth rate of all the selected seedlings.
When the user exports the data from the experiment by clicking the “Export results” button,

MorphoD will generate several Excel files.
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Figure 27. Processing raw growth kinetics data. The normalized growth rate of roots of WT seedlings (n=4)
that are grown in control conditions (150 mL min ) for 4 hours to set baseline growth rate and then
exposed to constant ET (Treatment start) (10ppm at a flow of 150 mL min) for 2 hours. The recovery
treatment begins at (Treatment end), at which point seedlings are exposed to constant control conditions

(150 mL min? air). The standard deviation bars measure the variance around the mean.

The file ending in *.mldatxfits contains all the processed seedlings' average normalized
growth rate. In addition, this file contains the fitted values with the standard deviation. The first
column represents the time in minutes, based on the time inputted during the data processing
step [Figure 26]. Column B corresponds to the average normalized growth rate at the
corresponding times, and column C corresponds to the standard deviation. These data reduce
the noise within the data set. The file ending in *.mldatxfitsnosmoothingRAW will display the
normalized growth rate of each seedling processed without applying the smooth spline. The file
ending in *.mldatxfitsSEM contains the average normalized growth rate and the standard error.
Finally, the text file with the suffix *.mldatxnames includes the generic name list generated in
the "Rename files" step for each seedling in the batch. Now that the features of MorphoD are

fully explored, a case study will be used to demonstrate the utility of the MorphoD software.
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METHODS AND MATERIALS
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Figure 28. Simplified diagram of the dual kinetics imaging module established to capture live infrared
images of young seedlings. An infrared lamp illuminates each kinetics chamber in dark and light growth
conditions. Both monochrome cameras are focused on measuring hypocotyl or root growth dynamics for
each experiment. Each camera is attached to two linear actuators (x- and y- direction), while the growth
kinetics chamber is connected to one linear actuator (z-direction). All linear actuators are controlled by
an Arduino microcontroller. Plates can be scanned and images captured at desired time intervals. The ten
ppm ET and dry air tanks are placed outside the dark growth chamber, where the user can monitor the

gas flow during the experiment. This diagram is not drawn to scale.
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Figure 29. Two-part 3D-printed kinetics chamber. The inner chamber is designed to fit seamlessly inside
the outer chamber. When the growth chamber is assembled, it is designed to hold a 100x 15mm Petri dish
[106]. (A) The diagram displays the inner and outer chamber gas ports, allowing for gas treatments. (B)
The outer chamber arm is designed to attach to a TSX-1D Dovetail Linear Stage holder. (C) In addition, the
outer chamber has a port spray intended to support an ultrasonic aerosol spray head. (D) The inner
chamber is designed to fit inside the outer chamber. (E) Finally, the outer chamber is designed to hold the
Petri dish and the inner chamber for the growth kinetics assays. Once the inner and outer chambers are
assembled, the base of the Petri dish will fit on the back of the kinetics chamber, while the lid of the Petri

dish will fit on the front and seal the chamber. This diagram is not depicted at scale.
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D. Corner

Figure 30. Fully assembled kinetics chamber with a 100 x 15 mm Petri dish shown from different angles.
(A) Front view of the assembled kinetics chamber displaying the liquid reservoir, TSX-1D Dovetail linear
stage arm, gas port, and a Petri dish lid. (B) Back view of the kinetics chamber with the attached Petri dish
base with four-day-old wild-type (WT) seedlings. (C) Side view of the kinetics chamber. (D) Corner view of
the kinetics chamber highlighting the Petri dish base. Each image contains a ruler to serve as a size

reference for the entire assembly.
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Figure 31. Growth kinetics module in action. The kinetics chamber is mounted to the kinetics imaging

module in front of an infrared backlight [88].

Seedling growth conditions

First, a bleach sterilization solution of 50% (v/v) was prepared by mixing an equal
amount of bleach and distilled water. Next, 2 drops of Triton X were added to a .5 liter volume
of bleach solution. Next, Arabidopsis seeds were added to clean tubes, and the bleach
sterilization solution was added to the tubes [27]. The tube lids were closed, and seeds were
resuspended by inverting the tubes multiple times. The seed suspension was flicked and
knocked numerous times to break up seed clumps and aid the resuspension of seeds [27].

Next, the resuspended seeds were incubated for 5-15 minutes at room temperature
with occasional tube inversion to mix the seeds. The tubes were then uncapped, the
sterilization solution was removed via aspiration, fresh sterilization solution was added to the
tubes, and seed suspension was incubated for additional 5-15 minutes [27]. Next, the tubes

were uncapped, and the sterilization solution was removed and replaced with sterile water. The
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tubes were re-capped and inverted several times to fully resuspend the seeds. The seeds were
allowed to settle at the bottom of the tube by gravity, and the water was removed. This
washing process was repeated an additional three or more times with fresh sterile water. After
the final water wash, as much of the water was removed without taking seeds, and the tubes
were re-capped. The surface-sterilized seeds were then stored for 2-5 days at 4°C in the dark
[27].

The sterilized seeds were plated in full-strength Murashige and Skoog (MS) agar plates,
pH 6.0, supplemented with 1% (W/V) sucrose [27]. The seeds were distributed in a grid pattern
[Figure 13]. Markers were placed flanking each row of the gride to identify each genetic
background and treatment condition during the imaging process. A marker serves to identify
the genotype of the seedling and acts as a size reference for the image resolution [Figure 13].
Next, the plates were exposed to continuous fluorescent lights for one to two hours to enhance
seed germination [27]. Finally, the Petri dishes containing the light-treated seeds were wrapped

with aluminum foil and placed in a vertical orientation in the dark at 22°C for 72 hours.

Hypocotyl and root growth dynamic analysis

After this 3-day dark incubation, the Petri dishes with the etiolated seedlings were
carefully unwrapped under the illumination of safe green light and transferred to a kinetics
chamber [Figure 30]. Upon sealing the backs of the kinetic chambers with parafilm to prevent
gaseous leakage [Figure 29], the chambers were placed vertically in a holder mounted on a TSX-
1D Dovetail Linear Stage in front of an infrared light source [Figure 30] [85]. These manipulations

were done under a low-intensity green light to minimize the impact on the plants [36]. The live
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infrared cameras were focused on seedlings with resolutions corresponding to 200 (pixels/mm)
for roots and 100 (pixels/mm) for hypocotyls, and gas lines were attached to each kinetic
chamber.

In addition to using MorphoD to semi-automatically measure hypocotyl and root growth
dynamics, HYPOtrace was used to measure hypocotyl growth kinetics for comparative purposes
[107]. Finally, hypocotyl growth dynamics were manually measured using ImagelJ [108]. In the
case of the ImageJ analysis, an image stack is imported into ImageJ, and a horizontal line is
drawn across the top of the apical hook of the first image in the stack. Then, the line position is
adjusted with the arrow keys during image stack progression, one frame at a time. The number
of times needed to move the up arrow is the number of pixels changed between consecutive
frames. We then calculate the growth rate based on the inter-frame pixel increments and the
size markers captured during the growth kinetics assay [Figure 12 G].

Gas treatments

Gas tanks filled with compressed hydrocarbon-free air or air containing 10ppm ET were
used (Arc3 Gases). The tanks were connected to the kinetics chambers through a Concoa 560
Series 150 mm flowmeter [92] and 12V DC solenoids gas valves [99]. Before initiating the
treatment, the gas tanks’ valves were opened, and the flow adjusted to 150 ml min’. Next, the
MorphoD software was used to establish the experimental conditions (see “Establishing
experimental conditions” in Chapter 2), including setting the timing when the solenoid valves
will be opened or closed.

MorphoD triggers each 12V DC solenoid to open when the experiment begins and

allows gas to flow based on the previously established parameters. The gas flow is maintained
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at 150 ml min't using a Concoa 560 Series 150 mm flowmeter [92]. During a typical experiment,
seedlings are first subjected to control conditions (flow-through air supplied at 150 ml mint) for
4 hours to establish baseline growth conditions. Next, seedlings are exposed to ET for 2 hours
(air with 10ppm of ET at a flow rate of 150 ml min-t). Finally, MorphoD triggers the 12V DC
solenoid and blocks the ET treatment, and the 12V DC solenoid corresponding to the air tank
opens instead. At this point, the seedlings are again subjected to control conditions (flow-
through hydrocarbon-free air supplied at 150 ml min?).

MorphoD is also used to set up the frequency at which an image for each seedling is
taken and the position of each seedling on the plate. Our kinetics imaging module consisted of
two complete infrared imaging systems capable of capturing high-resolution infrared images of
up to 40 seedlings in each of two Petri dishes per experiment [Figure 27]. Finally, the hypocotyl

and root growth rates were measured using MorphoD software, as described in Chapter 2.

Kynurenine treatment

The kynurenine (KYN) (Sigma-Aldrich) powder was dissolved in 100% ethanol to 50 mM
and stored at -20°C. Before the ET kinetics assay, the 50 mM KYN stock solution was added to
MS plates to make 10 uM Kyn. For the control treatment, an equal amount of 100% ethanol,
equivalent to the volume of the KYN stock solution, was added to MS plates. Sterilized seeds
were pipetted onto the surface of the media using the methods suggested in [27]. The plates
were placed horizontally under continuous fluorescent lights for one to two hours to enhance
seed germination [27], wrapped with aluminum foil, and placed in a vertical orientation in the

dark at 22°C for 72 hours to allow the seeds to germinate.
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RESULTS

Previous studies show that infrared imaging of etiolated ET-treated seedlings captures
hidden hypocotyl growth dynamics changes within minutes of ET treatment [36, 37]. Our
kinetic analysis pipeline indicates that the ET treatment induces a dynamic growth inhibition
(down arrow) [Figure 32 A]. After 18 minutes of continuous ET treatment, the growth rate of
hypocotyls reaches a new steady-state rate. The ET treatment reduces the growth rate of air-
exposed hypocotyls by 60% [36, 37]. The growth rate remains suppressed to these low levels
until ET is removed (up arrow). Following the removal of ET (up arrow), the hypocotyl growth
rate begins to recover and attains pretreatment values within 30 minutes of ET withdrawal
[Figure 32] [36, 37].

Next, we wanted to compare different hypocotyl growth kinetics measurement
methods to MorphoD. We hypothesized that the data generated by MorphoD would be
comparable to established procedures [36, 37, 101]. So first, we used HYPOtrace to measure
the test images' hypocotyl growth kinetics [101, 109]. This software uses an Adaptive Local
Principal Component Analysis (ALPCA) to trace a solid white midline or medial axis of the
hypocotyl upward through the cotyledons intersection [101, 109].

Briefly, HYPOtrace converts the image stack into black and white pixels to distinguish
the background from the seedling. The hypocotyl is converted into black pixels, while the
backdrop is converted into white pixels. The midline is drawn based on the ALPCA algorithm,
and the line extends to the hypocotyl-cotyledon junction [101, 109]. The software captures the
midline length, and the next image in the stack is processed. The midline is redrawn for each

resulting image, and the hypocotyl elongation rate can be determined from the time series of
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midlines. This software successfully captured the hypocotyl elongation [Figure 31], but the
software struggled and failed to analyze low-contrast image stacks.

We also manually processed image stacks using methods suggested in [36, 37]. This
approach successfully captured the ET-mediated growth kinetics of the test stack of images.
However, compared to MorphoD and HYPOtrace, it took more time to process the test stack of
images [Figure 31].

Finally, we made several attempts to utilize software such as RootTrace, Automatic Root
Image Analysis (ARIA), and Analyser for Root Tip Tracks (ARTT) to measure the ET-mediated
root growth dynamics [110, 111, 112]. Unfortunately, we could not run this software on our
computer platform due to a lack of software files used to operate these applications or the
software applications being unavailable.

For the manual meassurement of root length, Image J was employed. In brief, an image
stack is imported into ImageJ, and a line is drawn down the middle of the primary root to the
root tip. Then, the line is extended as the new frames are processed, and the position is
adjusted to the root tip. The size of the line changes with the progression of the image stack,
and that value is converted to the growth rate. With our image stacks, the manual root

measurements did not yield precise results comparable to previously reported data [113].
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Figure 32. Comparing hypocotyl growth kinetics measurement methods to MorphoD. Three independent
methods were utilized to measure the ET-mediated hypocotyl growth kinetics of WT seedlings (n=20).
First, the data show the normalized growth rate of hypocotyls of WT seedlings grown in control conditions
(hydrocarbon-free air supplied at 150 mL min™) for 4 hours to set baseline growth rate and then exposed
to constant ET (down arrow) (150 mL min) for 2 hours. Then, the recovery treatment begins (up arrow)
when seedlings are exposed to constant control conditions (air at 150 mL min). The standard error bars

measure the relative accuracy of each method of analysis.

In the roots of WT etiolated seedlings, the growth rate decreases within 6 minutes after
ET application (down arrow) [Figure 32B]. The ET treatment induces a 40% reduction in the
growth rate compared to air-treated roots. After 18 minutes of ET treatment, the growth rate

reaches a new steady-state growth rate [Figure 32] that is maintained until the ET treatment is
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removed (up arrow). Following the removal of ET (up arrow), the root growth rate begins to
recover and attains pretreatment values within 30 minutes [Figure 32B].

MorphoD was designed the measure ET-mediated hypocotyl and root growth kinetics.
To further validate MorphoD's ability to capture ET-mediated growth kinetics, we compared the
ET-mediated hypocotyl and root growth kinetics of WT, ein2-5 single mutant, and ein3-1 eil1-1
double mutant seedlings.

In our conditions, the hypocotyls and roots of WT plants responded to the ET treatment
like in previous studies [Figure 32A and B] [36, 32, 113]. Moreover, as expected, the hypocotyls

and roots of the ET insensitive ein2-5 single mutant did not respond to the ET treatment [36].
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Figure 33. ET-mediated growth kinetics of ein2-5 and WT seedlings. (A) Normalized hypocotyl growth rate
of WT (n=10) and ein2-5 (n=8) seedlings. (B) Normalized root growth rate of WT (n=16) and ein2-5 (n=10)
seedlings. All seedlings were grown in control conditions (150 mL min? of hydrocarbon-free air) for 4
hours to set the baseline growth rates and then exposed to 10ppm of ET (down arrow) (150 mL min™) for
2 hours. After the 2 hours of ET treatment (up arrow), seedlings were again exposed to hydrocarbon-free
air (150 mL min™) until the end of the experiment. The error bar for each time point represents the

average * standard error.

Finally, ET-treated WT and ein3-1 eil1-1 double mutants analyzed with the MorphoD
system displayed previously described kinetics [36]. During the first 18 minutes of ET treatment,
hypocotyls and roots of ein3-1 eil1-1 [Figure 33] double mutants were indistinguishable from WT
seedlings [36] [Figure 33]. However, the ein3-1 eil1-1 double mutant hypocotyls and roots
behaved differently from WT after the first 18 minutes, with the growth rate of the ein3 eill
hypocotyls and roots recovering after 30 minutes of ET treatment [Figure 33]. Thus, MorphoD
possesses the resolution necessary to distinguish the initial response to ET in both the
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hypocotyls and roots. Again, these results of ein2-5 single and ein3-1 eil1-1 double mutant
kinetics assays confirm that EIN2 is required for the initial and long-term ET responses, whereas
EIN3/EIL1 transcription factors are necessary only for long-term growth kinetics in response to
ET [36].
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Figure 34. ET-mediated growth kinetics of ein3-1 eil1-1 and WT seedlings. (A) Normalized hypocotyl
growth rate of WT (n=8) and ein3-1 eil1-1 (n=10) seedlings. (B) Normalized root growth rate of WT (n=17)
and ein3-1 eil1-1 (n=19) seedlings. All seedlings were grown in control conditions (150 mL min? of
hydrocarbon-free air) for 4 hours to set the baseline growth rates and then exposed to 10ppm of ET (down
arrow) (150 mL min?) for 2 hours. After the 2 hours of ET treatment (up arrow), seedlings were exposed
to hydrocarbon-free air (150 mL mint) until the end of the experiment. The error bar for each time point

represents the average + standard error.

Previous work has also shown that the ET response requires auxin signaling, transport,
and biosynthesis [53]. We also observed this root ET insensitivity of the classic auxin signaling
mutant axr2 and auxin transport mutant aux1 [Figure 4]. However, since mutations in ET and
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auxin-related genes result in long roots in ET-treated plants, it is challenging to determine
where auxin transport and signaling are required in the ET signaling pathway. In roots, it has
been shown that auxin is required for the initial response to ET [113]. Our data confirm these
findings: the primary roots of aux1-7 [Figure 34] and axr2 [Figure 35] single mutants lack the
initial response to ET observed in the WT plants during the first 18 minutes of ET exposure. In
contrast, the ET-mediated hypocotyl growth kinetics of these auxin mutants are
indistinguishable from those of WT seedlings.

The hypocotyls of the axr2 single mutant appear to be insensitive to external ET
treatment [Figure 6 A and B]. Likewise, we did not observe an ET-mediated fast response nor a
long-term response to continuous ET exposure and removal in this mutant [Figure 35]. However,
during the triple response assay, the upper hypocotyls of axr2 mutants respond to ET as they
develop an exaggerated apical hook [Data not shown]. Furthermore, we found that the
hypocotyls of axr2 mutants tend to grow slower than that of WT seedlings [54]. Indeed, the
axr2 mutants possess a dwarf phenotype due to their severe auxin insensitivity. Based on these
results, we conclude that our live infrared imaging pipeline has the power to resolve the
hypocotyl and root initial ET response in WT and classic auxin mutants [Figure 34 and Figure 35].

Our results suggest that auxin is not required for the initial response to ET in hypocotyls,
while auxin is necessary for the initial response to ET in roots. We further confirmed the
requirement of auxin through a pharmacological approach. We germinated WT seedlings in the
presence of the auxin biosynthetic inhibitor kynurenine (KYN) [Figure 36] and used the kinetics
pipeline to monitor for deviations in the ET-mediated growth dynamics. The kynurenine

treatment induces ET insensitivity in roots by inhibiting TRYPTOPHAN AMINOTRANSFERASE OF
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ARABIDOPSIS1/TRYPTOPHAN AMINOTRANSFERASE RELATEDs (TAA1/TARs), which are critical

enzymes in the auxin biosynthesis pathway [53].
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Figure 35. ET-mediated growth kinetics of aux1-7 and WT seedlings. (A) Normalized hypocotyl growth rate

of WT (n= 17) and aux1-7 (n=13) seedlings. (B) Normalized root growth rate of WT (n=14) and aux1-7

(n=11) seedlings. All seedlings were grown in control conditions (150 mL min™ of hydrocarbon-free air) for

4 hours to set the baseline growth rates and then exposed to 10ppm of ET (down arrow) (150 mL min™)

for 2 hours. After the 2 hours of ET treatment (up arrow), seedlings were exposed to hydrocarbon-free air

(150 mL min) until the end of the experiment. The error bar for each time point represents the average

* standard error.
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Figure 36. ET-mediated growth kinetics of axr2 and WT seedlings. (A) Normalized hypocotyl growth rate
of WT (n=22) and axr2 (n=10) seedlings. (B) Normalized root growth rate of WT (n=22) and axr2 (n=14)
seedlings. All seedlings were grown in control conditions (150 mL min™ of hydrocarbon-free air) for 4 hours
to set the baseline growth rates and then exposed to 10ppm of ET (down arrow) (150 mL min) for 2
hours. After the 2 hours of ET treatment (up arrow), seedlings were exposed to hydrocarbon-free air (150
mL min) until the end of the experiment. The error bar for each time point represents the average *

standard error.

As expected, WT seedlings germinated in plates supplemented with KYN are insensitive
to the ET treatment only in roots [Figure 36]. However, the hypocotyls of WT seedlings grown in

the presence of KYN responded to ET like previously reported auxin mutants [Figure 36].
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Figure 37. ET-mediated growth kinetics of WT seedlings germinated in the presence of KYN. (A)
Normalized hypocotyl growth rate of WT Air (n=9), WT ET (n= 15), WT KYN Air (n=35), and WT KYN ET
(n=20) seedlings. (B) Normalized root growth rates of WT Air (n=8), WT ET (n= 16), WT KYN Air (n=18),
and WT KYN ET (n=14) seedlings. The WT ET and WT Air seedlings were germinated in plates without KYN.
In contrast, the WT KYN Air and WT KYN ET seedlings were germinated in control plates supplemented
with 10uM KYN. All seedlings were grown in control conditions (150 ml min of hydrocarbon-free air) for
4 hours to set the baseline growth rates. After control pre-treatment, the WT ET and WT KYN ET seedlings
were exposed to 10 ppm of ET (down arrow) for four hours at a flow rate of 150 ml min™t. After these four
hours, seedlings were switched back to the control conditions (150 ml min™ of hydrocarbon-free air) for
the recovery treatment (up arrow). The WT Air and WT KYN Air seedlings were grown in constant control
conditions (150 mL min? of hydrocarbon-free air). The error bar for each time point represents the

average = standard error.
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DISCUSSION

The complex interaction between a genotype and its environment controls the
biophysical properties of plants, and these interactions produce specific phenotypes. High-
throughput automated image-based plant phenotyping refers to the sensing and quantifying of
plant traits non-destructively by analyzing images captured at regular intervals and with
precision. Our group has developed MorphoD to measure hypocotyl and root growth kinetics in
various environmental conditions. Chapter 2 has fully described the MorphoD application and
its four application tabs that constitute the image analysis pipeline.

First, the MATLAB-Arduino integration tab uses the camera system to simultaneously
capture high-resolution time-lapse images of multiple (up to 40) seedlings. Next, the hypocotyl
and root tabs use high-quality photos to extract growth and angle kinetics from each plant
organ. Finally, the smoothing application tab uses the data generated from the hypocotyl and
root application tabs to process the growth kinetics data and export the summarized data into
Excel spreadsheets [78].

MorphoD operates on either Mac or Windows operating systems and is freely available

on the GitHub software repository (https://github.com/Alonso-Stepanova-Lab/MorphoD). The

image analysis pipeline relies on expensive equipment, but most parts, such as cameras and
infrared backlights, can be replaced by less costly alternatives. For example, the Guppy F-146
FireWire.a 2" CCD Monochrome Camera [79], can be replaced by the Arducam mini module
camera [114]. The primary issue with the cheaper camera alternative is its reduced image

quality (data not shown). Furthermore, the MorphoD system is relatively modular [Figure 27]
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and utilizes two cameras simultaneously. Thus, this system can be scaled to fulfill the user
requirements.

MorphoD is a high-throughput semi-automatic image analysis application to measure
growth dynamics in Arabidopsis thaliana seedlings. The MorphoD kinetics assay was designed
based on the robotic camera design proposed in [115]. However, instead of using a custom-
build gantry positioning device to move cameras, our system uses cheaper stepper motors
found in 3D printers to move cameras and the growth kinetics chambers. Instead of using large
plastic Petri dish holders suggested in [36, 37], the growth kinetics chamber [Figure 28] can be
printed using a standard 3D printer and modified to fit the experimental needs. In some
scenarios, seedlings must be moved from Petri dishes to specialized kinetics equipment [36,
37]. We streamline this process by growing the seedlings vertically [Figure 13] and then moving
the whole Petri dish to the kinetics chamber.

In parallel to measuring growth kinetics mediated by gas treatment, our system can
apply a liquid solution during the experiment. Previous groups have developed a confocal
microscope setup for vertical sample mounting and integrated directional illumination [116,
117]. Our system does not require a vertically mounted confocal microscope to measure plant
growth kinetics [116, 117]. Instead, MorphoD integrates software to image seedlings [Figure 12]
and process plant organs' growth kinetics.

Chapter 2 explored each feature of MorphoD in detail and demonstrated how it can be
utilized to examine ET-mediated growth kinetics. Previous studies have shown that infrared

imaging of dark-grown ET-treated seedlings captures otherwise hidden hypocotyl and root
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growth dynamics within minutes of ET treatment [36, 37, 113]. Herein, we have shown that
MorphoD can efficiently capture these ET-mediated growth kinetics of WT seedlings.

The MorphoD system has some limitations. Thus, for example, we could not use several
previously developed image analysis methods to process our plant organ image stacks [36, 37,
101, 110, 111, 112] due to the high image resolution obtained with our system. In addition,
there is a severe bottle next in the image analysis pipeline. The current system must manually
enter the seedling coordinates into the software. The system could be improved by using
machine learning to automatically scan, identify seedlings, and obtain coordinates on the plate.
In addition, the hypocotyl and root must be manually selected during image processing. Again
MorphoD could use machine learning to automatically identify hypocotyls and roots from the
images.

The kinetic analysis confirms that ET inhibits the growth rate of WT hypocotyls within 6
minutes after the start of the treatment (down arrow). However, after 18 minutes of ET
treatment, the growth rate reaches a new steady-state rate [Figure 32 A]. In addition, we
observed that the ET treatment reduced the hypocotyl growth rate by 60% relative to the
growth rate of air-treated hypocotyls.

The growth rate was suppressed to these low levels until the ET treatment was stopped
(up arrow) [Figure 32 A] [36, 37, 113]. Following the removal of ET (up arrow), the hypocotyl
growth rate began to recover and attained pre-treatment growth rates within 30 minutes
[Figure 32 A]. The roots of WT seedlings responded to the ET treatment within 6 minutes after
ET application (down arrow) [Figure 32 B] [36, 37, 113]. It was observed that the ET treatment

reduced root growth to 40% of the growth rate seen in air-treated roots. After 18 minutes of ET
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treatment, the growth rate reached a new steady-state low growth rate maintained until the ET
treatment was stopped (up arrow) [Figure 32] [36, 37, 113]. Following the removal of ET (up
arrow), the root growth rate began to recover and attained pre-treatment growth. It was
observed that the hypocotyls and roots of dark-grown ein2-5 single mutants do not respond to
the ET treatment.

In comparison, the hypocotyls and roots of the dark-grown ein3-1 eil1-1 double mutants
respond to the initial application of ET [Figure 33 A and B] but recover to pretreatment growth
rates in prolonged ET treatments, consistent with prior reports [36, 37, 113]. This result
reaffirms that EIN2 is required for the initial response to ET, while EIN3 and EIL1, transcription
factors that modulate the gene expression of ET-responsive genes, do not play a role in the fast
response to ET. In Chapter 3, we will further explore the role of EIN2 in the fast response to ET.

In addition to analyzing the classic ET mutants, it was confirmed that auxin is required
for the initial response to ET in roots, as the primary roots of aux1-7 [Figure 34 B] and axr2
[Figure 35 B] single mutants lack the initial response to ET. In contrast, the ET-mediated
hypocotyl growth kinetics of the auxin insensitive mutant aux1-7 are indistinguishable from
that of WT seedlings. In contrast, another auxin response mutant, axr2, is phenotypically much
more severe than aux1-7 and shows severe dwarfism and gravity defects [54]. For example, if
an auxin mutant hypocotyl and root do not elongate during the mock treatment, capturing
different growth kinetics in response to a growth repressor like ET treatment is complex.

The axr2 mutant demonstrated ET insensitivity in hypocotyls and roots [Figure 35 B]. The
requirements for auxin were also tested through a pharmacological approach. It was observed

that the WT seedlings treated with KYN were insensitive to the ET treatment only in roots but
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not in the hypocotyls [Figure 35 A]. It is currently unknown how ET induces the fast growth
response in the hypocotyl and roots. Based on our data, the initial response to ET relies upon an
EIN2-dependent, post-transcriptional mechanism that requires WT levels of auxin in roots.
Therefore, the initial response to ET may require a WT auxin gradient in the roots. Any
deviation in the auxin gradient will inhibit the initial response to ET. In addition, it is currently
unknown how the ET signaling pathway uses the auxin signaling pathway to induce the fast

response to ET, and this could be an interesting subject of future inquiries.
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CHAPTER 3: CHARACTERIZING THE ROLE OF EIN2 IN THE INITIAL RESPONSE TO ETHYLENE
ABSTRACT

The goal of Chapter 3 is to investigate the role of ETHYLENE INSENSITIVE2 (EIN2), an
endoplasmic reticulum (ER)-localized ethylene (ET) signaling molecule in the fast ethylene
response. Two distinct functional domains can be defined in the EIN2 protein, the N-terminal
end (EIN2N) made of 12 ER membrane-spanning alpha-helices and the soluble C-terminal end
(EIN2C) located on the cytoplasmic face of ER. In the presence of ET, EIN2C is dephosphorylated
and cleaved from the ER membrane-localized full-length protein. This EIN2C has been found to
reside in the cytosol and the nucleus. In the cytosol, the EIN2C regulates the translation of
several target mRNAs. In addition, EIN2C mediates the transcriptional regulation of hundreds of
genes in an EIN3- and EIL1-dependent manner in the nucleus. The only known function of
EIN2N is anchoring EIN2 to the ER membrane, and any additional protein functions are
uncharacterized. In this chapter, we tested whether the EIN2C and EIN2N functions are
required for the fast ET response. We found that neither the EIN2N nor EIN2C can support the
initial ET response individually, indicating that both parts of EIN2 are required for this process.

INTRODUCTION

The phytohormone ET is an essential regulator of plant growth and development. The
production of ET is regulated by several external signals throughout the growth and
development of the plant [14, 15, 18, 118]. ET biosynthesis is also induced by various biotic and
abiotic stressors such as pathogen invasion, flooding, freezing, and drought [118].

In Arabidopsis thaliana, the identification and characterization of ET-insensitive and

constitutive mutants resulted in the elucidation of a seemingly linear signal transduction
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cascade [19, 119]. As described in the introductory Chapter 1, ET is perceived by a family of ER
membrane-bound receptors such as ETHYLENE RESPONSE1 (ETR1), ETR2, ETHYLENE
INSENSITIVE4 (EIN4), ETHYLENE RESPONSE SENSOR1 (ERS1), and ERS2 [Figure 1] [12, 18]. ET
binds to any of the ET receptors. As a result, the receptors undergo conformational changes
that result in the inactivation of CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) kinase. CTR1
inactivation leads to dephosphorylation of EIN2, which stabilizes EIN2 [16], and EIN2C is cleaved
from this ER-localized protein [19, 120]. In the absence of ET, the ET receptors activate CTR1
kinase, which in turn phosphorylates EIN2 preventing the cleavage of the EIN2C and thus
inhibiting this protein from initiating the downstream ET signaling events [121].

In Arabidopsis, EIN2 is a positive regulator of the ET signaling pathway, as loss-of-
function ein2 mutants are insensitive to ET [122]. EIN2 encodes a 1294 amino acid protein
[Figure 37] that possesses an ER membrane-spanning amino terminus, EIN2N, with an unknown
function. On the other hand, the carboxyl terminus, EIN2C, is implicated in ET-mediated
translational regulation [16] by directly or indirectly interacting with the 3’ UTR of targeted
mMRNA. In addition, the EIN2C functions in the activation of the EIN3/EIL1-dependent
transcriptional changes [20]. Based on previously published results from live imaging, EIN2 is
required for all aspects of the plant response to ET, including the initial response to ET [36]. In
contrast, the initial response to ET is still present in ein3 eil1 double mutants [36].

As explained in Chapter 1, the early and late responses to ET are uncoupled in the ein3-1
eil1-1 double mutant [Figure 33] ] [36]. These results suggest that the initial ET response does
not rely on the EIN3 and EIL1 transcription factors [Figure 33] but does involve some unknown

mechanisms mediated by EIN2 [Figure 32]. Thus, while it is clear that all ET responses require

84



EIN2, it is unknown how EIN2 mediates the early response to ET. We have hypothesized that
the two domains of EIN2 may play different roles in specific aspects of the ET-mediated growth
kinetics. Therefore, the goal of Chapter 3 is to screen the root and shoot ET-mediated growth
kinetics of published and unpublished ein2 mutants to identify which domains of EIN2 are
required for the early response to ET.

METHODS AND MATERIALS

Seedling growth conditions

For seedling growth conditions, please refer to Chapter 2 methods and materials

Hypocotyl and root growth dynamic analysis
For hypocotyl and root growth dynamic analysis, please refer to Chapter 2 methods and

materials.

Gas treatments

For gas treatments, please refer to Chapter 2 methods and materials.

Genotyping and sequencing

All plant lines used in this work are in the Arabidopsis thaliana ecotype Columbia
background. The ein2-9 mutant allele employed in this study was previously reported [19],
whereas all other ein2 alleles (3-4C1, 1-6E2/1-6F5, and 6-5F1) were generated by Dr. Anna
Stepanova via Ethyl Methanesulfonate (EMS) mutagenesis (unpublished data). The homozygous
mutants were retested phenotypically and confirmed using Sanger sequencing with the
following primers [Table 3]. The primer pair combinations used to genotype each ein2 mutant

allele were listed in [Table 5]
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Table 3. List of primers used to genotype ein2 mutant alleles.

Primers used for PCR and sequencing

EIN2_F1 ACTGTAGAGTTGACCTTGAAT
EIN2_F3 AACAACCAGCTACAGTTCAC
EIN2_R1 AAGAATTCTGATTGTAGCACGA
EIN2_R3 GAGAGTTTTGATTCTTCGGC

Table 4. The primer combinations are used for genotyping the ein2 mutant alleles.

EIN2 mutant allele Forward Primer Reverse Primer
3-4C1 EIN2_F1 EIN2_R1
1-6F5/1-6E2

ein2-9 EIN2_F3 EIN2_R3
6-5F1
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3-4C1 1-6F5/1-6E2 ein2-9 6-5F1
G36R G204D H1143pP C1188Y
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Figure 38. A diagram of the EIN2 gene highlighting the E/IN2 mutant alleles screened in the kinetics assay.
The map of the EIN2 gene, with the coding sequence of the AtEIN2, is depicted as green boxes. The
flanking 5’- and 3’-UTRs are shown as blue boxes. The introns of AtEIN2 are displayed as horizontal solid
lines flanked by colored-box exons. The relative positions of the 3-4C1, 1-6F5/1-6E2, ein2-9, and 6-5F1
mutations are indicated by red vertical lines. The exact location of each missense mutation is stated in the
figure. The arrows show the relative places and directions of the primers used to sequence each ein2

mutant. This figure is not drawn to scale.

RESULTS

Screening ein2 N-terminal mutants
The 3-4C1 EIN2 protein harbors a G36R [Figure 37] mutation, potentially altering the
EIN2N function without directly affecting the EIN2C. This missense mutation was identified at

the 1268th nucleotide position of the genomic DNA sequence [Figure 37].
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Figure 39. ET-mediated growth kinetics of WT and the 3-4C1 mutant allele of EIN2. (A) Normalized
hypocotyl growth rate of WT (n= 14) and 3-4C1 (n=17) seedlings. (B) Normalized root growth rate of WT
(n=16) and 3-4C1 (n=17) seedlings. All seedlings were grown in control conditions (150 mL min? of
hydrocarbon-free air) for 4 hours to set the baseline growth rates and then exposed to 10ppm of ET (down
arrow) (10ppm at a flow of 150 mL min?) for 2 hours. After the 2 hours of ET treatment (up arrow),
seedlings were exposed to hydrocarbon-free air (150 mL min!) until the end of the experiment. The error

bar for each time point represents the average + standard error.

The 3-4C1 missense mutation maps to the 1% ER loop connecting putative
transmembrane alpha helixes 1 and 2 [19]. G36 is a highly conserved amino acid residue found
in protein sequences of EIN2 and related NRAMPs of many plant species. The G36R mutation
changes a nonpolar to a positively charged residue [19].

Thus, if the EIN2C is sufficient to maintain the early ET response, this mutant will still
present the initial ET response. On the other hand, if the EIN2N function is required for the

initial ET response, this mutant would show an altered fast response to ET. Therefore, ET-
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mediated growth kinetics of WT and 3-4C1 were examined to test the requirement for
functional EIN2N [Figure 38]. Previously, in Chapter 2, WT and ein2-5 single mutant were
subjected to the growth kinetics assay. In the WT background, the initial ET-mediated growth
response in hypocotyls occurs within 6 minutes following external ET application (down arrow)

[Figure 32].
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Figure 40. Triple response phenotypes of classical ET mutants. Hypocotyl (A, C) and root (B, D) lengths of
three-day-old WT, ein2-5, and ein2-9 mutants germinated in control media and media supplemented with
10uM ACC. Actual (A, B) and normalized (C, D) organ lengths are plotted. (C, D) The organ lengths of
seedlings treated with 10uM ACC were normalized to those of seedlings grown in control MS media. (A,
B) The error bars represent the standard deviation measured by the dispersion around the mean. (C, D)
The error bars represent the average * standard error. The normalized data were subjected to a one-way
ANOVA test. Statistical significance (a=.05) is depicted with a (*). These data represent N=20 per sample

(genotype and treatment combination).
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Then, the WT growth rate inhibition continues until it reaches a plateau within 18
minutes. As a result, the WT hypocotyl growth rate decreases by about 60% relative to control
conditions. The second phase of ET-mediated growth kinetics occurs within 30 minutes of ET
treatment. Continuous ET treatment leads to a further 10% reduction of growth, and this new
low steady-growth rate lasts until external ET is removed (up arrow) [Figure 38 A]. Once ET is
withdrawn, the hypocotyl growth kinetics quickly recovers and overshoots relative to the
growth rate observed before the ET treatment.

Similarly, WT roots experience an initial growth inhibition within 6 minutes of the
beginning of the ET treatment (down arrow), and the root growth rate decreases by 40% [Figure
38 B]. In roots, continuous ET exposure did not further suppress growth. Once ET is removed
(up arrow), the growth kinetics quickly recovers within 60 min.

Based on the results of the kinetics assay, the hypocotyls and roots of the 3-4C1 mutant
have a weak initial response to ET relative to WT during the ET treatment [Figure 38 A],
consistent with partial insensitivity of 3-4C1 to ET in the triple response assay (data not shown).
As a result, the hypocotyl growth rate of the mutant in ET is reduced by 20% compared to the
growth rate in control conditions [Figure 38 A]. However, upon removing ET, we observed some
recovery in the hypocotyls of the 3-4C1 mutant following the replacement of external ET with
air (up arrow). Similar trends were observed in the roots of the 3-4C1 mutant [Figure 38 B].

As with the 3-4C1 allele, 1-6F5/1-6E2 also harbors a missense mutation in the EIN2N
domain G204D [Figure 37]. This mutant shows strong insensitivity to ET in the triple response
assay (data not shown). This missense mutation was identified at the 2097th nucleotide

position of the genomic DNA sequence and a G204D conversion [Figure 37]. The 1-6F5/1-6E2
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mutant has no initial response to ET relative to WT [Figure 40], and the hypocotyl and root

growth rates remain unchanged during ET treatment [Figure 40 A and B].

160 160

1

120

140
120
100 100
80 80

60 60

Normalized Growth Rate

40 40

20 » 20
0 0
(A)hyppcotyy 4 5 g 7 g (Bjreots 3 4 5 5 7 8
Time (Hours) Time (Hours)

——WT —e—1-6F5/1-6E2 ——WT —e—1-6F5/1-6E2

Figure 41. ET-mediated growth kinetics of WT and the 1-6F5/1-6E2 mutant allele of EIN2. (A) Normalized
hypocotyl growth rate of WT (n= 21) and 1-6F5/1-6E2 (n=13) seedlings. (B) Normalized root growth rate
of WT (n=18) and 1-6F5/1-6E2 (n=16) seedlings. All seedlings were grown in control conditions (150 mL
mint of hydrocarbon-free air) for 4 hours to set the baseline growth rates and then exposed to 10ppm of
ET (down arrow) (150 mL min) for 2 hours. After the 2 hours of ET treatment (up arrow), seedlings were
exposed to hydrocarbon-free air (150 mL min?) until the end of the experiment. The error bar for each

time point represents the average + standard error.

The 1-6F5/1-6E2 missense mutation maps to the 6% putative transmembrane alpha-
helix spanning the ER membrane [19]. The G204 amino acid residue is highly conserved in EIN2s
and NRAMPs of multiple plant species. The 1-6F5/1-6E2 missense mutation leads to G204D

changing a nonpolar amino acid residue to a negatively charged residue [19].
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Screening ein2 C-terminal mutants

In contrast with the 3-4C1 and 1-6F5/1-6E2, the ein2-9 ET defects are caused by a
transition mutation at the 5104 nt in the genomic DNA sequence. The ein2-9 mutation results in
an H1143P missense mutation in the EIN2C [Figure 37]. The ein2-9 missense mutation changes a
partially conserved amino acid from a positively charged to a nonpolar residue in the EIN2C
[19].

As a result, the ET insensitivity of the ein2-9 mutant in the triple response assay is less
severe than that of the ein2-5 null mutant [19] [Figure 39 A, B, C, and D]. In this case, we
hypothesized that this mutation might affect the function of the EIN2C domain without altering
the activity of the EIN2N, providing, therefore, an excellent tool to dissect the different aspects
of the ET response dynamics. In other words, if the EIN2N itself is sufficient to maintain the
early ET response, then this initial ET response would be unaffected by the ein2-9 mutation.
However, we observed that the ein2-9 single mutant has a weaker but detectable initial
response to ET [Figure 41 A and B]. As a result, the hypocotyl growth rate was reduced by less
than 20% in the ein2-9 mutant compared to over 70% in the wild type [Figure 41 A].

Furthermore, continuous ET exposure did not lead to further growth suppression, and
no recovery was observed following the removal of external ET (up arrow). The roots of ein2-9
single mutants did not prominently respond to the ET treatment [Figure 41 B]. Furthermore,
continuous ET exposure did not lead to further growth suppression, and there was no recovery
observed following the removal of external ET (up arrow). The root of ein2-9 single mutants

responded weakly to the ET treatment.
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The 6-5F1-1 single mutant contains a transition mutation at the 5317th nt in the
genomic DNA sequence resulting in a C1188Y amino acid substitution located in the EIN2C
[Figure 37]. In contrast to ein2-9, which shows some weak response to ET, the hypocotyls [Figure

42 A] and roots [Figure 42 B] of the 6-5F1-1 single mutant were fully insensitive to ET.
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Figure 42. ET-mediated growth kinetics of WT and ein2-9 mutants. (A) Normalized hypocotyl growth rate
of WT (n=23) and ein2-9 (n=19) seedlings. (B) Normalized root growth rate of WT (n=16) and ein2-9 (n=13)
seedlings. All seedlings were grown in control conditions (150 mL min™ of hydrocarbon=free air) for 4
hours to set the baseline growth rates and then exposed to 10ppm of ET (down arrow) (10ppm at a flow
of 150 mL min?) for 2 hours. After the 2 hours of ET treatment (up arrow), seedlings were exposed to
hydrocarbon-free air (150 mL min?) until the end of the experiment. The error bar for each time point

represents the average + standard error.

The 6-5F1 missense mutation changes a highly conserved amino acid from a nonpolar to

a hydrophobic residue in the EIN2C [19].
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Figure 43. ET-mediated growth kinetics of WT and 6-5F1 mutants. (A) Normalized hypocotyl growth rate
of WT (n=20) and 6-5F1 (n=7) seedlings. (B) Normalized root growth rate of WT (n=20) and 6-5F1 (n=14)
seedlings. All seedlings were grown in control conditions (150 mL min? of hydrocarbon-free air) for 4
hours to set the baseline growth rates and then exposed to 10ppm of ET (down arrow) (150 mL min™) for
2 hours. After the 2 hours of ET treatment (up arrow), seedlings were exposed to hydrocarbon-free air
(150 mL min ) until the end of the experiment. The error bar for each time point represents the average

+ standard error.
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DISCUSSION

In plants, ET is an essential regulator of plant growth and development, and several
internal signals regulate ET production throughout the plant’s life [118, 18, 14, 15]. In
Arabidopsis, EIN2 is a positive regulator of the ET signaling pathway, as loss-of-function ein2
mutants are insensitive to ET [122]. The initial ET response does not rely on the EIN3 and EIL1
transcription factors [Figure 33] but depends on an unknown post-transcriptional mechanism
requiring the EIN2 function [Figure 32]. Again, the EIN2C functions in an ET-mediated
translational regulatory process by directly or indirectly interacting with the 3’ UTR of targeted
mRNAs [11]. In addition, the EIN2C also functions in the activation of the EIN3/EIL1-dependent
transcriptional changes [84]. Aside from anchoring the EIN2 protein to the ER membrane, the
function of EIN2N remains a mystery.

A collection of ET-insensitive ein2 mutant alleles with various missense mutations in
either the EIN2C or EIN2N domains were examined [Figure 4 and Figure 39]. How EIN2 mediates
the initial response to ET is currently unknown. This study focused on screening the hypocotyl
and root ET-mediated growth kinetics of various ein2 mutants harboring amino acid
substitutions in the EIN2C or EIN2N domains. Based on the ET-mediated growth kinetics,
neither the EIN2C nor the EIN2N mutants displayed an uncoupled initial response to ET.
Therefore, these mutants will only have an initial response to ET and quickly recover during
prolonged ET treatments. The 3-4C1 and ein2-9 single mutants display a mild partial initial ET
response in hypocotyls and roots, while the 1-6F5/1-6E2 and 6-5F1 mutants showed no
response to ET. Based on these observations, we infer that the EIN2C or EIN2N alone cannot

trigger the early response to ET. Alternatively, the missense mutations in the EIN2C or EIN2N

98



domains may compromise the overall function of EIN2. It is currently unknown whether these
mutations affect the cleavage of the EIN2C in response to ET, the subcellular localization, the
folding, or the stability of the protein, processes that likely alter the activity of both the EIN2N
and EIN2C. Identifying and characterizing additional ein2 mutants and natural variants could
reveal an EIN2 allele with uncoupled early and late responses.

In our group, Dr. Stepanova attempted to dissect the roles of the EIN2C and EIN2N
domains by carrying out interallelic complementation tests between EIN2C and EIN2N mutants.
Specifically, the 3-4C1 and 1-6F5/1-6E2 EIN2N mutants were crossed with the 6-5F1 and ein2-9
EIN2C mutants, and the F1s of these four crosses were examined. The expectation was that if
the resulting EIN2 heterodimers could form between these mutant proteins, then the
interallelic complementation may occur and would support the functionality of EIN2N and
EIN2C in the EIN2 mutant alleles. Unfortunately, the heteroallelic ein2 mutants remained
insensitive to ET. This lack of complementation did not provide evidence for a functional EIN2N
or EIN2C in any of these mutants. Thus, we cannot draw solid conclusions from the

aforementioned kinetic assays without any additional functional analysis of these mutants.
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CHAPTER 4: CHARACTERIZING THE ROLE OF GENE TRANSCRIPTION AND TRANSLATION IN THE
ETHYLENE-MEDIATED GROWTH KINETICS
ABSTRACT

Chapter 4 investigates the role of gene transcription and translation in the ethylene
(ET)-mediated growth kinetics and recovery. As previously stated in Chapter 3 of this
dissertation, in the presence of ET, the ETHYLENE INSENSTIVE2 C-terminal domain (EIN2C) is
dephosphorylated and cleaved from the ETHYLENE INSENSTIVE2 N-terminus (EIN2N), an ER
membrane-localized domain. The free EIN2C localizes in both the cytosol and in the interior of
the nucleus. The EIN2C in the cytosol regulates the translation efficiency of several target
mRNAs. In addition, EIN2C regulates the transcription of hundreds of genes in an ETHYLENE
INSENSTIVE3 (EIN3)- and EIN3-LIKE1 (EIL1)-dependent process in the nucleus.

EIN3 and EIL1 are members of a plant-specific family of transcription factors in
Arabidopsis, consisting of six members (EIN3, EIL1, and four additional paralogs, EIL2, EIL3, EIL4,
and EIL5). Although EIN3 and EIL1 involvement in regulating ET responses is well established,
much less is known about the role of the remaining paralogs in the ET pathway or their
contributions to the ET-mediated growth kinetics. In addition, another open question in the ET
signaling field is the potential role of the EIN2N beyond anchoring EIN2 to the ER. Thus, in this
chapter, we will investigate the roles of E/IN3 and EIL1 paralogs and examine the involvement of
EIN2 translational targets.

First, to address the possibility that ET-mediated gene translational regulation
modulates the fast ET response, we characterized several T-DNA knockout mutants in genes

translationally regulated by ET. Although the phenotypic analysis of these mutants did not find
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evidence for these genes’ participation in the ET-mediated growth dynamics, future
identification and characterization of higher-order mutants may be necessary to clarify the role
of these translationally regulated genes in the ET response.

Second, we attempted to evaluate the role of the E/IN3 and EIL1 paralogs by using the
CRISPR/Cas9 gene-editing system to target EIL2, EIL3, EIL4, and EIL5 transcription factors in
wild-type (WT) and ein3 eill double mutant backgrounds. We did not identify large base pair
deletions in the T1 lines. Therefore, we subjected T2 lines to a heat treatment to increase the
efficiency of Cas9. Again, we did not observe any deletions in the heat-treated T2 lines. We
obtained a recently published ein3 eil2 eil3 triple mutant from the Zhao lab, and our preliminary
data indicate that E/L2 and EIL3 play a role in the growth recovery during prolonged ET
treatment.

INTRODUCTION

In plants, ET is essential for plant growth and development [14, 15, 18, 118]. In the
absence of ET, the receptors of ET interact with and activate CONSTITUTIVE TRIPLE RESPONSE1
(CTR1), a Raf-like Ser/Thr protein kinase, which phosphorylates EIN2, an NRAMP metal
transporter-like protein localized in the ER and an essential component of the ET signaling
cascade [16, 17]. Elevated phosphorylation levels of EIN2 lead to targeting and ubiquitination
by the SCFE™Y/2 complex, thus driving the EIN2 degradation by the 26S proteasome [Figure 3]. In
turn, low levels of EIN2 protein lead to translational derepression of the F-box proteins EIN3-
BINDING F BOX PROTEIN1 (EBF1) and EBF2 required for the targeted ubiquitination and

degradation of ETHYLENE INSENSITIVE3 (EIN3) and EIN3 LIKE1 (EIL1) transcription factors by the
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SCFEBFY/2 complex. Thus, in the absence of ET, EIN3 and EIL1 are quickly degraded, inhibiting the
transcriptional regulation of the ET response genes [16].

In the presence of ET, this hormone binds to the ER membrane-localized ET receptors
such as ETHYLENE RESPONSE1 (ETR1), ETR2, ETHYLENE RESPONSE SENSOR1 (ERS1), ERS2, and
ETHYLENE INSENSITIVE4 (EIN4) and deactivates the receptors [11, 12, 13, 36]. Consequently,
the CTR1 kinase activity also gets repressed, and EIN2 loses its phosphorylation; the SCFETP1/2
complex no longer targets and ubiquitinates EIN2, resulting in EIN2 protein levels rising [118,
120]. EIN2C is then cleaved from the ER membrane-spanning EIN2 N-terminal domain (EIN2N)
by an unknown protease [Figure 3] [14, 21]. The EIN2C remains in the cytosol and enters the
nuclear compartment upon cleavage from the ER membrane.

In the cytoplasm, EIN2C regulates the translational efficiency of specific mRNA targets.
For example, EIN2C binds to the 3’ untranslated region (UTR) of transcripts like EBF1 and EBF2,
repressing the translation of these mRNAs and targeting them to the processing bodies (P-
bodies) [16, 30]. The mRNAs may be stored until ET levels and the EIN2 translation repression
activity decrease and are later released and translated to regulate EIN3 and EIL1 activity.
Alternatively, these mRNAs may be degraded by EXORIBONUCLEASE4/ETHYLENE INSENSITIVES
(XRN4/EINS5) in the P-bodies [123]. In addition to EBF1 and EBF2 translational regulation, the
translation of several other mRNAs is repressed by ET in an EIN2-dependent manner [16].

When three-day-old etiolated seedlings are exposed to ET, they undergo a two-phase
hypocotyl and root growth inhibition [36, 33] [Figure 32 A and B]. The initial phase of the ET
response, also known as the fast response, relies upon EIN2 and post-transcriptional

mechanisms [Figure 32 A and B] [36]. In contrast, the later stage of the ET-triggered growth
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response requires the EIN3/EIL1 transcription factors [33, 36] [Figure 33 A and B]. Thus, we
hypothesized that some of the genes repressed at the translational level by EIN2 might play a
role in the fast ET response.

To test this hypothesis, we obtained knockout mutants (KO) for several EIN2 targets and
compared their fast response and growth recovery to wild-type (WT) plants [16]. In addition,
we selected the following genes [Table 6] from a more extensive list of genes obtained from
[16].

In parallel, we pursued a pharmacological approach to examine the role of translational
regulation in the ET response growth kinetics. Therefore, we compared the ET effects on the
initial growth inhibition and recovery of wild-type seedlings pretreated with either the
translational inhibitor CHX or the corresponding mock.

As mentioned above, EIN3 and EIL1 are transcription factors thought to mediate most, if
not all, ET-mediated transcriptional responses [14]. In addition, it has been previously shown
that EIN3 and EI/L1 functions are not required for the fast ET response [37], suggesting that this
initial growth inhibition triggered by ET does not depend on changes in transcription [37].
However, along with EIN3/EIL1, there are four additional sequence-related transcription
factors, EIL2-EIL5, that could potentially also participate in the ET signaling pathway [32],
leaving open the formal possibility that some of the EIN3 and EIL1 paralogs play a role in the
fast response through transcriptional regulation of their targets. Our goal is to characterize the
role of these other members of the EIN3/EIL1 family in the ET-mediated growth kinetics.
Toward this goal, we generated two different CRISPR/Cas9 constructs, each one targeting four

genes, EIL2, EIL3, EIL4, and EIL5. These constructs were transformed into WT and ein3-1 eil1-1
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double mutant plants. Since we could not identify any deletions in the target genes in our first
attempt, we have carried out heat shock treatment of transgenic lines carrying these constructs
to increase Cas9 activity and thus promote genome editing events [124]. Unfortunately, we
could not identify any CRISPR edits in our T2 seedlings.

We obtained an ein3 eil2 eil3 triple mutant generated through CRISPR-Cas9, courtesy of
the Zhao lab [125]. We hypothesize that the ein3 eil2 eil3 triple mutant will display ET-mediated
growth kinetics similar to ein3-1. Furthermore, we demonstrate that the ein3 eil2 eil3 mutant
has an enhanced recovery to prolonged ET treatment.

METHODS AND MATERIALS

Seedling growth conditions

Please refer to Chapter 2 methods and materials for seedling growth conditions.

Hypocotyl and root growth dynamic analysis

Please refer to Chapter 2 methods and materials for hypocotyl and root growth dynamic
analysis.
Gas treatments

For gas treatments, please refer to Chapter 2 methods and materials.

Liquid treatments

The chemical solutions used for the liquid treatments were deposited in the fluid
reservoir at the top of the kinetics growth chamber [Figure 27]. First, a large cotton ball was
placed in the fluid reservoir to absorb excess liquid. Next, the cotton ball saturated with liquid
was packed down close to the aerosol spray head, and the liquid reservoir was sealed with

parafilm to prevent the wet cotton ball from prematurely drying. Finally, the power supply lines
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were connected to the aerosol spray head at the bottom of the liquid compartment [100]
[Figure 30].
Cycloheximide treatment

The CHX (Sigma-Aldrich) powder was dissolved in 100% ethanol to an 89 mM or (25
mg/ml) final concentration as specified in [126]. This stock solution was stored at -20°C. Before
the ET kinetic assay, the 89 mM CHX stock solution was further diluted to 100 uM with
deionized water. The control treatment solution was prepared accordingly by diluting 100 %
ethanol with deionized water. Finally, the 100 uM CHX solution, or the corresponding control
solution, was added to the liquid reservoir of the kinetics chamber [Figure 27], and the Petri
dish with the vertically grown seedlings was attached to this chamber as described in Chapter 2
[Figure 27 and Figure 29]. MorphoD was programmed to trigger the aerosol spray head to apply
the CHX or control treatment to the dark-grown seedlings 3 hours and 40 minutes after the

image recording began.

Bacterial strains and growth conditions

Chemically competent Escherichia coli (E. coli) TOP 10 cells were used for gene
subcloning, and Agrobacterium tumefaciens strain GV3101 was used for plant transformation
experiments. Each strain was grown in Luria-Bertani (LB) medium under constant agitation (250
rpom). The transformed E.coli strains were grown at 37°C, while Agrobacterium strains were
grown at 28°C. Chloramphenicol (25 mg ml) or kanamycin (25 mg ml?) was used to select E.
coli containing the GoldenBraid 2.0 (GB2.0) pUPD2 entry-level vectors or the GB2.0

pDGB1_alphal and pDGB1_alpha2 vectors, respectively [127].
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E. coli transformants were subjected to blue-white screening. The non-recombinant
GB2.0 vectors each contain a LacZ cassette. LacZ hydrolyzes X-gal (25 mg ml?) to generate 5-
bromo-4-chloro-indoxyl, dimerizing to produce an insoluble blue pigment 5,5’-dibromo-4,4’-
dichloro-indigo [128]. The non-recombinant cells appear blue, while the recombinant colonies
appear white. Agrobacterium containing the GB2.0 pDGB1_alphal or pDGB1_alpha2 vectors
were selected in LB medium supplemented with kanamycin (25 mg ml 1), rifampicin (50 ug ml-
1), and gentamicin (30 ug ml?), while Agrobacterium containing the GB2.0 pDGB1_omegal or
pDGB1_omega2 vectors were selected in LB medium supplemented with spectinomycin (100
mg ml 1), rifampicin (50 ug ml), and gentamicin (30 ug ml).
Bacterial transformation

Frozen chemically competent E. coli, TOP 10 cells were thawed on ice. Next, 1 ul of the
ligation reaction at a concentration of (40 ng/ul) and chemically competent cells (50 ul) were
mixed gently via pipetting up and down, and the samples were placed on ice for 10 minutes.
Then, the mixture was subjected to a heat shock treatment at 42°C for 30 seconds, followed by
cooling in an ice bath for 1 min. Next, the transformed competent cells were allowed to recover
in ImL of LB at 37°C for 60 minutes under constant agitation (250 rpm), after which the cells
were pelleted by centrifugation, spread onto selective LB plates, and incubated overnight at
37°C.
guild RNA (gRNA) amplification

The method of adapting a DNA building block GoldenBraid (GB) part to the GB grammar
is called domestication. GB domestication involves generating a PCR product of the gRNA

scaffold flanked by GB grammar sequences [127]. Then, cloning of the resulting PCR fragment
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into the pUPD2 entry vector is performed [127]. To simultaneously target each EIN3/EIL1
paralog, 20-nt genomic target sequences were selected based on the location of the NGG
Protospacer Adjacent Motif (PAM) sequence found in each gene of interest [Figure 43 A, B, C, and

D]. Two gRNAs were designed for each EIL gene [Figure 44 A].
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Figure 44. Schematic representation of (A) EIL2, (B) EIL3, (C) EIL4, and (D) EIL5 genes. The blue boxes
represent the UTRs of each gene, bold horizontal black lines represent introns, and green boxes represent
exons. The positions of the gRNA targeted sites are designated by bold red vertical lines. The distances
between the two gRNA target sites are listed below each gene schematic. The arrows show the locations
and directions of the primers used to screen for the deletions by PCR. These gene models are drawn to

scale.
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Gene-specific gRNAs were generated by iProof High-Fidelity PCR amplification using the
gRNA scaffold oligo as the temple [Figure 44 B] and the manufacturer-recommended
amplification conditions. The primers used for the domestication are shown in [Table 5]. The
DNA amplicon’s size was verified by gel electrophoresis on 1% agarose gel and further
confirmed via Sanger sequencing.

Table 5. List of the oligonucleotides used to domesticate synthetic gRNA scaffolds and the AtU6 promoter.

Each oligonucleotide contains the GB grammar and gene-specific spacer sequence.

Primer Sequence

AtU6p-f GCGCCGTCTCGCTCGGGAGTCGACTTGCCTTCCGCACAA

AtU6p-f_Bpil GCGCCGTCTCGCTCGGGAGGAAGACAATCAGTCGACTTGCCTTCCGCACAA

EIL2_1_FP GCGCCGTCTCGCTCGATTGAGACAAGCAGCGTTTAAAGGTTTTAGAGCTAGAAATAGC
A

EIL2_2_FP GCGCCGTCTCGCTCGATTGTTGTTGTTTTCTCTAGACAGTTTTAGAGCTAGAAATAGCA

EIL3_1_FP GCGCCGTCTCGCTCGATTGTGACTGAGACACATCGTAGGTTTTAGAGCTAGAAATAGC
A

EIL3_2_FP GCGCCGTCTCGCTCGATTGGAGGCGTCCCTTTCTCCAAGTTTTAGAGCTAGAAATAGCA

EIL4_1_FP GCGCCGTCTCGCTCGATTGGTTCGACCCATAAAGACACGTTTTAGAGCTAGAAATAGC
A

EIL4_3_FP GCGCCGTCTCGCTCGATTGGAGCAATTCCTTTCTCTAAGTTTTAGAGCTAGAAATAGCA

EIL5_2_FP GCGCCGTCTCGCTCGATTGTGGGGAGAGCAAGGAGCTGGTTTTAGAGCTAGAAATAG
CA

EIL5_4_FP GCGCCGTCTCGCTCGATTGCCACAACGACGGTTTCCGTGTTTTAGAGCTAGAAATAGC
A

EILgRNA_RP1 GCGCCGTCTCGCTCAAGCGAAAAAAAGCACCGACTCGGTG

EILgRNA_RP1_Bpi | GCGCCGTCTCGCTCAAGCGGAAGACAATAGTAAAAAAAGCACCGACTCGGTG

1

gRNA scaffold AGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGG

GoldenBraid cloning assembly
GB domestication involved PCR amplification of the target DNA using GB-adapted
primers [Table 5] and the subsequent cloning of the amplicons into the pUPD2 entry-level

vector using a BsmBI/T4 DNA ligase restriction-ligation reaction [127]. First, domesticated
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amplicons and pUPD2 entry-level vector were digested with BsmBI/, a type IIS restriction
enzyme [107] at 55°C for 20 minutes. Next, T4 DNA ligase was added to the reaction. The
digestion-ligation reaction then continued with the following cycles: [ 37°C for 4 minutes; 16°C
for 5 minutes] x 25 cycles. The reaction was heated to 55°C (optimal temperature for BsmBI) for
20 minutes to linearize any non-recombinant plasmid and reduce the probability of forming
false-positive constructs. Finally, to inactivate the BsmBl and T4 DNA ligase, the reaction was
heated to 80°C for 20 minutes. The AtU6 promoter and a gene-specific spacer+scaffold

fragment were independently cloned into the pUPD2 entry vectors [Figure 44 C].
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(A) Identify two target sequences per gene (20 nt) (D) PCR assembly of AtU6 part
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Figure 45. A simplified schematic of the domestication process of gene-specific gRNAs and the pAtU6
promoter into the pUPD2 entry vector. (A) First, two genomic target sequences were selected based on
the location of the PAM sequence found in each gene of interest. (B) Second, gene-specific gRNAs were
generated by PCR amplification using the Cas9 scaffold oligo as the temple. (C) A gene-specific
spacer+scaffold fragment was cloned into the pUPD2 entry vector. (D) The pAtU6 GB part was generated
by PCR amplification using the pAtU6 (JMA2455) as a template. (E) The pAtU6 amplicon was subcloned
into the pUPD2 entry vector. (F) The AtU6 promoter and a gene-specific spacer+scaffold fragment were

joined into an alpha level 1 or 2 destination vector.

The transcriptional units (TUs) of the AtU6 promoter driving a gene-specific
spacer+scaffold gRNA were generated in the pDGB3_alphal and pDGB3_alpha2 destination
vectors using a Bsal/T4 DNA ligase restriction-ligation reaction [127] [Figure 45]. First, pUPD2
entry and pDGB3_alphal and pDGB3_alpha2 [127] destination vectors were digested with Bsal,
a type lIS restriction enzyme [129], at 37°C for 20 min. Next, T4 ligase was added to the
reaction. The digestion-ligation reaction then continued with the following cycles: [37°C for 3

minutes; 16°C for 5 minutes] x 25 cycles. The reaction was then kept at 37°C for 20 minutes to
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linearize any non-recombinant plasmids and reduce the possibility of forming false-positive
constructs. Finally, to inactivate the Bsal and T4 DNA ligase, the solution was heated to 65°C for
20 minutes. Eight transcriptional units were generated to target two 20 nt genomic sequences

eachin EIL2, EIL3, EIL4, and EIL5.

EIL3-1 (TU3) EIL3-2 (TU4) 1 EIL4-1 (TUS) EIL4-3 (TU6)

1
S A PSR -
1 1
[ pDGB3a 1 [ pDGB3a 2 1 pDGB3a 1 pDGB3a 2 1
1
CGB assembly 2.0 D CGB assembly 2.0 D I CGB assembly 2.0 )
1
1
1
1

EIL2-1 (TU1) EIL2-2 (TU2)

[ pDGB3 a 1 | [ pDGB3 a 2 |
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(Tu1+TU2)
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pDGB3 a1 pDGB3 ot 2

(TU3+TU4) (TUS+ TUB) (TU7+ TUS)
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pDGB3Q 1 pDGB3Q 2 pDGB3Q 1 pDGB3Q 1
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{[(TUL+ TU2) + (TU3 + TU4)] + [(TUS + TUB) + (TU7 + TUS)]}

l pDGB3a 1 l

Figure 46. A simplified schematic of GB assembly of the eight gRNA transcriptional units (TU) to generate

the final multiplexed construct. The AtU6 promoter drives the expression of each gRNA transcriptional

unit with a poly-A terminator.

Next, the EIL TUs were combined in the pDGB3_omegal and pDGB3_omega2 [Figure 45]
destination vectors using BsmBl| restriction-ligation reaction [127]. The TUs and pDGB3_omegal
and pDGB3_omega2 were digested with BsmB/ at 55°C for 20 minutes. Next, T4 ligase was

added to the reaction, and the reaction then continued with the following cycles: [37°C for 4
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minutes; 16°C for 5 minutes] x 25 cycles. Next, the digestion-ligation reaction was heated to
55°C for 20 minutes to linearize any non-recombinant plasmid and reduce the probability of
forming false-positive constructs. Finally, to inactivate the BsmB/ and T4 DNA ligase, the
reaction was heated to 80°C for 20 minutes. After multiple rounds of GB cloning and assembly,
the final multiplex EIL gRNA construct containing eight TUs was generated in the pDGB3_omega
1 destination vector [130] [Figure 45]. Once the complete multiplex EILgRNA was subcloned into
the pDGB3_omega 1 destination vector, the cassette was also subcloned with a pDGB3_omega
2 spacer sequence into the pDGB3_alpha 1 destination vector using the previously stated

methods.

(A) pDGBalphal([EilgRNA] + [p355:hCas9:tNOS] + [pNOS:BASTA:tNOS])

(B) pDGBomegal([EilgRNA] + [pAt253:DsRED:t355) + [pUBQ10:hCas9:tNOS])

pAt253

Figure 47. A simplified diagram of the CRISPR/Cas9 constructs. Both the (A) pDGBalphal([EilgRNA] +
[0355:hCas9:tNOS] + [pNOS:BASTA:tNOS]) and (B) pDGBomegal([EilgRNA] + [pAt253:DsRED:t35S] +
[pUBQ10:hCas9:tNOS]) were transformed into WT and ein3-1 eil1-1 TO plants.
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Using GB2.0 cloning, the completed multiplex EIL gRNA construct was cloned into two
destination vectors. First, using GB2.0 cloning, the multiplex E/L gRNA was cloned to a
pDGB3_alpha 1 destination vector. The first destination vector was generated from several
transcriptional units, including a BASTA resistance selectable marker with the tNOS terminator
and driven by the pNOS promoter, i.e., pDGBalpha2 [pNOS:BASTA:tNOS]. The destination
vector also contained a hCas9 endonuclease with the tNOS terminator and was driven by the
p35S promoter, i.e., pPDGBomega?2 [p35S: hCas9:tNos]. The final destination vector had a
kanamycin bacterial selectable marker [Figure 46 A].

Dr. Eugenio Gomez Minguet donated EGMO0O05, a vector which contains an At253
promoter-driven DsRED selectable marker followed by a t35S terminator (pDGBalphal
[pAt253:DsRED:t35S] + [pUBQ10:hCas9:tNOS]). The At2S3 promoter expresses the DsRED
selectable marker in the dry seed coat of transformants [131]. This second destination vector
also contains a UBQ10 promoter-driven hCas9 endonuclease followed by the tNOS terminator.
The UBQ10 promoter enables the expression of hCas9 throughout the development of the
plant [132]. The multiplex EIL gRNA in the pDGB3_alpha 2 destination vector was combined
with the EGMOO5 insert to generate the [EilgRNA], [pAt253:DsRED:t35S], and

[pUBQ10:hCas9:tNOS] construct [Figure 46 B].

List of genes whose translationally efficiency is regulated by ET
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Table 6. List of genes whose translational efficiency is regulated by ET. The genes were selected based on

the availability of the mutant lines and the false discovery rate of the translation efficiency change in

response to ET. This table was adapted from the following article [16].

Gene number False Gene symbol
discovery rate
AT1G16510 2.47E-07 SAUR41
AT4G35190 6.68E-07 LOG5
AT2G18160 4.25E-06 AtbZIP2
AT1G13245 0.000429225 DvL4
AT3G63350 4.6E-237 HSFA7B
AT4G29430 1.50E-07 RPS15AE
AT5G44550 4.70E-06 CASPL1B1
AT5G64010 3.10E-05 USNRAFP

Plant and growth conditions

SALK, GABI-Kat, and Saskatoon Arabidopsis Transfer (T)-DNA insertion mutants were
used in this study [133, 134, 135]. T-DNA lines were ordered from the following seed stock
centers: the Nottingham Arabidopsis Stock Centre (NASC) (stock number N408158) or the
Arabidopsis Biological Resource Center (ABRC) (stock numbers SALK 118515C, CS872434,
CS842948, CS832114, CS805569, CS844725, and CS1007202) [Table 7]. In addition, the Zhao lab

provided the ein3 eil2 eil3 mutant characterized in the following article [125].

T-DNA mutant genotyping

Once we obtained T-DNA lines from the ABRC (https://abrc.osu.edu/) and NASC

(https://arabidopsis.info/ ) stock centers, we moved forward with isolating homozygous plants
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from the parental plants [136]. We used PCR to genotype T-DNA lines and identify plants
homozygous for a T-DNA insert [Figure 47]. The first PCR utilizes a gene-specific (GS) primer set
that flanks the predicted T-DNA insertion site [Figure 47 A]. This experiment aims to detect the
WT copy of the gene in the plant [Figure 47 A]. The WT gene copy will not harbor the T-DNA
insertion. Thus, PCR will produce amplicons in WT or heterozygous plants [Figure 47 C].
However, the WT band will not amplify in the homozygous mutant plant because both alleles
contain the T-DNA insertion [Figure 47 C]. The T-DNA insertion large size will prevent the
amplification in a PCR [Figure 47 C]. As a result, the lack of a WT PCR amplicon indicates that the
line is homozygous for the T-DNA insert [Figure 47 C] [136].

The second PCR utilizes GS and Left Border (LB) primer set that targets a genomic DNA/
T-DNA junction site [Figure 47 B] [136]. This experiment aims to confirm that the mutant line
contains a T-DNA insert at the predicted location in the chromosome. In this reaction, the WT
allele will not have the T-DNA/genomic region and will not amplify, while the heterozygous and
homozygous mutant plants will produce an amplicon [Figure 47 B and C]. Therefore, plants
homozygous for the T-DNA insert will only produce amplicons corresponding to the T-
DNA/genomic DNA region. In contrast, the heterozygous mutants will produce amplicons
corresponding to the WT region flanking the T-DNA insert in the mutant and the T-
DNA/genomic DNA junction amplicon [Figure 47 C]. We followed these steps to identify

mutants homozygous for the T-DNA insertion [Figure 47 D].
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Figure 48. Genotyping T-DNA mutants. (A) The WT PCR test for the genome regions present in
heterozygous mutant lines and WT plants. (B) The T-DNA PCR test for the presence of a T-DNA insertion
in homozygous and heterozygous mutant lines. (C) Example of a T-DNA genotyping gel (D) Schematic
representation of DVL4, SAUR41, ATbZIP2, HSFA7B, RPS15A, LOG5, CASPL1B1, and USNRAFP genes. The
blue boxes represent the UTRs of each gene, bold horizontal black lines represent introns, and green boxes
represent exons. The positions of the T-DNA insertion are designated by the red triangle. The arrows show

the locations and directions of the primers used to identify the deletions.
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Table 7. List of genes, mutant line name, stock number, and primers used to genotype T-DNA lines and

the ein3 eil2 eil3 mutant. The homozygous mutant lines were confirmed using Sanger sequencing. The left

border primer was used to identify the relative position of each T-DNA insertion.

T-DNA primer WT genomic DNA
combination primer combination
Gene Mutant Order Gene Left Gene- Forward Reverse T-DNA
number line number symbol border specific primer primer position
(LB) primer (nt)
primer used with relative
LB primer to
genomic
DNA
AT1G132 | GABI_085 | N408158 | DEVIL4 catactcatt | ccgattcat | gtggcgtgc | ccgattcat | 105
45 H10 (DVL4) gctgatcca | ccacaatct | atgtgtgec | ccacaatct
tgtagatttc | cgcgtag atga cgegtag
c
(GABI)
AT1G165 | SAIL_242 | CS872434 | SMALL tagcatctg | gtttcaggt | atcgggctg | gtttcaggt | 358
10 B_G06 AUXIN aatttcata | atcaactca | ttgtacctgg | atcaactca
UpP- accaatctc | tcaccg c tcaccg

REGULAT | gatacac
ED RNA41 | (LB3Sail)

(SAUR41)
AT2G181 | SAIL CS842948 | BASIC tagcatctg | cccgtcgga | cccgtcgga | agccataat | 935
60 seq_1163 LEUCINE- | aatttcata | ctccgtcgtc | ctccgtegte | gggttggtt
_D08.1 ZIPPER 2 accaatctc | acc acc agtg
(ATbZIP2) | gatacac
(LB3Sail)
AT3G633 | SK24373 CS100720 | HEAT catactcatt | tgcgacaac | taatgatgg | tgcgacaac | 594
50 2 SHOCK gctgatcca | ttgtgcaag | agatctcga | ttgtgcaag
TRANSCRI | tgtagatttc | tacg cgc tacg
PTION c
FACTOR (GABI)
A7B
(HSFA7B)
AT4G294 | SALK_118 | SALK_118 | RIBOSOM | ggcaatcag | aacctgacc | gatgctatc | aacctgacc | 394
30 515 515C AL ctgttgceecg | acccacatt | agtggtctg | acccacatt
PROTEIN | tctcactggt | cc ag cc
S15A E g
(RPS15AE | (QRB2)
)
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Table 7 (continued)

AT4G351 | SAIL CS832114 | LONELY tagcatctg | gaaccacac | gaaccacac | gagacaaa | 559
90 seq_722_ GUY5 aatttcata | gttcatcttc | gttcatcttc | gatgtgacg
FO1.3 (LOG5) accaatctc | cg cg ctg
gatacac
(LB3Sail)
AT5G445 | SAIL_114 | CS805569 | CASP-LIKE | tagcatctg | ttttattgtg | gagcatgac | ttttattgtg | 735
50 _C0o2 PROTEIN aatttcata | ggcaaagtt | catgagaga | ggcaaagtt
1B1 accaatctc | gg tga gg
(CASPL1B | gatacac
1) (LB3Sail)
AT5G640 | SAIL_122 | CS844725 | U2 SMALL | tagcatctg | gctcgatgec | gctcgatge | gaaccatat | 150
10 2_All NUCLEAR | aatttcata | acagcttcc | acagcttcc | cgtctagcet
RIBONUC | accaatctc | att att gcg
LEOPROT | gatacac
EIN (LB3Sail)
AUXILIAR
Y
FACTOR-
LIKE
PROTEIN
(USNRAF
P)
AT3G207 ETHYLEN tagccacgt | gtaatacga
70 E- gatctttcgt | ctcactata
INSENSITI cgac gggcegtgat
VE3 gatgacaga
(EIN3) gagattcac
c
AT5G211 ETHYLEN tgttccgga | gtaatacga
20 E- gtttagtttg | ctcactata
INSENSITI tagc gggcgtctt
VE3-LIKE2 ctccattgcet
(EIL2) acatgggc
AT1G737 ETHYLEN aactttgect | gtaatacga
30 E- ctccacaat | ctcactata
INSENSITI tcgc gggcgtaac
VE3-LIKE3 tgcttteect
(EIL3) agagacc

Plant transformation

The Agrobacterium GV3101 electrocompetent cells have a chromosomal background

with rifampicin resistance and a Ti plasmid pmp90 (pTiC58DT-DNA) with gentamicin resistance

[137]. Agrobacterium GV3101 carrying the pDGBalphal([EilgRNA] + [p355:hCas9:tNOS] +
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[pNOS:BASTA:tNOS]) [Figure 46 A] (kanamycin-resistant) and pDGB omega 1 ([EilgRNA] +
[pAt253:DsRED:t35S] + [pUBQ10:hCas9:tNOS]) [Figure 46 B] (spectinomycin-resistant) constructs
were grown in LB medium supplemented with either kanamycin (25 mg/ml) or spectinomycin
(100 ug/ ml) (respectively), in addition to rifampicin (50ug ml?) and gentamicin (30 ug ml?), at
28°C under constant agitation (200 rpm) for 24-48 hours. Agrobacterium cells were then
pelleted by centrifugation at 22°C. Finally, pelleted cells were resuspended in a dipping solution
(5% sucrose in water; plus 200 ml/L of Silwet-77) and used to transform WT and ein3-1 eil1-1

double mutants using the classical floral dip method [138].

Heat treatment of T1 plants

The T1 plants subjected to heat stress were treated as follows. Transformants that
contained the pDGBalphal([EilgRNA] + [p35S:hCas9:tNOS] + [pNOS:BASTA:tNOS]) [Figure 46 A]
construct were selected on MS plates supplemented with L-Phosphinothricin (PPT) 15 (ug ml?)
(1x MS salts, 1% sucrose, pH 6.0; 0.6-0.8% agar). Briefly, seeds were surface sterilized and cold-
treated using methods stated in previous sections. Cold-treated seed suspension was mixed
with 1 to 3 times the volume of pre-cooled 0.7% top agarose in water. The seed/agarose
suspension was distributed on MS plates supplemented with PPT. The MS plates were
incubated in the light for 1-2 hours at 22°C to improve seed germination. Next, the MS plates
were wrapped in aluminum foil and incubated in the dark for 3 days at 22°C. After 3 days in the
dark, the MS plates were moved to the light (16 hours light/8 hours dark) for 7 days and
checked periodically for mold contamination. The Basta-resistant plants develop green color

upon light exposure, while the sensitive plants remain bleached or fail to germinate.
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Table 8. The heat stress cycle was used to treat T1 seedlings. This treatment schedule is adapted from

[124].

Heat stress cycle 1 Heat stress cycle 2 Heat stress cycle 3 Heat stress cycle 4 Heat stress cycle 5 -

Seedlings 37°C for 22°C for 8 37°C for 22°C for 8 37°C for 22°C for 8 37°C for 22°C for 8 37°C for 22°C for 8 Recovery
are grown selectlon o= 'z’“:'t 16 hours hours 16 hours hours 16 hours hours 16 hours hours 16 hours hours from heat
inthe on MS (Day) (Night) (Day) (Night) (Day) (Night) (Day) (Night) (Day) (Night) stress

dark plate 22°C treatment

Seedlings were transferred from MS plates to the soil to acclimate the plants at 22°C for
4 days in a 16h/8h light/dark cycle. On day 5, during the day cycle, plants were subjected to a
37°C heat treatment for 16 hours, and then during the night cycle, the plants were allowed to
recover for 8 hours at 22°C [124]. This heat stress cycle was repeated five additional times
during the vegetative growth phase. The heat stress cycle was terminated after five heat cycles
or when plants started flowering [139]. After the heat cycle treatment, the plants were grown
continuously at 18°C (16 hours light/8 hours dark) [Table 8].

Transformants with the pDGBomegal([EilgRNA] + [pAt2S3:DsRED:t35S] +
[pUBQ10:hCas9:tNOS]) [Figure 46 B] construct were selected based on the DsRED fluorescence
in the dry seed coat [131]. Briefly, the dry seed segregation analysis was done by visual
observation of segregant dry seeds under a fluorescent stereoscope equipped with a DsRED
filter [124]. Shortly after fluorescence-based selection, seeds were surface sterilized and cold-
treated using methods stated in Chapter 2. Next, cold-treated seed suspension was mixed with
1 to 3 times the volume of sterile, pre-cooled 0.7% top agarose, and the seed/agarose
suspension was distributed on top of control MS plates. The MS plates were incubated in the
light for 1-2 hours at 22°C to improve seed germination. Next, the MS plates were wrapped in

aluminum foil and incubated in the dark for 3 days at 22°C. After 3 days in the dark, the MS
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plates were moved to the light for 7 days and checked periodically for mold contamination.
Finally, seedlings were transferred from MS plates to the soil to acclimate the plants at 22°C for

4 days. Then, the plants were subjected to the heat treatment cycle [Table 8].

EIL sequencing primers
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Table 9. List of primers used to screen the T1 plants for large base pair deletions induced by the Cas9

endonuclease.

Gene Gene symbol  Primer Sequence
number name
AT5G21120 | £/L2 EIL2- TGTTCTGATTCGCATACGGCT
1FWDseq
EIL2- GATTGATATCCCTTTGGTGC
INREVseq
EIL2- ATTTTCGAGGTGTTCCGCCAC
2FWDseq
EIL2- AGGAGTGTTGGATGCATTGGCAT
2NREVseq
AT1G73730 | EIL3 EIL3- TCGGTCTGCCTAAAAGCCAGAG
INFWDseq
EIL3- CGAGGTCTTTTCCTTCTGCG
1REVseq
EIL3- GAGACACCTAAGAAAATCTCTG
2NFWDseq
EIL3- CAAAACCGCCAACCAAATCG
2NREVseq
AT5G10120 | ETHYLENE- EIL4- GGGGTCTAAGAGAAAAAGTGAGTC
INSENSITIVE3- | INFWDseq
LIKE4 (EIL4) EIL4- CATCATCTTCGAATCTCCTAGAGC
INREVseq
EIL4- CAGAAACGACACAGCAACGACG
3NFWDseq
ElL4- CTTGAGGTCTTTGATATTGAG
3NREVseq
AT5G65100 | ETHYLENE- EIL5- GTTAATCTCATCAAACGAATC
INSENSITIVE3- | 2NFWDseq
LIKE5 (EIL5) EIL5- CGTCATCTGAGATCTTGAGGCG
2NREVseq
EIL5- CGAATCTTTAGATCCGAATTCG
ANFWDseq
EIL5- GTCTTCGTCATCTGAGATCTTGAGG
4NREVseq
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RESULTS

Eight translationally regulated genes do not play a role in the early ET response

SAUR41 is a member of the most prominent family of primary auxin response genes
[140]. SAURs are transcriptionally regulated in response to multiple hormones and
environmental signals [140, 141]. SAURs induce plant growth by repressing D-CLADE TYPE 2C
PROTEIN PHOSPHATASE (PP2C.D) activity resulting in the activation of plasma membrane
proton ATPases, the acidification of the cell wall, and thus promoting cell elongation [140,
141]. AtbZIP2 is a basic leucine zipper transcription factor family member. Members of this
family play essential roles in many biological processes such as light signaling, seed maturation,
flower development, and abiotic and biotic stress responses [142, 143]. RPS15AE is a member
of a large family of genes that encode ribosomal proteins, which play an essential role in
ribosome assembly and protein translation [144]. LOG5 is a member of a nine-member family
of genes that play a role in the biosynthesis of phytohormone cytokinin [145]. LOGs encode
cytokinin riboside 5’-monophosphate phosphoribohydrolase, releasing cytokinin nucleobase
and ribose 5’-monophosphate. In addition, LOGs are reported to hydrolyze the cytokinin
riboside 5’monophosphate but not the adenosine monophosphate (AMP); this finding suggests
that LOGs are involved in cytokinin activation [146, 147, 148, 149, 150]. CASPL1B1 is a
membrane-spaning protein that mediates the deposition of Casparian strips in the endodermis
by recruiting the lignin polymerization machinery [151, 152]. CASPL1B1 belongs to the MARVEL
protein family, which all carry MARVEL transmembrane domains, consistent with the M-shaped
topology of a four transmembrane-helix region architecture with cytoplasmic N- and C-terminal

regions [151, 153]. The function of USNRAFP remains uncharacterized. HSFA7B is induced by
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heat stress and involved in the transcriptional regulation of heat stress and salinity stress
tolerance-related genes [154]. Finally, DVL4 encodes a member of a novel family of small
polypeptides that, when overexpressed, result in defects in growth and various developmental
processes [155, 156].

First, the homozygousity of each T-DNA insertion line was confirmed as reported in a
previous study [157] and in the T-DNA mutant genotyping section above [Figure 47 A, B, C, and
D] [136]. We reasoned that if one of these genes is required for early ET response, the T-DNA
knockouts will show an abnormal initial response to ET. The ET-mediated growth kinetics of WT
and homozygous T-DNA insertion mutants were examined to test for the requirement of the
eight genes for the initial ET response. The ET-mediated growth kinetics of every T-DNA
insertion line examined was found to be indistinguishable from that of WT-treated seedlings

[Figure 48]
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Figure 49. ET response growth kinetics of WT, saur41, atbzip2, rpsl5ae, log5, casplibl, hsfa7b, usnrafp,
and dvl4 mutants. (A, CE, G, |, K, M, and O) Normalized hypocotyl growth rates of WT (n= 24), saur41
(n=19), WT (n= 25), atbzip2 (n= 23), WT (n= 24), rps15ae (n= 26), WT (n= 22), log5 (n= 19), WT (n= 20),
casplibl (n=15), WT (n= 19), hsfa7b (n= 13), WT (n= 22), usnrafp (n= 12) seedlings. (B,D,F,H,J,L,N, and P)
Normalized root growth rate of WT (n= 24), saur4l (n=23), WT (n= 27), atbzip2 (n= 17), WT (n= 27),
rpsi5ae (n=28), WT (n=21), log5 (n= 18), WT (n= 16), caspl1bl (n= 15), WT (n= 27), hsfa7b (n=17), WT
(n= 22), usnrafp (n= 13) seedlings. All seedlings were grown in control conditions (150 mL min? of
hydrocarbon-free air) for 4 hours to set the growth baseline and then exposed to 10ppm of ET (down
arrow) (150 mL min?) for two hours. After the two hours of ET exposure (up arrow), seedlings were
switched to hydrocarbon-free air (150 mL min) until the end of the experiment. The error bar for each

time point represents the average + standard error.
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Cycloheximide treatment enhances the response to ET

CHXis known to block the elongation phase of eukaryotic translation by binding to the
E-site of the ribosome and blocking EUKARYOTIC TRANSLATION ELONGATION FACTOR2 (eEF2)-
mediated tRNA translocation [158]. Based on the role of EIN2 in the regulation of both
translation of specific mMRNAs (including EBF1 and EBF2) and the fast ET response, we
hypothesized that treating the plants with translation inhibitors such as CHX before ET
exposure should interfere with the initial ET-meditated response.

As previously stated, in the presence of ET, CTR1 activity is repressed, reducing the
levels of EIN2 phosphorylation. As a result, EIN2C is cleaved from the full-length EIN2 protein
that resides in the ER membrane. EIN2C then remains in the cytoplasm or enters the nuclear
compartment [14, 16]. Since EIN2 activity is required for the translation repression of several
mMRNAs as well as for the fast growth inhibition triggered by ET [14, 16, 36], transcriptional
responses downstream of EIN2 do not seem to be required for this fast response [36], we
postulated that the EIN2-dependent translational regulation might play an essential role in the
initial phase of the ET-mediated growth inhibition, aka the fast response. Our results suggested
that the knockouts of several translational targets of EIN2 show normal ET response kinetics.
However, these results do not rule out the role of other genes that are translationally regulated
in an ET-mediated mechanism [16].

Thus, to further explore the role of translation in the ET-mediated growth inhibition
dynamics, we took a pharmacological approach to examine the effects of pretreatment with

the translation inhibitor CHX on the Arabidopsis fast response.
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Figure 50. The normalized roots growth kinetics of WT seedlings treated with CHX. All seedlings were
grown in control conditions (150 ml min* of hydrocarbon-free air) for 4 hours to set the baseline growth
rates. Next, WT seedlings were sprayed with various concentrations of CHX for 2 minutes (double down

arrow). The error bar for each time point represents the average + standard error.

First, WT seedlings were treated with increasing concentrations of CHX to characterize
the effects of this drug in the absence of ET. Up to a 100 uM concentration, this chemical had
no noticeable impact on the growth kinetics [159] [ Figure 49]. In contrast, CHX concentrations
of 0.5mM and 1mM were toxic to seedlings and drastically inhibited their growth within
minutes of CHX application. Thus, in subsequent experiments, 100 uM CHX was used to
examine translation's role in the ET-mediated growth dynamics in hypocotyls and roots.

In hypocotyls, the initial ET response of WT seedlings treated with 100 uM CHX was
similar to that of the mock-treated WT seedlings [Figure 50 A and B]. The CHX treatment did not
affect the initial or later ET-mediated growth kinetics. However, upon the removal of ET, the

CHX-treated WT seedlings did not recover to a 100% hypocotyl growth rate, while untreated
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WT seedlings did [Figure 50 A]. Thus, the CHX treatment delays the growth recovery of WT
hypocotyls after 2h of ET exposure.

In roots, the fast ET response of WT seedlings was again not affected by the CHX
treatment [Figure 50B]. However, as the ET treatment continued, the CHX-treated seedlings
displayed a higher growth rate reduction than seedlings treated with ET alone [Figure 50 B]. We
observed that ET reduced the root growth rate of CHX-treated seedlings to 54% of the level
seen before ET application, whereas in the CHX-untreated seedling, the growth rate was
reduced to only 72%. [Figure 50 B]. As in the case of the hypocotyls in roots, we also observed
that the CHX-treated seedlings displayed a delay in the growth recovery after removing ET
compared to CHX-untreated WT seedlings [Figure 50 B]. Thus, the CHX treatment enhances the
sensitivity to ET-induced growth inhibition in roots and delays the ET-mediated recovery in both

the roots and hypocotyls of WT seedlings.
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Figure 51: ET response growth kinetics of WT seedlings treated with CHX. (A) Normalized hypocotyl growth
rate of ET (n= 10), WT Water Air (n=13), CHX Air (n=13), and CHX ET (n=5) seedlings. (B) Normalized root
growth rates of ET (n= 23), Water Air (n=25), CHX Air (n=19), and CHX ET (n=23) seedlings. All seedlings
were grown in control conditions (150 ml min of hydrocarbon-free air) for 4 hours to set the baseline
growth rates. The CHX Air, Water Air, and CHX ET seedlings were sprayed with 100 uM CHX solution or
water for 2 minutes (double down arrow). The CHX ET and ET seedlings were exposed to 10 ppm of ET
(down arrow) for 2 hours at a flow rate of 150 ml min. The recovery treatment began (up arrow) once
the seedlings were switched to constant control conditions (150 ml min™ of hydrocarbon-free air). The WT
CHX Air and WT Water Air seedlings were grown in constant control conditions (150 mL min? of

hydrocarbon-free air). The error bar for each time point represents the average + standard error.

Screening heat-treated T2 CRISPR/Cas9 WT and ein3-1 ei/1-1 seedlings
WT and ein3-1 eill-1 adult plants were each transformed via Agrobacterium-mediated
transformation with two independent constructs, pDGBalphal([EilgRNA] + [p35S:hCas9:tNOS] +

[PNOS:BASTA:tNOS]) [Figure 46 A] or pDGBomegal([EilgRNA] + [pAt2S3:DsRED:t35S] +
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[pUBQ10:hCas9:tNOS]) [Figure 46 B]. Genomic DNA was harvested from a leaf of T1 plants, and
PCR was used to screen for the presence of Cas9-induced deletions. We used a primer set to
amplify the region between the two gRNA-targeted sites in each gene, anticipating observing a
reduction in the PCR fragment size due to a large deletion if the editing was successful. The PCR
that targeted EIL2 is expected to produce a WT band size of 1.061 kb, while the Cas9-induced
deletion is expected to generate a mutant product of ~282 bp. The PCR that targeted EIL3 is
expected to produce a WT band size of 908 bp, while the Cas9-induced deletion will result in an
amplicon of ~¥576 bp. The EIL4 WT PCR is expected to produce a 1.405 kb band in the WT and
~921 bp in the deletion mutant. Finally, The EIL5 PCR should yield the 448 bp and ~359 bp
bands. Unfortunately, we did not detect any Cas9-induced large base pair deletions in the T1
plants.

Based on those preliminary results, we concluded that the Cas9 gene-editing activity
was low. Therefore, we moved forward with heat-treating the T1 plants at 37°C [Table 8], as
Cas9 was reported to have a greater enzymatic activity at this temperature [124]. After the heat
treatment described in the Methods section, we harvested leaves from the T1 plants and
screened for Cas9-induced mutations. Our PCR size expectation remained the same, and
unfortunately, we still did not detect any large deletions in heat-treated T2 plants, suggesting
that our CRISPR editing had failed.

EIL2 and EIL3 play a role in growth recovery during prolonged ET treatment

As an alternative strategy, we analyzed the recently published ein3 eil2 eil3 mutant

generated by Zeng et al. in the Zhao lab [125]. First, the ein3 eil2 eil3 line was confirmed using

the primers listed in [Table 7]. The ein3-1 is an EMS-induced nonsense mutation with a G-to-A
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transition at the 645th nt in the CDS, which results in a W 215 to a premature stop codon [35].
Then, the eil2 and eil3 mutations were induced by the egg cell-specific EC1.2p promoter-driven
Cas9 [125, 160] using two single gRNAs driven by the U6-26p and U6-29p promoters to target
EIL2 and EIL3. The eil2 mutant harbors a frameshift mutation due to an insertion of an A in the
227%™ position of the EIL2 genomic DNA sequence [125]. This frameshift happens after the
Alanine at the 70™" position of the EIL2 amino acid chain. The eil3 mutant contains a frameshift
mutation due to an insertion of an A in the 690" position of the E/L3 genomic DNA sequence
[125]. This frameshift happens after the Valine at the 49" position of the EIL3 amino acid chain.
These Cas9 edits resulted in missense mutations, and there is no direct evidence that these
mutations lead to compromised E/L2 and E/L3 functions [125]. However, Zeng et al. did observe
the reduced SAM size and stem cell pools in ein3 eil2 eil3 mutants, along with a decrease in
WUSCHEL (WUS) and CLAVATA3 (CLV3) gene expression [125].

If any of the EIN3/EIL1 paralogs are involved in the ET response, then the inactivation of
these genes may result in an abnormal ET-response growth dynamic curve. First, the
germination rate of the ein3 eil2 eil3 mutants was characterized. We observed a low
germination rate in the ein3 eil2 eil3 seedlings compared to WT seedlings, possibly due to a
poor seed batch stored in humid /poor conditions [Figure 51]. The ACC treatment did not
significantly affect ein3 eil2 eil3 germination rates [Figure 51]. Next, we characterized the ET-
mediated triple response phenotype in this line.

In the presence of ACC, the WT seedlings are expected to display the classical triple
response phenotype, which includes growth inhibition of the hypocotyls and roots, along with

an exaggeration of the apical hook curvature [Figure 4]. The ACC treatment triggered the typical
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triple response in WT seedlings [Figure 52]. The ein3 eil2 eil3 seedlings were not expected to
fully respond to the ACC treatment due to the ein3-1 mutant allele that causes partial ET
insensitivity [32]. The eil2 and eil3 mutations play an unknown role in the ET-mediated
response. Our preliminary data show that the ein3 eil2 eil3 mutants are insensitive to the ACC
treatment [Figure 52 A and B]. We would need to compare the triple response of the ein3 eil2
eil3 seedlings to that of the ein3-1 mutant to determine if E/L2 and EIL3 play a role in the ET-
mediated triple response phenotype.

Next, the ET-mediated growth kinetics of WT, ein3-1, and ein3 eil2 eil3 mutants were
examined to test for the requirement for eil2 and eil3 in the fast ET response. During the first 18
minutes of ET treatment, hypocotyls and roots of ein3-1 and ein3 eil2 eil3 mutants were
indistinguishable from that of WT seedlings [32]. However, the ein3-1 and ein3 eil2 eil3 mutant
hypocotyls and roots behave differently from WT after 30 minutes of prolonged ET treatment
[Figure 53 A and B]. Specifically, the ein3 eil2 eil3 growth rate recovers faster than the ein3-1
seedlings in the hypocotyls [Figure 53 A]. This result suggests that E/L2 and E/L3 may play a role
in sustained growth inhibition under prolonged ET treatment in the hypocotyls. However, in
roots, the ein3-1 and ein3 eil2 eil3 growth rates are indistinguishable [Figure 53 A and B]. This
result suggests that in roots, E/IL2 and EIL3 may not be directly involved in the growth rate

recovery during prolonged ET treatment.
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Figure 52. The preliminary germination rate of WT and ein3 eil2 eil3 seedlings. The germination rate was
of three-day-old WT(n=100) and ein3 eil2 eil3 (n=66) seedlings grown in control conditions and WT (n=63)
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Figure 53. The triple response phenotype of three-day-old WT and ein3 eil2 eil3. (A) Hypocotyl lengths of
WT (n= 58) and ein3 eil2 eil3 (n=2) seedlings grown in control conditions and of WT (n=47) and ein3 eil2
eil3 (n=3) seedlings grown in media supplemented with 10 uM ACC. The standard deviation displays the
variance around the means. The germinated ein3 eil2 eil3 mutant sample size is insufficient to draw a

statical conclusion.
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Figure 54. ET response growth kinetics of the WT, ein3 eil2 eil3, and ein3-1 mutants. (A) Normalized
hypocotyl growth rates of WT (n= 18), ein3 eil2 eil3 (n=8) and ein3-1 (n= 3) seedlings. (B) Normalized root
growth rates of WT (n= 23), ein3 eil2 eil3 (n=8) and ein3-1 (n=8) seedlings. All seedlings were grown in
control conditions (150 ml min of hydrocarbon-free air) for 4 hours to set the baseline growth rates.
Next, seedlings were exposed to 10 ppm of ET (down arrow) at a constant flow of 150 ml min™. The error

bar for each time point represents the average + standard error.
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DISCUSSION

ET induces rapid growth repression in the hypocotyls and roots of three-day-old
etiolated Arabidopsis seedlings. The EIN2 protein is a positive regulator of the ET signaling
pathway, as loss-of-function ein2 mutants are entirely insensitive to ET [122], including the lack
of the fast ET response, a physiological process that relies on some EIN2-dependent, unknown
post-transcriptional mechanism [Figure 32 A and B]. At the same time, the later ET growth
dynamics depend not only on functional EIN2 but also on the EIN3/EIL1 transcription factors
[Figure 33 A and B]. Since EIN2 has been shown to regulate the translation of several hundred
genes [16], it is plausible that translation regulation is at least part of the post-transcriptional
mechanism EIN2 utilizes to control the fast ET response. Thus, we hypothesize that mutations
in translationally regulated genes will alter the fast response to ET.

All homozygous T-DNA mutant lines we examined had WT ET-mediated growth and
recovery kinetics. Based on these reverse genetics results, we conclude that individually these
eight genes are not required for the ET-mediated growth kinetics or recovery. However, this
does not necessarily mean that the translational regulation of these genes by ET plays no role in
the ET response, as several of these genes belong to multigene families with potentially
redundant functions. This limitation could be overcome by examining the ET response of
higher-order mutants. In addition, our current study did not test the overexpression lines for
any of these genes, but these genes’ overexpression may have phenotypic consequences. For
example, it has been shown that seven-day-old light-grown SAUR41 overexpression lines

develop longer hypocotyl and roots than WT plants [161].
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Similarly, transgenic lines that overexpress ATbZIP2 are severely dwarfed and sterile in
adult plants [162], whereas no prominent growth defects have been reported for the
overexpression of LOG5, HSFA7b, and DVL4 [145, 154, 155]. Finally, there are no publicly
available transgenic lines that overexpress RPS15AE, CASPL1B1, or USNRAFP. Constructs
containing RPS15AE, CASPL1B1, and USNRAFP under the control of the 35S cauliflower mosaic
virus (CaMV) promoter or an inducible system could be made and used to generate the
overexpression lines. Once these lines are produced, the ET-response growth kinetics of these
overexpression lines could be examined to further assess the potential role of these genes in
the ET-triggered fast response.

In the case of AtbZIP2, this gene’s overexpression could be transiently induced in
transgenic lines by using a B-Estradiol-inducible system to overcome the problem of plant
infertility in AtbZIP2 overexpressors [162, 163]. The transgenic seedlings can be germinated on
MS-media supplemented with B-Estradiol to stimulate the B-Estradiol-inducible system to drive
the expression of ATbZIP2 before the ET kinetics assay. One could compare the ET-mediated
growth kinetics of untreated transgenic lines to transgenic lines germinated in the presence of
B-Estradiol.

The SAUR41, LOG5, and HSFA7b overexpression lines could be obtained from publicly
available seed stock centers or requested from individual researchers [133, 134, 135].
Supposedly, if any of the genes translationally repressed by ET are required for the ET response,
overexpression of these genes may lead to altered ET responses. Accordingly, the ET-mediated
growth kinetics of the overexpression lines will deviate from the typical response curves seen in

WT seedlings.
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As mentioned above, the findings of our reverse genetics study did not rule out the role
of additional translationally regulated genes in the control of the ET-response growth dynamics.
For example, ET regulates the translational efficiency of EBF1 and EBF2 [16]. Interestingly, ebf1
and ebf2 single mutants possess a WT initial response to ET in hypocotyls. However, ebf2-3
single mutants have a delayed recovery after ET is withdrawn [32]. It is unknown if ET-mediated
recovery is preserved in the roots of ebf1 and ebf2 single mutants. Therefore, expanding the
project's scope to include additional genes might reveal more genes that directly influence ET-
mediated growth and recovery kinetics.

A pharmacological approach was used to explore the role of translation in the ET
response [ Figure 49]. We treated etiolated three-day-old WT seedlings with CHX before the ET
treatment, and we observed that the CHX treatment enhanced the ET-mediated growth
inhibition in the roots. In addition, the CHX treatment delayed recovery from the ET treatment
in both the hypocotyls and the roots. We speculate that CHX blocks the translation of some
negative regulators of the ET response.

Completely inhibiting gene translation would lead to plant lethality and inhibit growth.
Furthermore, a lack of gene translation would negate any effects due to changes in the
transcription of protein-coding genes induced by ET. Based on the findings of the CHX
experiments, our results suggest that translation plays no direct role in the fast response to ET.
Still, the synthesis of negative regulators of the ET signaling pathway is required for the later ET-
response growth inhibition and recovery once ET is withdrawn. To test If the translation
inhibition of EBF1 and EBF2 could be involved in the CHX effects in the ET-triggered growth

kinetics, one could compare the fast response and growth recovery of CHX-treated WT plants
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and the ebf1 and ebf2 mutants. It is suspected that the CHX-treated ebf1 and ebf2 mutants will
show deviations in the later ET response and recovery in the hypocotyl and roots.

In hypocotyls, the ET-mediated growth kinetics of ebf1 and ebf2 single mutants are
indistinguishable from that of WT seedlings [32]. Therefore, in hypocotyls and roots, we expect
the fast ET response of CHX-treated ebf1 and ebf2 mutants to be indistinguishable from that of
WT seedlings. In the hypocotyls, as the ET treatment continues, the ebf1 and ebf2 single
mutants are indistinguishable from that of WT seedlings [32]. Therefore in the prolonged ET
treatment, we do not expect any deviation in ET-response growth kinetics between ebf1, ebf2,
and WT seedlings. In hypocotyls, upon ET removal, ebf1 single mutants have a slight delay in
the recovery from the ET treatment compared to WT seedlings, whereas ebf2 single mutants
have a significant delay in growth rate recovery following the removal of ET [32]. Thus, the CHX-
treatment is expected to further suppress the ET treatment recovery as WT, and ebf1 seedlings
will be nearly indistinguishable, while the ebf2 mutants might take significantly longer to
recover from the ET treatment than WT seedlings. Again, we expect the fast ET response of
CHX-treated ebf1 and ebf2 mutants to be indistinguishable from WT. These speculations aside,
our experiments suggest that translational gene regulation is not required for the initial
response to ET. However, plants must synthesize the negative regulators to recover from the ET
treatment.

The sustained growth inhibition under constant ET exposure depends on EIN3 and EIL1
transcription factor functions [Figure 33 A and B]. While the EIN3 and EIL1 paralogs play an
unknown role in the ET-mediated growth dynamics, we speculate that removing these paralogs

(EIL2, EIL3, EIL4, and EIL5) may enhance the growth rate recovery during prolonged ET
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treatment. Therefore, we attempted to use CRISPR to knock out the remaining EIL transcription
factors in the ein3 eil1 double mutant background. However, we could not detect large
deletions in the T1 transformants, and the heat treatment did not enhance the Cas9 activity in
T2s. There are multiple possible reasons why this experiment failed to generate large deletions.

We wanted to express each gRNA as individual cassettes driven by separate promoters.
Multiple gRNA genes harboring identical gRNA scaffolds and transcribed from similar AtU6
promoters might have induced the silencing of the gRNAs. To reduce the complexity of the
construct, we could use the Ribozyme self-cleavage strategy [164]. This involves flanking each
gRNA with self-cleaving sequences such as the hammerhead ribozymes. The hammerhead
ribozyme is a small catalytic RNA motif that undergoes endonucleolytic cleavage [165]. It has
been demonstrated that one AtU6 promoter could drive the expression of two or more gRNAs;
thus, this system would reduce the complexity of the construct [166].

Our CRISPR/Cas9 system may have induced small insertions or deletions in EIL genes
that our PCR strategy screen could not detect. Therefore, we could have used the CEL-1 assay
to detect point mutations. The Cel-l assay involves the CEL-I endonuclease isolated from celery
[167]. This endonuclease has high specificity for insertions, deletions, and base-substitution
mismatches. In addition, this assay can use fluorescently labeled nucleotides for fragment
detection [167]. PCR primers would target and amplify a genomic DNA region flanking the gRNA
targeted site for this assay. We expect mismatch heteroduplexes to form after denaturing and
renaturing WT and transgenic amplicons in a mixture. The CEL-1 endonuclease would cut both
strands of DNA for every heteroduplex, and the digestion patterns would be detectable by gel

electrophoresis [167].
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As a backup strategy, we obtained an ein3 eil2 eil3 mutant from the Zhao lab,
characterized in the following article [125]. Our preliminary experiments suggest that the
growth rate of ein3 eil2 eil3 recovers faster than that of ein3-1 seedlings in hypocotyls in long-
term ET treatment, but the responses of the ein3-1 and ein3 eil2 eil3 mutants in roots are
indistinguishable [Figure 53 A and B]. The result shows that eil2 and eil3 are not directly involved
in the fast response to ET. However, EIL2 and EIL3 are engaged in the growth rate recovery
during prolonged ET treatment in the hypocotyl but not the root. To determine the role of E/L2
and EIL3 in the ET triple response, we need to include ein3-1 as a baseline for comparison.
Based on the data from the kinetics assay, we expect the triple response phenotype of ein3 eil2
eil3 to be more insensitive to the ET treatment than the ein3-1 single mutants.

Our preliminary data suggest that a lack of E/IL2 and EIL3 only affects the growth
recovery during prolonged ET treatment. Based on publicly available gene expression data
provided by TraVA, a database of gene expression profiles in plants based on RNA-sequencing
data, E/L2 and EIL3 are both expressed in the seedling root and hypocotyl in control conditions
[168, 169, 170]. Furthermore, based on the gene expression data provided by TAIR, the
presence of external ACC does not induce a change in E/L2 and EIL3 gene expression [171].
Based on our findings, gene transcription is not involved in the fast response to ET. In addition,
our preliminary data show that in the hypocotyls, E/IL2 and EIL3 may be involved in hypocotyl

growth inhibition under prolonged ET exposure.
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CHAPTER 5: CHARACTERIZING THE ROLE OF GIBBERELLIC AND JASMONIC ACID IN THE
DYNAMIC RESPONSE TO ETHYLENE
ABSTRACT

Ethylene is a stress hormone that induces a robust triple response phenotype in
Arabidopsis seedlings. The triple response consists of reduced hypocotyl and root growth and
the exaggeration of the apical hook curvature. The three phytohormones we will examine here,
gibberellic acid (GA), jasmonic acid (JA), and ethylene (ET) are known to interact in many
developmental processes in plants. It has been previously proposed that EIN3 and EIL1, two
master regulators of the transcriptional response to ET, repress the transcription of genes
involved in GAs3 biosynthesis, therefore, lowering the levels of GAs; during growth inhibition
triggered by continuous ET exposure. Thus, we hypothesized that the application of GA; before
the ET treatment would attenuate the organ growth inhibition induced by ET in WT seedlings.
Although GAs treatment did not affect the growth inhibition triggered by ET in wild-type (WT)
plants, the constitutive activation of GA signaling in the quadruple della mutant resulted in the
attenuation of the ET effect on hypocotyl elongation.

It has been previously reported that low JA levels can restore ET sensitivity in ein2
mutants. Therefore, we investigated the requirement for normal JA signaling levels in the ET-
mediated growth rate dynamics. Analysis of plants lacking both a functional JA receptor (coil-6)
and a functional EIN2 (ein2-1) in the coil-6 ein2-1 pen2-4 triple mutant background indicates

that low JA signaling levels do not revert the ET-mediated growth rate dynamics defects of ein2.
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INTRODUCTION

The phytohormone ET modulates the growth and senescence of plants such as
Arabidopsis thaliana [172, 173]. ET is a multifunctional hormone that promotes or inhibits
growth dependent on the organ, concentration, time of application, external environment, and
plant species. For example, in young, etiolated Arabidopsis seedlings, ET treatment induces a
triple response phenotype, including reduced hypocotyl and root growth and the exaggeration
of the apical hook angle [27]. In contrast, in the light, ET stimulates hypocotyl elongation
through the transcription activation of PHYTOCHROME INTERACTING FACTOR3 (PIF3) and
degradation of ELONGATED HYPOCOTYLS5 (HY5) protein by promoting the enrichment of
nuclear CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) protein [174].

As stated in previous chapters, ET is perceived by a family of ER membrane-bound
receptors that in Arabidopsis comprise five genes [Figure 2] [12, 18]. ET-bound receptors
undergo a protein conformational change that results in the inactivation of the receptor-
interacting protein CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) [14]. The inactivation of CTR1
leads to the dephosphorylation and stabilization of ET INSENSITIVE2 (EIN2). The EIN2 C-terminal
domain (EIN2C) of unphosphorylated EIN2 is then cleaved from the full-length ER-localized
protein and released into the cytoplasm [13, 19, 120].

In the cytoplasm, the EIN2C regulates the translational efficiency of specific mRNA
targets. For example, the EIN2C binds to the 3’ untranslated regions (UTRs) of transcripts like
EIN3-BINDING F BOX PROTEIN1 (EBF1) and EBF2, repressing the translation of these mRNAs and
targeting them to the processing bodies (P-bodies) [16, 30]. In addition, EIN2C translocates to

the nucleus and drives the accumulation of the ET INSENSITIVE3 (EIN3)/ EIN3-LIKE1 (EIL1).
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These master transcription factors are required for the transcriptional regulation of all ET
response genes.

In the absence of ET, CTR1 is activated by the ET receptors, and EIN2 is phosphorylated.
As a result, the SCF E3 ubiquitin ligase complex that includes the EIN2 TARGETING PROTEIN1
(ETP1) or ETP2 F-box proteins ubiquitinates and targets EIN2 for degradation by the 26S
proteasome [121]. Furthermore, upon EIN2 turnover, the SCF complex containing one of the
two other F-box proteins, EBF1 or EBF2, ubiquitinates the master transcription regulators of the
ET response EIN3 and EIL1, targeting them for degradation by the 26S proteasome and
abolishing ET-mediated effects on gene transcription.

In response to ET, the activation of the ET signaling pathway described above results in
changes in the expression of hundreds of genes, including those affecting other hormone
signaling pathways, thus creating a complex regulatory network that ultimately impacts whole-
plant physiological processes [172, 173]. In etiolated Arabidopsis seedlings, ET exposure results
in rapid growth inhibition, and this inhibitory effect remains for as long as ET is present [36, 37].
Interestingly, ET induces the initial growth inhibition in both hypocotyls [Figure 33 A] and roots
[Figure 33 B] of ein3 eil1 double mutants, but after ~1 hour, growth in these mutants gradually
recovers even when the plants are continuously exposed to the hormone [Figure 33 A and B]
[36]. Thus, the initial growth inhibition triggered by ET does not require functional EIN3 and
EIL1, while these proteins are necessary for the long-term growth inhibition in plants constantly
exposed to ET [36]. In this regard, it is essential to point out that previous work has shown that

when plants are treated with ET, GA levels decrease, and this effect is thought to mediate, at
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least in part, the cell growth inhibition observed in etiolated Arabidopsis seedling exposed to ET
[175, 176, 177].

The plant hormone GA drives multiple growth processes such as germination, cell
elongation, and flower development. GA precursors are generated in three different cellular
compartments. First, ent-kaurene biosynthesis from geranylgeranyl diphosphate ( GGDP) takes
place in the proplastids [58], where GGDP is converted into ent-kaurene via a two-step
cyclization reaction catalyzed by ent-copalyl diphosphate synthase (CPS) and ent-kaurene
synthase (KS) [58]. Second, ent-kaurene is converted to GAi; in the cytoplasm by stepwise
oxidation followed by ring contraction catalyzed by ent-kaurene oxidase (KO) and ent-kaurenoic
acid oxidase (KAO) to generate GA1,[58]. Finally, GA1is transformed into multiple other forms
of GA in the ER membrane, including bioactive GAs such as GAj, GAs, and GA4, by oxidation
steps catalyzed by 2-oxoglutarate-dependent dioxygenases, GA 20-oxidases (GA200x), and GA
3-oxidases (GA3ox) [Figure 9] [58, 178].

In Arabidopsis, bioactive GA binds to GA receptors GIBBERELLIN INSENSITIVE DWARF1A,
B, and C (GID1A, B, and C) [179, 180]. GID1 proteins interact with the DELLA proteins in a GA-
dependent manner. DELLAs are negative regulators of GA signaling that act downstream of the
GA receptors [179, 180]. The DELLA proteins are a family of transcriptional regulators that
inhibit cell proliferation and expansion [62]. DELLAs can interact with other transcription factors
to inhibit their DNA-binding and transcriptional actives. The SCF ubiquitin ligase complex
containing the F-box proteins SLEEPY1(SLY1) or SNEEZY (SNE) targets the DELLA proteins for

degradation by the 26S proteosome in the presence of bioactive GA [179, 180].
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The DELLA protein family in Arabidopsis includes GIBBERELLIC ACID INSENSITIVE (GAl),
REPRESSOR-OF-gal-3 (RGA), RGA-LIKE1 (RGL1), and RGL2 [60]. As mentioned above, in the
presence of bioactive GA, the DELLA proteins are ubiquitinated by the SCF'Y/*NE complex and
degraded [60]. In the absence of DELLA proteins, the GA-dependent transcriptional responses
are activated. In contrast, in the absence of GA, the DELLAs block GA-dependent processes such
as germination, cell elongation, etc. [181][Figure 10].

There is a complex interaction between GA and the gaseous hormone ET, as negative
and positive reciprocal effects have been observed [182]. Thus, for example, in ein3-1 eill-1
mutants, the transcription of several GA biosynthetic genes, such as ent-kaurene synthase (KS),
GA200x1-GA200x3, and GA3ox1, is up-regulated, suggesting that EIN3 and EIL1 may function to
repress GA production [66]. In addition, it has been observed that inhibition of GA biosynthesis
by paclobutrazol treatment can prevent the growth recovery typically observed in the ein3-1
eil1-1 mutant after several hour-long exposures to ET [66].

As previously mentioned, EIN3 and EIL1 are required to maintain ET's repressive affect
growth, and the repression of GA biosynthesis by ET is also necessary for maintaining this long-
term growth repression [66]. Therefore, we hypothesize that EIN3 and EIL1 reduce GA;s levels
during continuous ET treatment. This would imply that the application of GA; before the ET
treatment should partially alleviate long-term growth inhibition experienced by plants
constantly exposed to ET.

JA is another hormone implicated in the ET-mediated growth inhibition in Arabidopsis
etiolated seedlings. JA and its derivatives, jasmonates (JAs), are essential for regulating plant

growth and developmental processes [68, 74]. In addition, JA mediates plant biotic and abiotic
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stress responses [68, 74]. JA biosynthesis has been investigated in dicotyledons plants such as
Arabidopsis thaliana [183]. In Arabidopsis, two JA biosynthesis routes are known, the a-
linolenic acid (18:3) octadecane pathway and the hexadecatrienoic acid (16:3) hexadecane
pathway [184, 185, 186]. First, the 18:3 and 16:3 unsaturated fatty acids are converted to 12-
oxo-phytodienoic acid (12-OPDA) and deoxymethylated vegetable dienic acid (dn-OPDA)
through B-oxidation facilitated by ALLENE OXIDE SYNTHASE (AOS) and ALLENE OXIDE CYCLASE
(AOC) in the chloroplast [184, 185, 186]. Next, in the peroxisome, JA is generated from 12-
OPDA and dn-OPDA through several B-oxidation steps. Finally, in the cytoplasm, methyl
jasmonate (MelJA), JA-isoleucine (JA-lle), and 12-hydroxyjasmoic acid (12-OH-JA) are formed.
The JA-lle is the biologically active form of JA [187].

In the absence of various stress responses such as insect feeding or wounding, the JA-lle
levels are maintained at a low level in plants. At low JA-lle levels, the JASMONATE ZIM-DOMAIN
(JAZ) family of repressor proteins inhibits the activity of various transcription factors such as
MYC2 responsible for activating the JA transcriptional response [188]. JA-lle accumulation in the
cytosol drives JASMONATE TRANSPORTER1/ATP-BINDING CASSETTE G16 (JAT1/ABCG16)
localized on the nuclear and plasma membrane to facilitate the transport of JAs across the
plasma membrane, as well as the bioactive JA-lle across the inner membrane of the nucleus
[69]. JA-lle binds to the F-box protein CORONATE INSENSITIVE1 (COI1) in the nucleus [188]. In
the presence of JA-lle, the SCF©'! complex binds to the JASMONATE ZIM DOMAIN PROTEIN
(JAZ) family members, triggering their ubiquitination and degradation through the 26S
proteasome pathway. JAZ repressors’ competitive binding to MYC2 and the degradation of the

JAZs in the presence of JA-lle result in the derepression of MYC2 and activation of JA responses
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[68]. As in the case of GA, interactions between ET and JA have been shown to play essential
roles in a variety of developmental processes as well as defense against necrotrophic fungi
infections [189]. Notably, some of the molecular mechanisms involved in these interactions
have been elucidated. Thus, for example, EIN3 and EIL1 transcription factors involved in the ET
signaling pathway have been shown to interact with the JAZ repressors by recruiting HISTONE
DEACETYLASEG6 (HDAG®) to inhibit EIN3 and EIL1 transcriptional activities [189].

The EIN3 and EIL1 protein stability induced by ET and derepression of these
transcription factors by the JA-mediated degradation of the JAZ proteins results in the
activation of EIN3 and EIL1 transcriptional responses [190, 191, 192, 193]. On the other hand,
an EIN2 loss of function results in the degradation of EIN3 and EIL1 and a complete blockage of
the ET transcriptional response [16, 36]. Loss of function mutations in COI1 inhibits JA signaling,
resulting in the accumulation of JAZ proteins and repression of EIN3 and EIL1 functions even in
ET and JA [189]. Interestingly, it has been shown that ein2 mutants grown under constant light
regain the ability to respond to ET when JA levels are reduced by phenidone (a JA biosynthesis
inhibitor) treatment or when the ein2 mutant is combined with the JA biosynthetic mutant
dde2-2 (JA biosynthesis mutant) that has reduced AOS activity [76]. This suggests that the
derepression of EIN3 EIL1 by low JA levels can occur even in the absence of EIN2. Therefore, we
hypothesize that reducing the levels of JA signaling by treating plants with the JA biosynthesis
inhibitor phenidone or blocking JA responses with the coil-16 mutant will also restore the

initial ET response in coil ein2 mutants.
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METHODS AND MATERIALS

Seedling growth conditions

For more information on seedling growth conditions, relate to Chapter 2 methods and
materials
Hypocotyl and root growth dynamic analysis

For more information on hypocotyl and root growth dynamic analysis, relate to Chapter
2 methods and materials.
Gas treatments

To understand how the gas treatments were performed in this chapter, please refer to
Chapter 2 methods and materials.
Liquid treatments

For liquid treatments, please refer to Chapter 4 methods and materials.

Gibberellic acid treatment

Growth rate dynamics assay. The gibberellic acid 3 (GAs3) (GOLD BIO) powder was
dissolved in deionized water to a final concentration of 3.0 mM. This solution was sterilized by
passing it through a 22 nm filter, and the stock solution was stored at -22°C. Before the ET
growth rate dynamics assay, the GAs stock solution was thawed, and the stock solution was
diluted in deionized water to a 100 uM final concentration. Deionized water was used as a
control. Finally, the 100 uM GA3; solution or the corresponding control solution was added to
the liquid reservoir in the kinetics chamber [Figure 24], and the Petri dish with the vertically

grown seedlings was inserted into the chamber as described above in chapter 4 [Figure 26].
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MorphoD was programmed to start the aerosol spray 3 hours after beginning the airflow
circulation in the kinetics chamber.

Germination and end-point growth assays. The GA3 stock solution (see above) was
thawed and diluted in warm MS media to a 100 uM final concentration [27]. Next, surface-
sterilized and cold-treated seeds were plated on AT plates light-treated, wrapped in aluminum

foil, and grown vertically in the dark at 22°C for 72 hours [27].

Phenidone treatment

The phenidone (PHEN) (Tokyo Chemical Industry) powder was dissolved in boiling
deionized water to prepare the 100mM stock solution, sterilized by passing it through a 22-nm
filter, and then stored in the dark -20°C. Next, PHEN plates were made by diluting the PHEN
stock solution in warm MS media to 10 uM PHEN final concentration [27]. Finally, seeds were

sterilized and plated as described in Chapter 2. [18].

1-Aminocyclopropane-1-carboxylate treatment

The 1-aminocyclopropane-1-carboxylic acid (ACC) (Sigma-Aldrich) powder was dissolved
in deionized water to prepare a 50 mM stock solution and then stored at -20°C. The ACC stock
solution was diluted with warm AT media to a 10 uM final concentration. Seeds were sterilized

and plated as described above.

ET treatment

Surface-sterilized and cold-treated seeds were plated on the surface of MS plates; the
plates were placed vertically inside a transparent plexiglass box and grown at room
temperature for five days under constant light and exposed to either ET (50ppm ET in the air at

a flow of 150 ml min!) or air (flow-through air supplied at 150 ml min).
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Plant growth and conditions

All plant lines used in this work are in the Arabidopsis thaliana ecotype Columbia
background. Mutant lines were ordered from the Nottingham Arabidopsis Stock Centre (NASC)
ga3ox1-3 and coil-16 ein2-1 pen2-4 (stock N6943 and N67818 number). The ga3ox1-3 mutant
(NASC stock N6943) harbors a T-DNA insertion in the 5’ end of exon 2 of the GA30x1 gene. The
homozygous mutant was confirmed by PCR using a left border primer (JMLB1) and GA3ox1-
specific primer [Table 10]. The location of the T-DNA insertion was further confirmed by Sanger
sequencing with the JMLB1 primer [Table 10]. The coi1-16 and ein2-1 mutations are both ethyl-
methane sulfonate (EMS) alleles. The ein2-1 mutant was developed in a study by Alonso et al. |
[19], while the coil-16 mutant was developed in a study by Turner et al. [194]. The ein2-1 coil-
16 pen2-4 mutations were first confirmed by the Sanger sequencing of each mutant gene [Table
10]. The della mutant seedlings were provided by Miguel A. Perez-Amador and David Alabadi.
The genotype of the della mutant was confirmed using methods suggested in [195].

Table 10. Primers were employed to screen the classic GA and JA mutants. For more information about

primers, please refer to the references listed below the primer sequences.

T-DNA primer WT primer
combination combination
Gene Mutant Order Gene Left WT WwWT WT EMS T-DNA
number Line number symbol border primer Forward Reverse mutant mutant
primer primer primer
AT1G155 N6943 CS6943 GIBBEREL | GGCAAT CAAACAA | GTGTTTA | CAAACAA | No Yes
50 LIN-3- CAGCTGT | ATCATAT GAGGCC ATCATAT
OXIDASE TGCCCGT | TGCTGAA | ATCCCAT | TGCTGAA
1 CTCACTG ATC TCAC ATC
(ga3ox1- GTG
3) (JMLB1)
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Table 10 (continued)

AT5G032
80

AT2G444

AT1G663
50

AT2G015
70

N67818

N67818

CS67818

CS67818

ETHEYLE
NEINSEN
STIVE2
(ein2-1)

PENETRA
TION2
(pen2-4)

RGA-
LIKE1

(rgl1)

REPRESS
OR OF
GA (rga-
t2)

CGGTCG
GTACGG
GATTTTC
C
(DS3-2)

[196]

CCGGTAT
ATCCCGT
TTTCG
(DS53-3)
[196]

CCACAG
AGCGCG
TAGAGG
ATAAC

AAGAATT
TTAAACA
AGTGA
ACG

GGTTTGA
GATGGA
ATACCGT
GATGG

AAACGTT
GCCGTTG
ATTTCT

CCACAG
AGCGCG
TAGAGG
ATAAC

GCCGGA
GCTATGA
GAAAAG
TGG

TCAAGG
ATGGCA
GATAAG
TGTCTCC

CAGCAA
CACTAGC
GCCATTA

AAGCTA
GCTCGA
AACCCAA
AT

AAGAATT
TTAAACA
AGTGA
ACG

Yes

Yes

Yes

Yes
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RESULTS

The GA treatment did not reverse ET-mediated growth dynamics

First, we obtained and then genotyped ga3ox1-3 and della (gai-t6 rga-t2 rgll rgl2)
mutant seedlings using the primers listed in [Table 10]. The ga30x1-3 mutant allele results from
a T-DNA insertion at the 964 nt of the genomic DNA sequence of GA3ox1 [197]. The della
mutant harbors insertional mutations in all four DELLA transcriptional repressors. Specifically,
the gai-t6 mutation resulted from a Ds transposon insertion at position 618 in the GAl gene
[198]. The rga-t2 mutant allele resulted from a Ds insertion at position 1745 in the RGA gene
[196]. The rgl1 harbors a DS insertion 68 nucleotides upstream of the ATG start codon of RGL1
[196]. Finally, the rg/2 mutant allele resulted from a Ds insertion at position 1141 in the RGL2
gene [196]. The WT, ga3ox1-3, and della seedlings were germinated on AT plates supplemented
with 10 uM ACC, 100 uM GAs, or 10 uM ACC + 100 uM GAs to determine if exogenous GAs
could enhance seed germination in these different genotypes. In the WT, the ACC, GAs, and
ACC + GAs treatments did not increase seed germination rates [Figure 54]. The ga3ox1-3
mutants are reported to have germination rates similar to WT [197]. However, in our hands, we
found that the germination rate of ga3ox1-3 mutants was about 30% [Figure 54] and that these
low rates were rescued in the presence of external GAs; [Figure 54]. As with wild type, the
germination rate of the della mutant was unaffected by the ACC, GAs, and ACC + GA3

treatments.
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Figure 55. The preliminary germination rate of 3-day-old etiolated WT, ga30x1-3, and della seedlings. The
seedlings were germinated in control, 10 uM ACC, 10 pM ACC+ 100 pM GA3, and 100 puM GAS3. This

experiment was only performed once.

Next, the ET-mediated triple response phenotype was examined. WT etiolated seedlings
grown for three days in 10 uM ACC are expected to display the characteristic triple response,
including growth inhibition of the hypocotyl and roots and an exaggeration of the apical hook
angle [Figure 5]. The ACC treatment triggered the typical triple response in WT seedlings [Figure
54 A, B, C, and D], while the treatment with a high concentration of GA3; (100 uM) did not affect
hypocotyl and root length [Figure 55 A, B, C, and D]. Based on previous results indicating that
part of the growth inhibition triggered by ET could be due to a decrease in GA biosynthesis [66],
we hypothesized that the ga3ox1-3 GA biosynthetic mutant should have a hypersensitive
response to ACC. However, the ET response of the ga3ox1-3 mutant was indistinguishable from
that of WT [Figure 55 A, B, C and D. However, in hypocotyls, the application of GAs did reduce

the sensitivity of plants to the ACC treatment [Figure 55 C]. Based on the same reasoning, we
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anticipated that the quadruple della mutant, a mutant with a constitutive GA response, should
display some degree of ET insensitivity. Indeed, we observed that the della mutants' hypocotyls
were less sensitive to the ACC treatment than WT and ga3ox1-3 plants [Figure 55 A]. The
multiple comparison HSD-test demonstrates (P>.05) that the della mutants' hypocotyls were
significantly different from WT and ga3ox1-3 seedlings [Figure 55 A]. On the other hand, the
roots of ACC-treated della mutants were indistinguishable from that of WT [Figure 55 D].

Finally, and as expected for the della quadruple mutant, the application of GAs did not
significantly affect the hypocotyl lengths of these plants [Figure 54 C and D].

The della seedlings' initial ET-mediated growth kinetics were indistinguishable from WT
in the hypocotyl, as shown in [Figure 56 A] and [66]. The hypocotyls of the della mutant
seedlings had similar ET-mediated growth kinetics to those of WT seedlings following ET
removal. As shown in previous works, the hypocotyl growth rates of della mutants overshoot
the growth rate of WT seedlings, as observed in [Figure 56 A] and [66]. On the other hand, the
root growth rates of della seedlings treated with ET or after withdrawing ET were

indistinguishable from those of WT seedlings [Figure 56 B].
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Figure 56. Triple response phenotypes of classical ET and GA mutants. Hypocotyl (A, C) and root (B, D)
lengths of three-day-old WT, ga3ox1-3, and della mutants germinated in control media and media
supplemented with 10uM ACC, 100uM GA3;, and 10uM ACC + 100uM GAs. Actual (A, B) and normalized
(C, D) organ lengths are plotted. (C, D) Root and hypocotyl lengths from 10uM ACC, 100uM GAs, and 10uM
ACC + 100uM GA; treated seedlings were normalized to those of seedlings grown in control
unsupplemented conditions. (A, B) The error bars represent the standard deviation measured by the
dispersion around the mean. (C, D) The error bars represent the average * standard error. The normalized
data were subjected to a One-way ANOVA test to determine significantly different means designated with
a different significance level. Bars not labeled by the same letter are significantly different. These data

represent N=20 per sample (genotype and treatment combination) with an a=.05 level of significance.
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Figure 57. ET response growth kinetics of WT and della mutant. (A) Normalized hypocotyl growth rate of
WT (n= 14) and della (n=30) seedlings. (B) Normalized root growth rate of WT (n=8) and della (n=28)
seedlings. All seedlings were grown in control conditions (150 mL min* of hydrocarbon-free air) for 4
hours to set the baseline growth rates and then exposed to 10ppm of ET (down arrow) (150 mL mint) for
2 hours. After the 2 hours of ET treatment (up arrow), seedlings were exposed to hydrocarbon-free air
(150 mL min) until the end of the experiment. The error bar for each time point represents the average

+ standard error.

External application of GAs does not induce growth recovery during prolonged ET treatment

Next, we wanted to determine if the external application of GA; promotes growth
during prolonged ET treatment. Based on the results of triple response assays [Figure 55 A, B, C,
and D], we did not expect that GA3; would affect the WT hypocotyl and root growth. WT

seedlings were sprayed with a 100 UM GA; or the corresponding control solution during a
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continuous air treatment [Figure 57A and B]. As anticipated, the water and GAs-treated WT
seedlings showed the same growth patterns [Figure 57 A and B]. Our results demonstrated that
the GAs treatment alone did not induce a change in growth rate. Next, WT seedlings were
sprayed with GA; before a continuous ET treatment. The triple response assay [Figure 55 A, B, C,
and D] has shown that the WT seedlings treated with GAs + ACC were indistinguishable from
seedlings treated with just ACC. Our growth kinetics experiments also revealed that external
GA; application did not induce a growth recovery during prolonged ET treatment [Figure 57 A
and B], suggesting that a decrease in GA levels is unlikely to play a role in the prolonged growth

inhibition caused by constant ET exposure.
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Figure 58. The ET-mediated growth dynamics of WT seedlings treated with GAs. (A) Normalized hypocotyl
growth rate of Water Air (n= 19), GA; Air (n=22), Water ET (n= 13), and GAs3 ET (n=18) seedlings. (B)
Normalized root growth rates of Water Air (n= 25), GA; Air (n=21), Water ET (n= 15), and GA; ET (n=6)
seedlings. All seedlings were grown in control conditions (150 ml min of hydrocarbon-free air) for 3 hours
to set the baseline growth rates. Seedlings were sprayed with 100 uM GA; (orange down arrow) solution
or water (blue down arrow) for 2 minutes after the initial 3 hours of hydrocarbon-free air exposure. ET-
treated seedlings were continually exposed to 10 ppm of ET (green down arrow) at a flow rate of (150 ml
mint). Air-treated seedlings were grown in constant control conditions (150 mL min) of hydrocarbon-

free air. The error bar for each time point represents the average * standard error.

JA plays no direct role in ET-mediated triple response phenotype
The genotypes of the coil-16 ein2-1 pen2-4 (the only mutant containing a coi1-16 ein2-1
mutation) and ein2-1 mutants were confirmed using the primers listed in [Table 10]. The PEN2

gene encodes a glycosyl hydrolase which localizes to peroxisomes and acts as a component of
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an inducible preinvasion resistance mechanism [199]. Therefore, the addition of the pen2-4
mutant allele will not affect the ET or JA signaling pathway [199]. The coil-16 ein2-1 pen2-4
triple mutant contains several mutant alleles. The coil-16 mutant allele results fromaCto T
missense mutation 733 nt downstream of the ATG start codon of the CO/1 gene [194]. The ein2-
1 mutant allele results from a nonsense mutation 1666 nt downstream of the ATG start codon
in the EIN2 gene [19]. Finally, the pen2-4 mutant allele contains a G to A transition at the 449 nt
of the genomic DNA

The WT, coil-16 ein2-1 pen2-4, and ein2-1 seedlings were germinated on MS plates
supplemented with 10 uM ACC to determine JA's role in the ET-mediated triple response
phenotype [Figure 58 A, B, C, and D]. In the presence of ACC, the WT seedlings are expected to
display the typical ET-mediated triple response, which includes growth inhibition of the
hypocotyl and roots, along with an exaggeration of the apical hook [Figure 4]. The ein2-1is a
classical ET insensitive mutant. Therefore, we did not expect a phenotypic difference between
the ACC- and mock-treated ein2-1 seedlings. On the other hand, the coi1-16 mutation confers
JA insensitivity, so the coil-16 ein2-1 pen2-4 triple mutant should be unable to perceive JA
[194].

Based on previous reports [76], we anticipated that the jasmonate insensitivity
conferred by the coil-16 mutation would restore the ET response defects of ein2-1 in the coil-
16 ein2-1 pen2-4 and the triple mutant would show some degree of growth inhibition in the
hypocotyl and roots in response to ET. However, three-day-old etiolated coil-16 ein2-1 pen2-4

seedlings did not respond to the ACC treatment [Figure 58A, B, C, and D]. In addition, the
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hypocotyl and root lengths of etiolated coi1-16 ein2-1 pen2-4 seedlings grown in the absence of
ACC were longer than those of WT and ein2-1 seedlings [Figure 58 A and B].

Next, we normalized the hypocotyl and root length of WT, ein2-1, and coil-16 ein2-1
pen2-4 seedlings treated with ACC to those of the corresponding mock-treated seedlings.

Again, WT seedlings treated with ACC showed significant growth inhibition of hypocotyls and
roots [Figure 58 A and B]. However, hypocotyl and root lengths of mock- and ACC-treated coil-16
ein2-1 pen2-4 seedlings were indistinguishable. Unexpectedly, the primary roots of ein2-1
mutants displayed some sensitivity to the ACC treatment compared to mock-treated seedlings
[Figure 58 D].

Next, we wanted to determine if the lack of JA perception could restore the fast
response to ET in the coil-16 ein2-1 pen2-4 mutants. Analysis of the ET-mediated growth
kinetics of WT and coi1-16 ein2-1 pen2-4 mutants indicates that the ET treatment does not
affect the growth dynamics of this mutant’s hypocotyls and roots. At the same time, the WT
plants show the characteristic growth inhibition and recovery patterns of the specific ET and air
treatment regimens imposed [Figure 59 A and B]. Therefore, we conclude that the JA insensitivity
conferred by the coi1-16 mutation does not restore normal ET-mediated growth dynamics of

the ein2-1 mutant grown in the dark.
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Figure 59. Triple response phenotypes of classical ET and JA mutants. Hypocotyl (A, C) and root (B, D)
lengths of three-day-old WT, ein2-1, and coi1-16 ein2-1 pen2-4 mutants grown in the presence or absence
of 10 uM ACC. Actual (A, B) and normalized (C, D) organ lengths are plotted. (C, D) The organ lengths of
seedlings treated with 10uM ACC were normalized to those of seedlings grown in control MS media. (A,
B) The error bars represent the standard deviation measured by the dispersion around the mean. (C, D)
The error bars represent the average + standard error. The normalized data were subjected to a one-way
ANOVA test. Statistical significance (a=.05) is depicted with a (*). These data represent N=20 per sample

(genotype and treatment combination).
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Figure 60. ET response growth kinetics of WT and coil-16 ein2-1 pen2-4 mutant. (A) Normalized hypocotyl
growth rates of WT (n= 11) and coi1-16 ein2-1 pen2-4 (n=5) seedlings. (B) Normalized root growth rates
of WT (n=14) and coil-16 ein2-1 pen2-4 (n=8) seedlings. All seedlings were grown in control conditions
(150 mL min-1 of hydrocarbon-free air) for 4 hours to set the baseline growth rates and then exposed to
10ppm of ET (down arrow) (150 mL min-1) for 2 hours. After the 2 hours of ET treatment (up arrow),
seedlings were exposed to hydrocarbon-free air (150 mL min-1) until the end of the experiment. The error

bar for each time point represents the average + standard error.

ein2 mutants respond to ACC treatment during constant light-grown conditions

Our previous study found that a lack of JA perception did not restore the ein2 mutant’s
ability to respond to ET when grown in the dark [Figure 59 A and B], as the homozygous coi1-16
ein2-1 pen2-4 mutant did not respond to the ACC treatment. Therefore, we wanted to replicate
the experimental conditions from [76] to determine if we could also observe the JA-mediated

restoration of the ET response in ein2 mutants in light-grown plants. First, we measured the
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root length of five-day-old light-grown WT, ein2-5, ein2-1, and coil-16 ein2-1 pen2-4 seedlings
exposed to continuous ET (150 mL min?), 10 uM ACC, 10 uM phenidone ( JA biosynthesis
inhibitor), continuous ET (150 mL min™*) + 10 uM phenidone, and 10 uM ACC +10 pM
phenidone, or grown in control AT plates not exposed to ET.

As expected, the roots of WT seedlings grown under constant light conditions and in the
presence of ET or ACC showed a reduction in length compared to those grown in the control
conditions [Figure 60]. The phenidone treatment did not affect the root length of WT seedlings
[Figure 60]. The ein2-1 and ein2-5 are classical ET signaling mutants and, therefore, were not
expected to respond to either ET or ACC treatments. In fact, we did not observe any inhibition
of root growth in the ein2 mutants exposed to ET, while some growth inhibition was observed
in the ein2 mutant plants grown in the ACC plates [Figure 60]. Again, phenidone treatment did
not significantly affect the root growth of the ein2 mutants. Finally, we examined the effects of
the different treatments on coil-16 ein2-1 pen2-4.

In our experimental conditions, the coi1-16 ein2-1 pen2-4mutant did not respond to the
ET treatment, but, as in the case of the ein2 mutants, ACC treatment resulted in a significant
reduction in the root length of this triple mutant. The phenidone treatment, either alone or in
combination with ET or ACC, did not affect the root length in any of the genetic backgrounds.
Thus, under constant light, some degree of ET response could be observed in two different ein2
alleles, whereas reducing the JA signaling either with the coil-16 mutation or the JA
biosynthetic inhibitor phenidone did not further enhance the response to ET in plants lacking

functional EIN2.
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Figure 61. Root growth of five-day-old light-grown WT, ein2-5, ein2-1, and coil-16 ein2-1 pen2-4
seedlings under different treatments.The five-day-old light-response root (A) lengths of 5-day-old
WT, ein2-5, ein2-1, and coil-16 ein2-1 pen2-4 mutants grown in MS control plates, and MS plates
supplemented with ET, 10 uM ACC, 10 uM phenidone, ET +10 puM phenidone, and 10 uM ACC and 10 pM
phenidone treatment. N=20 Actual (A) and normalized (B) organ lengths are plotted. (C, D) The ET, 10 uM
ACC, 10 uM phenidone, ET +10 uM phenidone, and 10 uM ACC and 10 uM phenidone treated seedlings
were normalized to untreated seedlings in control conditions. (A) The error bars represent the standard
deviation measured by the dispersion around the mean. (B)The error bars represent the average +
standard error. The normalized data were subjected to a One-way ANOVA test to determine significantly
different means designated with a different significance level. Levels not connected by the same letter
are significantly different. This data represents N=20 per sample (genotype and treatment combination)

with an a=.05 level of significance.
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DISCUSSION

ET is a stress hormone that induces a robust phenotype in young etiolated Arabidopsis
seedlings called the triple response, which consists of a reduced hypocotyl and root growth and
the exaggeration of the apical hook angle. Although this phytohormone can trigger this
characteristic developmental response in plants, its effects are highly dependent on the tissue,
developmental stage, and environmental conditions [14]. In turn, the induction of the ET
signaling pathway affects the levels and activity of other plant hormones [66, 177]. In fact, a
complex interaction between GA, JA, and ET has been previously reported [66, 76]. Thus, for
example, it has been observed that ET inhibits growth by antagonizing the growth-promoting
effects of GA [127]. This antagonistic effect seems to be mediated by the transcription factors
EIN3 and EIL1, as the growth recovery typically observed in ein3-1 eil1-1 mutants after
prolonged exposure to ET can be eliminated by treating the plants with the GA biosynthesis
inhibitor paclobutrazol [66]. This paclobutrazol effect on the ein3 eil1 mutant has been
interpreted as follows: in WT plants, ET-activated EIN3 and EIL1 trigger repression on the GA
biosynthesis, causing the observed long-term reduction in the growth of plants grown in
prolonged ET treatment.

In the ein3 eill double mutant, this ET-mediated reduction in GA signaling cannot occur,
resulting in high GA levels that lead to the growth recovery observed in the double mutants
after a prolonged ET exposure. Finally, when GA biosynthesis is inhibited in the double ein3 eill
mutants, the growth recovery cannot occur as GA levels are maintained low by the treatment
with paclobutrazol [66]. To test this hypothesis, we examined the effects of GA treatment on

the ET-mediated triple response phenotype and the growth dynamics triggered by ET in wild
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type, the GA biosynthetic mutant ga3ox1-3, and a quadruple signaling mutant della that shows
constitutive activation of GA responses.

First, we examine the effects of ACC, GAs3, and ACC + GAs on germination to assess the
effectiveness of our GA treatments. Although none of these treatments significantly enhanced
the germination rate in WT or della mutant [Figure 54], we found that the low germination rate
of the ga3ox1-3 was rescued by both ACC and GAs treatment [Figure 54]. Interestingly, the ACC
treatment also rescued the low germination rates of the ga3ox1-3 mutant. The effect of the
ACC treatment on ga3ox1-3 germination suggests that interaction between ET and GA may act
differently during seed germination and in young, etiolated seedlings, where ET is supposed to
reduce GA levels and thus should result in a decrease in the germination rates.

Next, the ET-mediated triple response phenotype was characterized. Based on the
proposed role of ET in regulating GA biosynthesis described above [66], we expected the
ga3ox1-3 GA biosynthetic mutant to have a hypersensitive response to the ACC treatment.
However, the ga3ox1-3 mutants were indistinguishable from WT seedlings in the presence of
ACC [Figure 55 A, B, C, and D], whereas an application of exogenous GAs induced some degree of
ET insensitivity in the hypocotyls of dually GAs- and ACC-treated ga3ox1-3 mutants. On the
other hand, and consistent with the proposed role of ET in the repression of GA activity, the
hypocotyls of della mutants were less sensitive to the ACC treatment than those of WT and
ga3ox1-3 [Figure 55 A, B, C, and D].

However, the ET insensitivity was not observed in the roots of ACC-treated della
mutants that were indistinguishable from that of WT and ga3ox1-3 [Figure 55 D], suggesting

that the interaction between ET and GA may also be different in different tissues as indicated
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by our germination studies [Figure 54]. Furthermore, as expected for a constitutive GA mutant,
the application of GAs did not significantly affect the etiolated della mutant hypocotyl and root
triple response phenotype [Figure 54]. Therefore, we explored the interaction between ET and
GA in the control of hypocotyl growth dynamics. Unexpectedly, external GAs application did not
affect the initial growth inhibition triggered by ET or the growth recovery dynamics observed
after ET removal [Figure 57]. Although these results would suggest that GA may not play a role
in either of these two phases of the ET response (fast inhibition and recovery), it is also possible
that the amount of GA applied was insufficient. For example, misting the seedlings with the 100
UM GA solution may not result in GA being absorbed and used by the plant, or the application
of 100 uM GA could have triggered changes in GA catabolism.

We also examined the dynamic growth patterns of the constitutive GA signaling della
mutant in response to our typical ET treatment and recovery treatment to address these
potential experimental limitations. Although additional experiments with more prolonged ET
exposure will be needed, the results displayed in [Figure 56] show a minor increase in the
growth rates of the della mutant even before the ET was withdrawn. Together, these results
suggest that the interaction between ET and GA is likely tissue- and developmental-stage-
dependent, as indicated by our germination and root versus hypocotyl experiments.

It is also possible that the interaction between these two hormones may take place not
only at the biosynthesis levels but also at the signaling level, as suggested by the ET defects
observed in the della mutant. The DELLA proteins have been shown to interact and repress
EIN3 activity in the context of ET-mediated apical hook formation [65] where the degradation

of the DELLA proteins triggered by GA results in the activation of EIN3 and the development of
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apical hooks. This again shows the complexity of the interaction between these two hormones.
Our results suggest that DELLA and EIN3 play antagonistic rather than synergistic effects in the
control of hypocotyl elongation.

Next, we explored the complex interaction between ET and JA. These phytohormones
are two representative hormones in plants responding to environmental changes. Previous
studies found that ein2 mutants regained the ability to respond to ET when JA levels were
reduced by either phenidone treatment or when ein2 was combined with the coil-16 mutation
that reduces JA perception [76]. From that study, two models were proposed to explain this ET-
JA interaction. One possibility is that an EIN2-independent pathway inhibited by JA may exist
[76]. This EIN2-independent signaling pathway would be induced by ET in the absence of
functional EIN2 as long as the JA levels were kept low. The other proposed explanation was the
presence of some residual EIN2 activity in the ein2 mutants used [78]. This model assumes that
the residual EIN2 function in ein2 mutants becomes active during low JA conditions.
Considering these findings, we wanted to determine the requirement for JA in the ET-mediated
growth dynamics.

First, we set out to determine the ET-mediated triple response phenotype of the coi1-16
ein2-1 pen2-4 mutant as compared to WT and ein2-1. We expected the etiolated ein2-1 mutant
to be insensitive to the ACC treatment. Interestingly, ein2-1 roots were mildly responsive to the
ACC treatment, suggesting residual EIN2 function in this ein2 mutant [Figure 58 A, B, C, and D].
Next, we moved forward with testing the coil-6 ein2-1 pen2-4 ET-mediated growth and
recovery kinetics. Although our triple response assay results indicated that EIN2 functionality

was not restored in the coil-16 ein2-1 pen2-4 mutant [Figure 58A, B, C, and D], we wanted to
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compare these findings with results from our growth and recovery dynamics assays. Based on
these current results, we concluded that JA signaling does not directly affect the ET-mediated
growth kinetics [Figure 60]. There is, however, a possibility that the relationship between JA and
ET might only occur during continuous light treatment. In addition, the model, the Binder
group, proposed might be root-specific. Therefore, we wanted to replicate the experimental
condition from [76] to determine if we could observe the JA-mediated restoration of the ET
response in ein2 mutants. The roots of the ein2 mutants grown in constant exposure to ET were
slightly shorter than that of ein2 seedlings grown in control conditions. The phenidone
treatment had no significant effect on root growth. Phenidone is an organic compound
primarily used as a photographic developer [200]. The constant light exposure could have
compromised this JA biosynthetic inhibitor, thus negating its activity. The coi1-16 ein2-1 pen2-4
and ein2 mutants responded to the ACC treatment [Figure 60]. This result is not unexpected as it
has been observed that ACC treatment does affect ein2 mutant hypocotyl and root growth
independently of ET signaling [201]. Additional work will be needed to clarify the possible

mechanism involved in a putative EIN2-independent ET response pathway.
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