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Streszczenie

Rosliny opieraja si¢ na zlozonych sieciach sygnalizacyjnych, ktére umozliwiajg im adaptacj¢ do
stresu abiotycznego przy jednoczesnym zachowaniu elastycznosci rozwojowej. Kwas
abscysynowy (ABA) jest kluczowym regulatorem reakcji na stres, a jego wspoétdziatanie z
kaskadami kinaz MAPK oraz uktadem regulacji proteasomalnej zapewnia swoisto$¢ odpowiedzi
1 umozliwia adaptacj¢ do warunkoéw srodowiska. Niniejsza rozprawa dotyczy roli MAPKKK]17,
MAPKKK 18, fosfatazy ABII oraz ligaz ubikwityny typu HECT: UPL4 1 UPL6 u Arabidopsis
thaliana w odpowiedzi na traktowanie ABA. Analizy przeprowadzono z wykorzystaniem
sekwencjonowania RNA, badan réznicowej ekspresji gendw oraz testow fenotypowych linii
mutantéw i ro$lin z nadekspresja wybranych genow.

Uzyskane wyniki ujawnily odmienne, cho¢ czesciowo nakladajace si¢ funkcje MAPKKKI7 i
MAPKKK 18 w odpowiedzi na ABA. MAPKKK17 pehit gtownie role w regulacji metabolizmu
RNA 1 proceséw potranskrypcyjnych w warunkach traktowania ABA, natomiast MAPKKKI8
kontroluje rozw¢j organdw 1 aparatow szparkowych, taczac sygnalizacj¢ ABA z plastycznoS$cia
morfogenezy. Obie kinazy regulowaty wspdlne moduly transkrypcyjne zwigzane z transportem
jondw, sygnalizacja kwasu jasmonowego oraz wapniowa regulacja aparatow szparkowych, co
wskazuje na dwupoziomowa architektur¢ kontroli sygnatowe; ABA-MAPK. Analizy
transkrypcyjne wykazaly ponadto, ze ABII oraz MAPKKKIS8 wptywaja na ekspresje genow
odpowiedzi na auksyn¢ (SAUR, Aux/IAA, PIN), wspierajac model antagonizmu ABA—auksyna
poprzez wspolne sieci transkrypcyjne. W oparciu o obserwacje profili transkrypcyjnych
postawiliSmy nastepnie pytanie, czy regulacja zalezna od ABA w sieci ABII-MAPKKK18 ma
takze zwigzek z degradacja proteasomalna, ktéra odgrywa kluczowa role w regulacji (resetowaniu)
Sciezek sygnatowych. Cze$¢ rozprawy poswigcona regulacji transkrypcyjnej czynnikdéw
proteolitycznych obejmowata charakterystyke ligaz ubikwityny: UPL4 i UPL6. Stwierdzono, ze
UPL4 dziala jako pozytywny regulator wzrostu korzeni zaleznego od ABA oraz jako negatywny
regulator rozwoju aparatow szparkowych, natomiast UPL6 hamuje proliferacje komorek
epidermy, wplywajac na gesto$¢ aparatow szparkowych pod wplywem ABA. Ekspresja obu ligaz
byta podwyzszona w mutantach abiltd 1 mkkkl7, co sugeruje ich powigzanie z kluczowymi
elementami sygnalizacji ABA. Podobienstwo fenotypow linii z modyfikowang aktywnoscig UPL
do mutantow MAPKKK18 dodatkowo potwierdza ich rol¢ w procesach sygnalizacyjnych
zaleznych od ABA i MAPK.
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Podsumowujac, przedstawione wyniki definiujg sie¢ regulacyjng zalezng od ABA, w ktorej
kaskady kinaz, fosfatazy 1 ligazy ubikwitynowe wspdlnie modulujg profile (programy)
transkrypcyjne oraz procesy rozwojowe. Integracja regulacji transkrypcyjnej oraz
potranskrypcyjnej, obejmujacej kontrolg proteolityczng, stanowi mechanistyczne wyjasnienie

sposobu, w jaki rosliny rownowazg adaptacje do stresu z utrzymaniem wzrostu
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Abstract

Plant responses rely on complex signalling networks to adapt to abiotic stress while maintaining
developmental flexibility. Abscisic acid is a key regulator of stress responses, and its interaction
with mitogen-activated protein kinase signalling and proteasome-mediated regulation ensures both
specificity and adaptability. This thesis investigated the functional roles of Arabidopsis thaliana
MAPKKK17, MAPKKKIS8, ABII, and E3 ubiquitin ligases UPL4 and UPLG6, using RNA
sequencing, differential gene expression analyses, and phenotypic assays in mutant and
overexpression lines. The results revealed distinct yet overlapping roles for MAPKKKI7 and
MAPKKKIS8 in mediating ABA responses. MAPKKKI7 preferentially may modulate RNA
metabolism and post-transcriptional regulation during stress, whereas MAPKKK 18 has been linked
to organ development and stomatal patterning, thereby linking ABA signalling to morphogenetic
plasticity. Both kinases share transcriptional targets involved in ion transport, jasmonic acid
signalling, and calcium-mediated stomatal regulation, revealing a dual-layered regulatory
architecture. Transcriptional analyses further indicated that AB/! and MAPKKKIS8 influence the
expression of auxin-responsive gene families (SAUR, Aux/IAA, PIN), supporting a role for ABA-
auxin antagonism through shared transcriptional modules. These findings shed light on how plants
balance stress acclimation with growth by integrating hormonal pathways through common
regulatory circuits. Based on observed transcriptional profiles, we next examined whether ABA-
responsive regulation within the ABII-MAPKKKI18 signalling network also extends to the
proteasomal layer, which plays a critical role in shaping (regulation and resetting) of signalling
outputs. To examine transcriptional components involved in ubiquitin-mediated proteolysis within
this circuit, we analysed the HECT-type E3 ligases UPL4 and UPL6. UPL4 exhibits a tissue-
specific dual role: it acts as a positive regulator of ABA-dependent primary root elongation and as
a negative regulator of stomatal development. UPL6 shows transcriptional and phenotypic patterns
consistent with a role in ABA-dependent developmental regulation.

Together, these findings suggest a previously underexplored ABA-responsive regulatory
framework where MAPKKK17/18, ABI1, and UPL4/6 converge. By integrating kinase cascades,
phosphatase activity, and ubiquitin-mediated proteolysis, this work reveals an additional layer of
ABA-MAPK regulatory control, filling a key knowledge gap in how hormonal and proteolytic

networks jointly fine-tune plant stress adaptation and development.
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1. Introduction

1.1.Overview of plant abiotic stress signalling

Abiotic stress signalling in plants constitutes an integrated network combining hormonal,
transcriptional, and post-translational regulation to optimize survival under fluctuating
environments. This section outlines key signalling mechanisms, particularly those involving ABA,
which orchestrate plant responses to stress.

Plants regularly encounter various environmental stresses, including drought, salinity, and extreme
temperatures, which can severely compromise growth, development, and productivity. To adapt,
plants have evolved complex signalling networks that perceive stress cues and orchestrate
appropriate physiological and transcriptional responses (Nishimura et al., 2007; Zhu, 2016).
Among stress-responsive mechanisms, hormonal regulation plays a significant role in modulating
plant stress responses. Abscisic acid (ABA) is a key phytohormone that mediates adaptation to
abiotic stress by regulating processes such as stomatal closure, osmotic adjustment, seed
dormancy, and transcriptional reprogramming of stress-responsive genes (Finkelstein, 2013). ABA
levels rapidly increase in response to drought and salinity, leading to the activation of core
components that transmit ABA signals to downstream targets (Fujita et al., 2009; Geiger et al.,
2009; Ludwikoéw et al., 2009; Umezawa et al., 2009; Yoshida et al., 2016). The spatiotemporal
dynamics of ABA biosynthesis and signalling are tightly regulated, highlighting its dual role in
stress protection and developmental control. Transcriptomic studies have revealed that ABA
signalling triggers extensive changes in gene expression, affecting hundreds to over a thousand
genes depending on the tissue, developmental stage, and intensity of stress (Song et al., 2016; Zhu
et al., 2017). These transcriptional responses are coordinated by a network of protein kinases,
phosphatases, and transcription factors, which act together to fine-tune the plant’s physiological
state during stress. Although core ABA components are well characterised, the upstream

integration of ABA with parallel pathways like MAPK remains poorly understood.
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1.2.ABA signalling pathway

The core ABA receptor signalling pathway is composed of three main components:
PYR/PYL/RCAR receptors, type 2C protein phosphatases (PP2Cs), and SNF1-related protein
kinases (SnRK2s) (Fujita et al., 2009; Park et al., 2009; Umezawa et al., 2009). This conserved
pathway forms the basis of ABA-mediated responses (Park et al., 2009). In Arabidopsis thaliana,
PP2C gene family contains 76 members, with clade A PP2Cs being central participants in ABA
signalling (Santiago et al., 2009; Schweighofer et al., 2004). Key members of clade A PP2C
include ABI1, ABI2, HABI, and PP2CA, which are involved in the core ABA signalling module
(Fujita et al., 2009; Nishimura et al., 2007; Rubio et al., 2009; Umezawa et al., 2009). Their
conserved N-terminal domain interacts with PYR/RCAR receptors. The C-terminal domain
dephosphorylates SnRK?2 kinases, suppressing ABA responses (Park et al., 2009; Umezawa et al.,
2009; Vlad et al., 2009). The first step in the ABA signalling pathway is the perception of ABA by
receptors (Hou et al., 2016). Upon ABA binding, PYR/PYL receptors undergo a conformational
change, enabling them to interact with and inhibit type 2C protein phosphatases (PP2Cs), such as
ABII and homologous phosphatases (Han et al., 2022; Soon et al., 2012; Umezawa et al., 2009;
Vlad et al., 2009). The inhibition of PP2Cs leads to the activation of SnRK2s (SNF1-related protein
kinases 2). SnRK2s (such as SnRK2.2, 2.3, and OST1/SnRK2.6) are protein kinases that
phosphorylate and activate downstream targets including transcription factors and ion channels
involved in ABA signalling (Yan et al., 2017). These protein kinases play a key role in transducing
the ABA signal, coordinating the plant’s physiological and transcriptional responses to stress (Imes
etal., 2013; Lee et al., 2009; Vahisalu et al., 2010).

In the absence of ABA, PP2Cs maintain SnRK2s in an inactive state by direct dephosphorylation,
thereby suppressing ABA responses. Upon ABA binding, PYR/PYL receptors undergo a
conformational change that enables them to inhibit PP2C activity, releasing SnRK2s from
repression (Fujita et al., 2009; Krzywinska et al., 2016; Maszkowska et al., 2021). Activated
SnRK2s, in turn, phosphorylate a variety of downstream effectors, including AREB/ABF-type
transcription factors, ion channels, and other regulatory proteins, leading to widespread
transcriptional reprogramming and physiological responses (Fujita et al., 2013; Yoshida et al.,
2010). This signal transduction cascade ensures a rapid and robust shift in the cellular machinery

in response to abiotic stress conditions.
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This core signalling module ensures rapid and dynamic modulation of ABA-responsive genes.
Notably, SnRK2.2, SnRK2.3, and SnRK2.6 (OSTI) are the primary kinases responsible for
activating ABA-responsive transcription factors such as ABF2/AREB1 (ABRE-Binding Factors),
ABF3, and ABF4, which bind to ABA-responsive elements (ABRESs) in gene promoters (Yoshida
et al., 2015). This interaction drives the expression of hallmark stress-inducible genes such as
RD294, RABI1S8, and CORI15A4, which play crucial roles in osmoprotection, maintaining cellular
homeostasis, and dehydration tolerance (Brocard-Gifford et al., 2004; Yamaguchi-Shinozaki &
Shinozaki, 2006). In addition to transcriptional control, ABA signalling also modulates rapid
responses through ion flux regulation and stomatal closure, processes that are particularly critical
for water conservation during drought. Here, SnRK2-mediated phosphorylation of ion channels
such as SLACI and KATI mediate ABA-induced ion flux changes in guard cells (Brandt et al.,
2015; Geiger et al., 2009). These rapid, non-transcriptional responses complement the
transcriptional regulation to ensure plant survival under fluctuating environmental conditions.
Although the PYR/PYL/RCAR-ABI1-SnRK?2 cascade has been well-characterised, accumulating
evidence suggests that it is a part of a larger, more complex signalling network (Wang et al., 2018).
Crosstalk with other signalling pathways and the involvement of additional kinases, phosphatases,
and E3 ubiquitin ligases suggest the presence of multiple regulatory layers that modulate ABA
sensitivity and specificity (Bueso et al., 2014; Soon et al., 2012). This complexity underscores the
need for further research into how ABA signalling is integrated and fine-tuned in different cellular
contexts. In this context, determining how kinases such as MAPKKKs modulate ABA responses
and how they are regulated themselves has become an emerging research priority.

In summary, plants deploy intricate signalling networks, with hormonal regulation, particularly via

ABA, playing a pivotal role in orchestrating adaptive responses to abiotic stress.

1.3.MAPK cascades in plant signalling

Beyond core hormonal signalling, plants use MAPK cascades to rapidly relay stress cues and
translate them into gene expression or physiological responses. MAPK cascades exhibit significant
crosstalk with ABA signalling pathways at upstream and downstream regulatory levels, offering
opportunities to decode crosstalk mechanisms.

Mitogen-activated protein kinase (MAPK) cascades constitute highly conserved intracellular

signalling modules that mediate plant responses to a broad spectrum of stimuli, ranging from
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developmental cues to environmental stress. These cascades are composed of three main tiers of
kinases: MAP kinase kinase kinases (MAPKKKSs), MAP kinase kinases (MAPKKSs), and MAP
kinases (MAPKs), that act sequentially through phosphorylation events to regulate target proteins
(Figure 1A). MAPKSs are serine/threonine kinases that regulate processes such as proliferation,
differentiation, apoptosis, drought, salinity, and cold stress responses (Colcombet & Hirt, 2008;
Danquah et al.,2014, 2015; Komis et al., 2018; Sinha et al., 2011).

Despite being conserved in structure and function, MAPK cascades display high versatility and
specificity. Activation of the cascade begins at the level of MAPKKKs, which may themselves be
activated by upstream kinases (such as MAPKKKKSs), small G-proteins, or phosphorylation at
proline-rich motifs, leucine zippers, and G-protein binding domains (Colcombet & Hirt, 2008;
Jagodzik et al., 2018; Matsuoka et al., 2015). MAPK cascades typically proceed through a
canonical three-tiered phosphorylation hierarchy (Komis et al., 2018). The activated MAPKs then
phosphorylate diverse cellular targets including transcription factors, metabolic enzymes, and
regulatory proteins, allowing the plant to mount precise physiological responses (Meng et al.,
2013; Raghuram et al., 2015; Zhang et al., 2022). The complexity of this signalling network in
Arabidopsis thaliana is reflected by the presence of approximately 80 MAPKKKs, 10 MAPKKs,
and 23 MAPKs, forming a highly redundant yet fine-tuned signalling system (Danquah et al.,
2014, 2015; Forzani et al., 2011; Jonak et al., 2002; Teige et al., 2004; Wengier et al., 2018).The
specificity of kinase interactions is guided by conserved docking motifs and spatiotemporal
expression patterns (Bai & Matton, 2018; Benhamman et al., 2017). Moreover, differential
subcellular localization and stimulus-dependent assembly of signalling complexes further enhance
the precision of MAPK-mediated responses.

Overall, MAPK cascades provide a versatile and finely tuned signalling framework that allows

plants to translate diverse external and internal stimuli into precise cellular responses.
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Figure 1. MAPK cascade and ABA-regulated MAPKKK17/18 signalling pathway in plants.
(A) General MAPK signalling cascade comprising MAPKKK, MAPKK, and MAPK modules activated by

developmental cues or environmental stress. Sequential phosphorylation events lead to substrate activation
and downstream responses. (B) ABA-induced signalling pathway involving PYR/PYL/RCAR receptors and
inhibition of 4BII, resulting in activation of MAPKKKI17/18, MKK3, and MPK1/2/7/14. This cascade
regulates drought resilience, root elongation, leaf senescence, and ABA-mediated responses. Figure
redrawn in BioRender based on Danquah et al., 2015; Jagodzik et al., 2018.
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1.3.1. MAP kinase kinase kinases

MAPKKKSs initiate the MAPK cascade and are the most diverse component, with members
grouped into three major subfamilies: MEKK-like, Raf-like, and ZIK-like kinases (Colcombet &
Hirt, 2008; Danquah et al., 2014; Meng et al., 2013; Mitula et al., 2015). These subfamilies are
distinguished by their domain architecture and conserved motifs.

The Arabidopsis MEKK-like kinase group consists of 22 members and contains the G(T/S)
PX(W/Y/F) MAPEV motif which is located at the N- or C-terminus of the protein or in the central
part of the protein. These kinases are primarily initiate MAPK cascades in response to external
cues (Colcombet & Hirt, 2008; Jagodzik et al., 2018; Jonak et al., 2002; Nakagami et al., 2005).
The MEKK-like kinases are the best characterised among the MAPKKK classes. In Arabidopsis,
these are further divided into four subgroups (A1-A4) (Ichimura et al., 2002; Jagodzik et al., 2018).
Subgroup Al includes MEKKI to MEKK4, where MEKK is a major player in both abiotic and
biotic stress responses. Subgroup A2 contains kinases like MAPKKK3, MAPKKK4 (YODA), and
MAPKKKS5, which are involved in the patterning of stomata (Ichimura et al., 2002; Jagodzik et al.,
2018; Sun et al., 2018). The A3 subgroup (ANP1-3) is implicated in cytokinesis and oxidative
stress response (Banerjee & Roychoudhury, 2017; Ichimura et al., 2002; Krysan et al., 2002), such
as H20:-induced activation of MPK3 and MPK6, ultimately leading to repression of auxin-related
gene expression (Colcombet & Hirt, 2008; Li et al., 2017; Raghuram et al., 2015). Subgroup A4
includes MAPKKK6, MAPKKK?7, and MAPKKK13-21. MAPKKK6 and MAPKKK?7 play key roles
in pollen development and function (Chaiwongsar et al., 2012). Plants overexpressing MAP3K16
show insensitivity to ABA during seed germination and cotyledon greening, while being
hypersensitive to ABA during root development. Further studies have shown that MAPKKK14-18
kinases are also involved in ABA responses (Choi et al., 2017).

The Raf-like group, with 46 members, has a characteristic C-terminal kinase domain with the
GTXX(W/Y) MAPE motif and a long N-terminal regulatory domain. ZIK-like kinases (21
members) are characterised by the presence of a GTPEFMAPE(L/V/M) (Y/F/L) motif and an
extended N-terminal domain that may regulate protein-protein interactions (Nakagami et al., 2005;
Popescu et al., 2009; Wang et al., 2015; Zhang et al., 2018). Raf kinases are divided into two
groups: group B, which is further divided into four subgroups (B1-B4), and group C (Lin et al.,

2021; Saruhashi et al., 2015). To date, most members of group C have not been characterised.
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Group B includes the following four subgroups (B1-B4), among which EDR/ (Enhanced Disease
Resistance 1) and CTRI (Constitutive Triple Response 1) are functionally significant. EDR1 plays
a role in the developing resistance to pathogens (Christiansen et al., 2011; Frye et al., 2001;
Neubauer et al., 2020). Raf10 and Raf11, also in this group, participate in ABA signalling pathways
(Lee et al., 2015). Furthermore, the EDRI-MKK4/MKK5 module participates in regulating plant
innate immunity mechanisms (Zhao et al., 2014). CTRI is a negative regulator of ethylene
signalling (Ju et al., 2012) and influences stomatal closure via salicylic acid signalling (Wang et
al., 2020). Recent studies have highlighted the role of Raf B2 and B3 kinases in mediating ABA-
induced osmotic stress responses through activation of SnRK2.2/3/6 kinases, essential components
in ABA signalling (Katsuta et al., 2020; Lin et al., 2021). Raf kinases thus play a significant role
in plant tolerance to osmotic stress, ABA-coordinated responses, as well as in plant growth and
development (Lin et al., 2020). Raf kinases such as MAPKKKJ1, 66, and 67 are crucial for full
activation of SnRK2.6 and downstream elements like the SLAC channel, with mutants exhibiting
ABA insensitivity (Katsuta et al., 2020; Lin et al., 2021; Lin et al., 2020). Additionally, Raf36 and
Raf22, from group C, act as negative regulators of ABA signalling through interactions with
SnRK2.6 (Kamiyama, Katagiri, et al., 2021). A newly identified Raf kinase, MAPKKKo-1 (MKD1),
has been linked to defence responses against bacterial and fungal pathogens (Asano et al., 2020).

ZIK-like kinases are the least characterised and possess unique sequence motifs such as
GTPEFMAPE(L/V/M) (Y/F/L). Their regulatory roles are emerging, particularly in hormonal
signalling and pathogen defence (Nakagami et al., 2005; Wang et al., 2015).

Collectively, MAPKKs serve as critical intermediates that translate upstream signals from
MAPKKKSs to MAPKs, thereby orchestrating complex plant responses to environmental and

developmental cues.

1.3.2. MAP kinase kinases

MAPK kinases (MAPKKSs), also known as dual-specificity kinases, are central to the MAPK
cascade, linking MAPKKKs and MAPKs. They phosphorylate MAPKs at both threonine and
tyrosine residues within the conserved T-X-Y motif, which is essential for full activation. Based
on sequence similarity and domain architecture, the Arabidopsis MAPKKs are classified into four

groups: A, B, C, and D (Banerjee et al., 2020; Hamel et al., 2006).
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Group A MAPKK includes MKK1, MKK?2, and MKK6, which participate in stress responses and
innate immunity by interacting with MPK4, MPK6, and MPK 11 (Cristina et al., 2010; Jagodzik et
al.,2018; Kong et al., 2013; Mészaros et al., 2006). In addition, MKK activates MPK3 and MPK12
(Lee et al., 2008; Mészaros et al., 2006), and MKK?2 interacts with MPK5, MPK10, and MPK13
(Gao et al., 2008; Lee et al., 2008; Teige et al., 2004). MKK6 activates MPK 3 and interacts with
MPK12 in yeast cells (Jagodzik et al., 2018; Lee et al., 2008; Melikant et al., 2004).

Group B is represented solely by MKK3, a kinase primarily involved in ABA and osmotic stress
signalling. MKK3 activates MPK1, MPK2, MPK7, and MPK14, contributing to ABA-mediated
gene expression and physiological adaptation (Doczi et al., 2007).

Group C consists of MKK4 and MKK35, both of which are integral to the YODA-MKK4/5-MPK3/6
cascade. This pathway regulates stomatal development and cell fate determination (Meng et al.,
2012; Meng & Zhang, 2013). Additionally, MKK4 and MKK5 are directly activated by receptor-
like kinases such as TMK/I and TMK4 in response to auxin, representing a direct link between
hormonal perception and MAPK signalling (He & Meng, 2020; Huang et al., 2019).

Group D includes MKK7, MKKS8, MKK9, and MKK10, which mediate response to hormone and
abiotic stress (Ddczi et al., 2007; Ichimura et al., 2002; Jagodzik et al., 2018; Teige et al., 2004).
MKK?7 and MKK?9 kinases involved in the crosstalk of stress-induced signalling pathways with
plant growth regulatory pathways (Doéczi et al., 2007). MKK7 interacts with several MPKs,
including MPK2, MPK6, MPK12, and MPK15, and is involved in defence, cell death, and auxin
transport regulation (Dai et al., 2006; Jia et al., 2016; Lee et al., 2009; Lee et al., 2008; Shen et al.,
2019). MKK?9 activates MPK6, MPK10, MPK12, MPK17, and MPK20, playing a role in ethylene
biosynthesis and signalling (Lee et al., 2009; Lee et al., 2008; Shen et al., 2019; Xu et al., 2008;
Yoo et al., 2008). In addition, MKK7 promotes plant protection against pathogens and participates
in programmed cell death (Dai et al., 2006; Jia et al., 2016; Popescu et al., 2009; Zhang et al.,
2007). MKK9 is functionally related to both ethylene biosynthesis, as well as signalling (Xu et al.,
2008; Yoo et al., 2008). MKK7 and MKK9 are both associated with salt stress responses and
stomatal development (Alzwiy & Morris, 2007; Lampard et al., 2009; Shen et al., 2019; Xu et al.,
2008). Recently, the role of the MKKI0-MPK6 module in photomorphogenesis, which is
controlled by red light has also been described (Xin et al., 2018).

Overall, MAPKKs function as pivotal integrators within MAPK cascades, linking upstream
MAPKKKSs to downstream MAPKSs and modulating responses to diverse signals.
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1.3.3. MAP kinases

MAP kinases (MAPKSs), also known as MPKs in plants, constitute the terminal components in the
canonical MAPK signalling cascades. They translate upstream signals into cellular responses via
the phosphorylation of various substrates. These serine/threonine protein kinases are activated by
the dual phosphorylation of conserved threonine (T) and tyrosine (Y) residues within the T-X-Y
motif, which is located in the activation loop of the kinase domain. This phosphorylation is
mediated by upstream MAPK kinases (MAPKKSs), which confer signal specificity and enable
diverse functional outputs (Ichimura et al., 2002). In Arabidopsis thaliana, a total of 20 MAPKs
has been identified and functionally classified into four major groups (A-D), based on sequence
homology, domain organization, and activation loop motifs (Bigeard & Hirt, 2018; Ichimura et al.,
2002; Jagodzik et al., 2018; Wang et al., 2015). These groups exhibit variations in their T-X-Y
motifs, with groups A, B, and C (12 members) containing the canonical T-E-Y (threonine-glutamic
acid-tyrosine) sequence, whereas group D kinases (8 members) possess the T-D-Y (threonine-
aspartic acid-tyrosine) motif, potentially imparting functional divergence in signalling dynamics
(Ali et al., 2021; Bigeard & Hirt, 2018).

Group A MAPKSs include MPK3, MPK6, and MPK1(. Among these, MPK3 and MPK6 are the
most characterised and functionally versatile MAPKSs in plants. They are implicated in a broad
spectrum of signalling pathways, including the regulation of innate immune responses (Asai et al.,
2002; Su et al., 2018), abiotic stress responses such as oxidative and osmotic stress (Kovtun et al.,
1999; Zhao et al., 2017), and hormone-mediated pathways involving ethylene and jasmonic acid
(Guan et al., 2015; Han et al., 2010; Han et al., 2019). Furthermore, MPK3 and MPK6 play crucial
roles in developmental processes such as stomatal patterning and differentiation, where they act
downstream of the YODA-MKK4/5 module to regulate asymmetric cell division (Bergmann et al.,
2004; Wang et al., 2022; Wang & Gou, 2020).

MPK3 and MPK6, due to their extensive involvement in various signalling contexts, exemplify
the functional redundancy and complexity inherent to the MAPK family. MPK3/MPKG6 act as
master regulators of stress-induced transcriptional programs in response to environmental and
developmental signals (Lee et al., 2019). Regulation of GDSL-like lipase genes (GLIPI, GLIP3,
GLIP4) are induced by MPK3/MPK6 in response to biotic stress and hormone treatment (Han et
al., 2019). The transcription factor WRKY33 has been identified as a key downstream target of
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MPK3/MPKG6 in this pathway, and it is required for the expression of GLIP1 and other pathogen
defence-related genes (Han et al., 2019; Zhao et al., 2020)

Group B encompasses MPK4, MPK5, and MPK11-13. MPK4, in particular, has received attention
due to its dual role as both a negative regulator of salicylic acid (SA)-dependent defence responses
under normal conditions and as a positive regulator of stress tolerance upon activation (Gao et al.,
2008; Ichimura et al., 2002). MPK11 to MPK13 function in redundant or partially overlapping
signalling circuits with MPK3/6, often contributing to stress-related and developmental responses
under specific contexts (Ichimura et al., 2002; Wang et al., 2015).

Group C includes MAPKs such as MPKI, MPK2, MPK7, and MPK14, which are known to act
downstream of MKK3. These kinases have been associated with stress-related signalling, including
ABA-mediated responses and osmotic stress adaptation (Liang et al., 2013; Wang et al., 2015).
The involvement of these MAPKs in ABA signalling indicates a convergence between the MAPK
cascade and the core ABA components, highlighting the versatility of MAPK modules in hormonal
crosstalk (Danquah et al., 2015).

Group D represents the least characterised class of MAPKs, comprising MPKS8, MPK9, and
MPK15-20 (Liang et al., 2013; Mohanta et al., 2015; Wankhede et al., 2013). These kinases contain
the T-D-Y motif and are believed to be involved in more specialized or tissue-specific signalling
events. Although data on their precise biological functions remain limited, emerging studies
suggest that members of this group may regulate ion channel activity, participate in guard cell
signalling, and contribute to responses to mechanical stimuli and stress-induced calcium fluxes
(Mohanta et al., 2015; Wankhede et al., 2013).

In summary, MAPKs are critical signalling hubs that integrate diverse cues into tailored
physiological responses. While MPK3, MPK4, and MPK6 are well characterised, further
investigation into groups C and D MAPKSs is essential for a comprehensive understanding of the

MAPK network’s role in plant plasticity and resilience.

1.3.4. MAP kinase cascades

Despite extensive research, only a limited number of fully characterised three-tiered MAPK
signalling cascades have been identified in Arabidopsis thaliana. Several major cascades have been
studied in detail, including the MEKK-MKK1/2/4/5-MPK3/6 pathway, the YODA-MKK4/5/7/9-
MPK3/6 developmental cascade, the immune-responsive MAPKKK3/5-MKK4/5-MPK3/6
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cascade, and the ABA-responsive MAPKKK17/18-MKK3-MPK1/2/7/14 cascade. The first and
most comprehensively defined cascade is the MEKKI-MKK4/5-MPK3/6 pathway, which is
activated upon perception of bacterial pathogen-associated molecular patterns (PAMPs) by the
flagellin receptor FLS2 (Asai et al., 2002). MEKKI phosphorylates MKK4 and MKK5, which in
turn activate MPK3 and MPK6. MPK3 and MPK6 subsequently phosphorylate the WRKY22 and
WRKY29 transcription factors, initiating defence gene expression against bacterial and fungal
pathogens (Liang et al., 2013). In addition, MEKKI activates two further MAPK modules:
MEKKI-MKK 1/2-MPK4/6, which mediates responses to abiotic stresses, including those caused
by cold and salinity (Teige et al., 2004); and MEKK-MKK1/2-MPK4, which is primarily involved
in basal immune signalling and the suppression of autoimmunity (Gao et al., 2008; Takagi et al.,
2019). Furthermore, in the MEKKI-MKKI1/2-MPK4 cascade, MEKKI phosphorylates and
stabilises the transcription factor STOPI, thereby enhancing aluminium resistance (Zhou et al.,
2023). MEKKI also modulates Agrobacterium-mediated transformation efficiency via the
MEKK1-MKK4/5-MPK3/6 module (Asai et al., 2002). Taken together, these findings establish
MEKK] as a pivotal regulatory hub in plant MAPK signalling, highlighting its functional diversity
(Matsuoka et al., 2018).

The second well-characterised signalling cascade is the YODA-MKK4/5/7/9-MPK3/6 module,
which plays a critical role in plant development, particularly stomatal patterning (Wang et al.,
2022). This cascade regulates asymmetric cell divisions in the epidermis, thereby controlling
stomatal density and distribution. Beyond stomatal development, YODA signalling influences
organogenesis and inflorescence architecture through downstream activation of MPK3 and MPK6
(Meng et al., 2012). Intriguingly, the kinases MKK7 and MKK?Y, also phosphorylated by YODA,
can activate MPK3/6 and substitute for MKK4/5 in stomatal regulation (Lampard et al., 2009).
Moreover, MAPKKK3 and MAPKKKS5, homologous to YODA, activate the same MKK4/5-MPK3/6
module but are triggered by receptor-like kinases (RLKs) upon PAMP detection, thereby
functioning in immune responses (Sun et al., 2018). These two modules-YODA and MAPKKK3/5-
initiated cascades-exert mutually antagonistic regulation, whereby YODA suppresses MPK3/6
activation by PAMPs, and conversely, MAPKKK3/5 signalling dampens YODA-mediated
developmental processes (Sun et al., 2018; Wang et al., 2022).

A prominent MAPK module is the ABA-responsive MAPKKKI17/18-MKK3-MPK1/2/7/14

cascade. That cascade is activated under drought and osmotic stress conditions and functions in

23

23:6571151806



parallel with canonical ABA signalling pathways (Danquah et al., 2015; Matsuoka et al., 2015). A
related cascade, the MAPKKK20 (also known as AIKI)-MKKS5-MPKG6 pathway, contributes to
ABA-induced stomatal closure and root development. AIK1 mutants exhibit impaired ABA
responses, including defective root growth inhibition and stomatal function under ABA treatment
(Lietal., 2017). AIK1 participates in non-canonical MAPK modules, such as one involving AIK1,
MKK3, and an unidentified MPK, with the AIK] C-terminal domain mediating interaction with
MKK3 via a DEF docking site (Bai & Matton, 2018; Benhamman et al., 2017). Remarkably, 4IK1
can also bypass MAPKKs and directly phosphorylate MPK 8 (Benhamman et al., 2017).
Recently, the MAPKKKJ-1 kinase (MKDI) has been identified as an initiator of an immune-
responsive MAPK cascade essential for resistance against bacterial (Pseudomonas syringae) and
the fungal (Fusarium sporotrichioides) pathogens. MKD1 phosphorylates MKK1 and MKK5 in
vitro and interacts with in vivo. Functional analyses reveal that mutants lacking MKK/ or with
suppressed MKKS5 expression exhibit increased susceptibility to Fusarium infection. MKDI is
crucial for full activation of MPK3 and MPK6, implicating the MAPKKKo-1-MKKI1/MKKS5-
MPK3/MPKG6 cascade as a key component of plant immunity (Asano et al., 2020). Despite these
advances, many stress-responsive MAPKKKs remain poorly characterised. The detailed upstream
activators, downstream effectors, and regulatory dynamics of these kinases remain unknown. In
particular, the mechanisms by which MAPKKK 17 and MAPKKK S, two closely related MEKK -
like kinases, integrate ABA signalling with developmental processes remain to be elucidated.
Additionally, the extent to which these MAPKKKs engage in hormonal crosstalk, particularly with
auxin signalling pathways, is a key area for future research.

In summary, the elucidated MAPK cascades in Arabidopsis demonstrate complex regulatory
networks that integrate environmental and developmental signals. The MEKKI-MKK1/2/4/5-
MPK3/6, YODA-MKK4/5-MPK3/6, and ABA-responsive MAPKKK17/18-MKK3-MPK1/2/7/14
modules exemplify how plants utilize specific MAPK modules to orchestrate defence,
development, and stress adaptation. Nonetheless, a substantial number of MAPKKKs await
functional characterization to fully comprehend the MAPK signalling architecture and its role in
plant plasticity and resilience. Whether and how these kinases contribute to hormonal crosstalk

remains unclear and requires further investigation.
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1.3.5. Role of MAPKKK17/18 cascade in ABA signalling and response

As mentioned above, only a few MAPKKKSs have been clearly characterised as specific activators
of downstream MAPKKSs. These include MEKK1, YODA (MAPKKK4), ANP, and MAPKKK18
(Mitula et al., 2015; Sun et al., 2018; Wang & Gou, 2020; Xie et al., 2023). Within the extensive
MAPK signalling network, MAPKKKI7 and MAPKKKI8 function as key regulators of ABA
responses and abiotic stress adaptation (Zhao et al., 2023). These two closely related Raf-like
MAPKKKSs constitute the upper tier of an ABA-responsive MAPK module comprised of
MAPKKK17/18, MKK3, and the C-group MAPKs MPKI, MPK2, MPK?7, and MPK14 (Danquah
et al., 2015; Figure 1B; Table 1). Genetic and molecular evidence indicates that MAPKKK17 and
MAPKKKIS8 are co-expressed and functionally redundant in mediating ABA signalling,
senescence, and responses to drought and salt stress (Choi et al., 2017; Eckstein et al., 2021).
MAPKKK 8 is the smallest MAPKKK in Arabidopsis, consisting of 339 amino acids (~38 kDa),
and structurally belongs to the MEKK subfamily. Uniquely, it lacks the canonical N-terminal
regulatory domain but contains a noncanonical C-terminal domain with three predicted
phosphorylation sites of unknown function (Mitula et al., 2015). MAPKKK 8 expression is tightly
regulated at multiple levels and is strongly induced by ABA and osmotic stress. Transcriptionally,
ABA-responsive element-binding factors (ABFs), including ABF2, ABF'3, and ABF4, directly bind
the MAPKKK 18 promoter to transactivate its expression in response to ABA (Lin et al., 2017; Yu
et al., 2021). Beyond ABA, MAPKKK 138 is also upregulated by various environmental and biotic
stressors such as wounding, salt (NaCl), polyethylene glycol (PEG), mannitol, light stress, ozone,
jasmonic acid, and pathogen-associated signals (Danquah et al., 2015; De Torres-Zabala et al.,
2007; Hoth et al., 2002; Leonhardt et al., 2004; Ramel et al., 2012; Taki et al., 2005).
Promoter::GUS analyses demonstrate ABA-dependent activation of MAPKKKIS8 expression in
guard cells, root tips, hydathodes, and flowers (Mitula et al., 2015; Okamoto et al., 2006). This
induction requires intact core ABA signalling, as evidenced by reduced MAPKKK8 expression in
mutant’s defective in ABA receptors and signalling components such as abil, pyripyllpyl2pyr4,
habl, and pyripyll (Danquah et al., 2015; Matsuoka et al., 2015, 2018; Vaidya et al., 2019). This
broad range of inducers underscores its role as an integrative signalling node in plant stress

responsces.
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Post-translationally, MAPKKKIS8 1is activated by SnRK2.6-mediated phosphorylation and
inactivated by 4ABI/-mediated dephosphorylation. ABI1, a protein phosphatase type 2C promotes
degradation of MAPKKK8 via the 26S proteasome (Matsuoka et al., 2015; Tajdel et al., 2016).
Proteomic studies have identified lysine residues K154 and K237 as key ubiquitination sites
targeted by E3 ligases such as KEG, UPL1, and UPL4, which fine-tune MAPKKK 8 protein levels
under ABA stress (Tajdel-Zielinska et al., 2024). In abiltd mutants, MAPKKK 8 degradation is
slowed, and ABA treatment stabilizes MAPKKKIS by suppressing proteasomal turnover.
Additionally, persulfidation of 4BI4 by hydrogen sulfide (H2S) indirectly enhances MAPKKK 18
transcription, highlighting complex regulation at multiple layers (Zhou et al., 2021). MAPKKK18
localizes to both the cytoplasm and nucleus, consistent with its dual role in transmitting stress
signals and regulating gene expression (Mitula et al., 2015; Zhao et al., 2023).

Functionally, mapkkk18 loss-of-function mutants show increased drought sensitivity and delayed
ABA-induced senescence, whereas overexpression lines exhibit accelerated senescence and
heightened ABA responsiveness. MAPKKK 8 promotes stomatal closure under ABA treatment,
with overexpression lines demonstrating faster closure and improved water retention, while
mutants exhibit impaired stomatal control (Li et al., 2017). Interestingly, MAPKKKIS
overexpression increases stomatal density, while knockout mutants show reduced density,
suggesting a developmental role in stomatal patterning (Mitula et al., 2015). MAPKKKI18 also
modulates seed sensitivity to ABA, as overexpression reduces ABA sensitivity during germination,
whereas mutants display enhanced ABA-induced inhibition of germination. Physiologically,
MAPKKK 8 overexpression enhances drought resistance, reduces water loss, and accelerates leaf
senescence and chlorophyll degradation, especially following ABA exposure (Matsuoka et al.,
2015, 2018)

MAPKKK 8 activate the C-group MAPK cascade through MKK3, leading to phosphorylation of
MPKI, MPK2, MPK7, and MPKI4 (Danquah et al., 2015). Physical interactions between
MAPKKK 18 and MKK3 have been confirmed by yeast two-hybrid and BiFC assays, and ABA-
induced activation of MPK?7 is abolished in mapkkkl7/mapkkkl8 and mkk3 mutants (Benhamman
etal., 2017; Table 1). This demonstrates MAPKKK18’s upstream role in the ABA-specific MKK3-
MPK module. The double mutant mapkkk 7mapkkk18 exhibits hypersensitivity to ABA compared
to wild type, indicating overlapping regulatory functions (Choi et al., 2017; Danquabh et al., 2015;
Table 1). Similarly, MAPKKKI17 is activated by drought, salt, and ABA treatments, sharing
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overlapping roles with MAPKKKI8 in promoting ABA responses. MAPKKK 17 overexpression
reduces ABA sensitivity, whereas double mutants with MAPKKKI8 exhibit hypersensitivity
(Danquah et al., 2015; Matsuoka et al., 2018). Both kinases contribute to stomatal closure and
senescence regulation, while MAPKKK 7 also influences flowering transitions and may regulate

MPK 18-mediated microtubule organization in the root cortex (Benhamman et al., 2017).

Table 1. Summary of major MAPK cascades in Arabidopsis

No MAPKKK MAPKK MAPK Function Stimulus
1 MEKK] MKK4/5 MPK3/6 Innate immunity PAMPs
2 YODA MKK4/5 MPK3/6 Stomatal developmental
development
3 MAPKKKI17/18 MKK3 MPK1/2/7/14 ABA signalling, ABA, salt
drought response
4 AIK] MKK3/5 MPKG6 or Stomatal closure, ABA
MPKI18 root growth
5 MKDI MKK1/5 MPK3/6 Pathogen bacterial/fungal
resistance infection

Taken together, MAPKKK17 and MAPKKK8 function as positive regulators of ABA signalling
by modulating the C-group MAPK module and coordinating stress- and development-related
responses (Dai et al., 2006; Danquah et al., 2015). Their activity is tightly controlled at
transcriptional, post-translational, and proteolytic levels, positioning them as critical nodes for
signal amplification and specificity within the ABA network. Beyond ABA responses, these
kinases contribute to leaf senescence and microtubule organization in the root cortex, where
MAPKKKS interacts with both MKK3 and MPK1S§ in parallel signalling branches (Benhamman
et al., 2017). Their expression is strongly induced by salt stress, indicating additional roles in salt
tolerance and redundant regulation of ABA responses (Choi et al., 2017).

Despite considerable progress, important knowledge gaps remain. The specific downstream
transcriptional targets of MAPKKKI17 and MAPKKKIS have yet to be identified, limiting
understanding of their direct regulatory roles within ABA signalling. Additionally, their
involvement in ABA-auxin crosstalk, a pivotal aspect of plant developmental and stress response
integration, remains unresolved. It also remains unclear whether MAPKKK17 and MAPKKK18
confer distinct signalling specificities or function redundantly, an issue essential for dissecting
their individual contributions. Addressing these questions through comparative transcriptomic
and phosphoproteomic analyses of respective mutants under ABA and auxin treatments will be

crucial to unravel their precise mechanistic roles.
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1.4.Ubiquitin-Proteasome System

As both ABA and MAPK signalling rely on rapid turnover of regulatory proteins, the role of the
ubiquitin-proteasome system (UPS) becomes crucial in maintaining signalling fidelity. UPS
controls key steps in ABA perception, kinase activation, and transcription factor stability (Wang et
al., 2022). UPS is central to regulation of protein degradation in plants, playing a vital role in
development, cellular homeostasis, and adaptive responses to stress (Dou et al., 2021; Li et al.,
2013). Environmental or intracellular stress often leads to the accumulation of damaged or
misfolded proteins, which are selectively removed through proteolysis. While organellar proteases
contribute to bulk degradation, the UPS operates in the cytoplasm and nucleus, targeting specific
substrates via polyubiquitination for degradation by the 26S proteasome (Dubiella & Serrano,
2021; X. Wu & Rapoport, 2018). In Arabidopsis thaliana, the UPS is remarkably expanded, with
over 1300 genes, about 5% of the genome, encoding components related to ubiquitin-mediated
functions (Mazzucotelli et al., 2006; Vierstra, 2009). Notably, 90% of these genes encode E3
ubiquitin ligases, reflecting the system's high substrate specificity and complexity. The UPS
modulates various biological processes by selectively degrading regulatory proteins involved in
hormone signalling, immune responses, cell cycle progression, and developmental transitions
(Dreher & Callis, 2007; Hershko, 2005; Stone et al., 2006; Vierstra, 2009). This tightly controlled
proteolytic system is essential for maintaining proteome integrity and ensuring plant viability,

particularly under abiotic and biotic stress conditions.

1.4.1. Mechanism of ubiquitination

Ubiquitination is a central and highly conserved post-translational modification unique to
eukaryotic cells (Hershko & Ciechanover, 1998; Zhao et al., 2017). It involves the covalent
attachment of ubiquitin, a 76-amino-acid, 8.6 kDa polypeptide, to target proteins, typically via the
g-amino group of a lysine residue, although linkages through the hydroxyl group of serine or the
thiol group of cysteine have also been reported (He et al., 2020; Miiller & Hoppe, 2024). This
modification functions not only as a signal for proteasomal degradation but also regulates
processes such as signal transduction, endocytosis, DNA repair, and environmental stress

responses (He et al., 2019).
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The ubiquitination process proceeds via a well-defined three-step enzymatic cascade. First,
ubiquitin is activated in an ATP-dependent reaction by an E1 ubiquitin-activating enzyme. The
activated ubiquitin is then transferred to a cysteine residue on an E2 ubiquitin-conjugating enzyme
through transesterification. Finally, the E3 ubiquitin ligase catalyses the transfer of ubiquitin from
E2 to the target protein. This final step is critical, as the E3 enzyme confers substrate specificity
by selectively recognizing and binding target proteins (He et al., 2019; Lee et al., 2011; Smalle &
Vierstra, 2004; Figure 2A). In Arabidopsis thaliana, two E1 enzymes, at least 37 E2 enzymes, and
over 1,400 E3 ligases have been identified, highlighting the system’s remarkable substrate
selectivity and regulatory potential (Callis, 2014; Du & Zhang, 2025; Smalle & Vierstra, 2004).

Ubiquitin can be attached to substrates as a single moiety (monoubiquitination), at multiple lysines
(multi-monoubiquitination), or as polyubiquitin chains on a single lysine residue (Peng et al.,
2003). The formation of polyubiquitin chains is highly versatile, as ubiquitin itself contains seven
lysine residues (K6, K11, K27, K29, K33, K48, and K63) and an N-terminal methionine, allowing
for diverse linkage types and even branched chain formation (Kirisako et al., 2006; Miiller &
Hoppe, 2024; Pickart & Fushman, 2004; Romero-Barrios et al., 2020). Among these, K48-linked
chains serve as the canonical signal for proteasomal degradation and are the most prevalent in cells
(Hershko & Ciechanover, 1998; C. Huang et al., 2020; Kerscher et al., 2006). K11-, K27-, K29-,
and K33-linked chains have also been implicated in protein degradation (Blount et al., 2020;
French et al.,, 2021), while K63-linked chains are mainly associated with non-degradative
processes such as signal activation, development, and plant responses to environmental stress

(Jiménez-Lopez et al., 2018; Romero-Barrios et al., 2020).
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Figure 2. Ubiquitin-Proteasome System and UPS-mediated degradation of MAPKKK17/18.

(A) Schematic representation of the ubiquitin-proteasome system (UPS), where substrates are tagged with
ubiquitin through a cascade involving E1 (activating), E2 (conjugating), and E3 (ligase) enzymes, followed
by proteasomal degradation. (B) UPS-mediated regulation of MAPKKKI7 and MAPKKKIS stability.
MAPKKK17/18 are phosphorylated and targeted for ubiquitination and degradation by E3 ligases including
KEG, UPLI/4, and RGLG1/2. ABI] modulates MAPKKKIS stability via dephosphorylation, while the
regulatory mechanism for MAPKKK7 remains unclear. Figure redrawn in BioRender based on (Callis,
2014; Tajdel-Zielinska et al., 2024).

Once polyubiquitinated, target proteins are directed to the 26S proteasome, a large ATP-dependent
protease complex that degrades unwanted or damaged proteins, thereby maintaining protein
homeostasis (Bard et al., 2018). The 26S proteasome consists of two functionally distinct
subcomplexes: the 20S catalytic particle (CP) and the 19S regulatory particle (RP). The 20S CP
possesses proteolytic activity and executes substrate degradation, while the 19S RP mediates

recognition, unfolding, and translocation of ubiquitinated substrates into the 20S core

(Bhattacharyya et al., 2014; Greene et al., 2020; Marshall & Vierstra, 2022; Shang & Taylor, 2011).
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The RP itself contains two subdomains: the lid, which recognizes and binds ubiquitinated
substrates, and the base, which interacts with the 20S CP to facilitate substrate entry.

Proteasomal degradation proceeds through several coordinated steps. Initially, ubiquitinated
proteins are recognized by ubiquitin receptors in the regulatory subunit of the proteasome,
including intrinsic receptors such as Rpnl, Rpnl0, and Rpnl3, and shuttle factors like Rad23 and
Dsk2 (Bard et al., 2018; Kim et al., 2011; Riedinger et al., 2010; Shi et al., 2016; Tomko &
Hochstrasser, 2011). Following recognition, ATPases in the 19S RP unfold the substrate, while
deubiquitylating enzymes (DUBs) remove the ubiquitin chains for recycling (Collins & Goldberg,
2017; Finley & Prado, 2020; Marshall & Vierstra, 2019). The unfolded polypeptide is then
translocated into the narrow catalytic chamber of the 20S CP, which comprise four stacked
heptameric rings-two outer rings of a-subunits and two inner rings of B-subunits harbouring the
protease active sites (Tanaka, 2009; Zhang et al., 2024)

Although K48-linked chains were long considered the primary degradation signal, recent studies
demonstrate that the proteasome can recognize a broader array of polyubiquitin linkages. Each
linkage type may interact with distinct ubiquitin receptors, expanding the functional diversity of
the UPS and challenging earlier paradigms. Interestingly, while branched polyubiquitin chains are
common in other eukaryotes, only linear, unbranched forms have been identified in plants to date

(He et al., 2020; Tracz & Bialek, 2021)
1.4.2. E3 ubiquitin ligases

E3 ubiquitin ligases constitute the largest and most functionally diverse group of enzymes in the
ubiquitination pathway. They play a significant role in regulating protein turnover in eukaryotic
cells, primarily due to their substrate specificity and regulatory complexity (Moon et al., 2004;
Smalle & Vierstra, 2004). Unlike the limited number of E1 and E2 enzymes, the Arabidopsis
thaliana genome encodes over 1,400 putative E3 ligases, underscoring their critical roles in plant
growth, development, and stress responses (Liu et al., 2021; Rotin & Kumar, 2009). A defining
feature of E3 ligases is their versatility: a single E3 can ubiquitinate multiple substrates and interact
with various E2 enzymes. Conversely, different E2-E3 pairings can ubiquitinate the same
substrate, resulting in distinct ubiquitin chain types and functional consequences (Deshaies &

Joazeiro, 2009; Freemont, 2000; Liu et al., 2021; Moon et al., 2004; Pickart & Fushman, 2004).
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Therefore, understanding the structural and biochemical diversity of E3s is vital for decoding the
ubiquitin-proteasome system (UPS).

E3 ligases are broadly classified into three main structural types based on their E2-binding domains
and mechanisms of ubiquitin transfer: RING (Really Interesting New Gene), U-box, and HECT
(Homologous to the E6-AP C-Terminus) domain-containing ligases (Deshaies & Joazeiro, 2009;
Freemont, 2000; Liu et al., 2021; Moon et al., 2004; Pickart & Fushman, 2004). Among these,
RING-type ligases are the most abundant, with approximately 465 members in Arabidopsis. They
contain a ~70 amino acid zinc-binding RING finger domain that facilitates direct ubiquitin transfer
from the E2 to the substrate, without forming a covalent intermediate. RING ligases can function
as single-subunit enzymes or as components of multi subunit complexes (Freemont, 2000; Moon
et al., 2004). U-box E3 ligases, of which ~64 is predicted in Arabidopsis, are structurally similar
to RING domains but lack coordinated zinc atoms. Instead, they maintain their fold through
hydrogen bonding and hydrophobic interactions (Yee & Goring, 2009). Like RING-type E3s, they
mediate direct ubiquitin transfer. Despite their lower abundance, U-box ligases are involved in key
biological processes such as hormone signalling and plant immune responses.

A prominent subgroup of RING ligases forms Cullin-RING Ligase (CRL) complexes, including
SCF (SKP1-Cullin-F-box), CUL3-BTB (BTB/POZ domain-containing), and CUL4-DDBI1
(Damaged DNA Binding Protein 1) assemblies. These complexes share a modular structure
composed of a RING protein (RBX1), a cullin scaffold, and a variable substrate recognition
module (F-box, BTB/POZ, or WD40/DCAF), which defines substrate specificity depending on the
cullin type (Bernhardt et al., 2006; Figueroa et al., 2005; Gray et al., 1999; Tan et al., 2019). In
Arabidopsis, five canonical cullins (CULI, CUL2, CUL3A4, CUL3B, and CUL4) serve as scaffolds
for these complexes, while F-box and BTB proteins provide the substrate-adapting modules
(Mazzucotelli et al., 2006). This modularity allows plants to rapidly and flexibly adjust protein
degradation in response to developmental or environmental signals. Another essential multisubunit
RING-type complex is the Anaphase-Promoting Complex/Cyclosome (APC/C), which includes at
least eleven subunits. Among them, APC2 (a cullin-like scaffold) and APCI1 (a RING-type E3)
are central to its function. APC/C temporally regulates the cell cycle by targeting specific
regulatory proteins for degradation (Capron et al., 2003). Together, these RING-based ligases
control diverse aspects of plant growth and stress responses. In contrast to RING and U-box

ligases, HECT-type E3 ligases (~20 predicted in Arabidopsis) use a two-step mechanism. First,
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ubiquitin is transferred from E2 to a conserved cysteine residue in the E3, forming a thioester
intermediate. Then, the ubiquitin is transferred to the substrate (Pickart & Fushman, 2004; N.
Zheng & Shabek, 2025). The ~350-amino acid HECT domain includes distinct regions for E2
binding and ubiquitin transfer, allowing these ligases to exert precise control over polyubiquitin
chain formation and linkage types (Sharma et al., 2021; Weber et al., 2019). Though less abundant,
HECT ligases are gaining attention for their emerging regulatory roles in plants.

In summary, E3 ubiquitin ligases, through their structural and mechanistic diversity, orchestrate
highly regulated protein ubiquitination events. Their classification into RING, U-box, HECT, and
CRL families reflects a sophisticated, modular system essential for proteostasis, signalling, and

stress adaptation in plants.

1.4.3. UPL ligases

Arabidopsis thaliana encodes seven HECT-type E3 ubiquitin ligases known as UPLs (Ubiquitin
Protein Ligases), which are divided into five subfamilies: UPL3 and UPL4 (Subfamily I), UPL7
(II), UPL6 (11I), UPL1/2 (V), and UPL5 (VI) (Downes et al., 2003; Marin, 2013; Meng et al.,
2015). All UPLs contain a conserved C-terminal HECT domain responsible for ubiquitin transfer,
while their divergent N-terminal regions determine substrate specificity and subcellular
localization (Lan & Miao, 2019; Sluimer & Distel, 2018). For example, UPLI contains UBA,
UIM, and ankyrin repeats, while UPL4 includes only ankyrin motifs-domains that facilitate
protein-protein interactions and are implicated in abiotic stress responses (Zhao et al., 2020).
Individual UPLs exhibit specialized biological functions. UPL3 is involved in trichome
development, genome endoreduplication, and seed size regulation. It interacts with GL3 and EGL3
transcription factors, which are key regulators of trichome morphogenesis and flavonoid
biosynthesis (Patra et al., 2013). UPLS5 contributes to leaf senescence by targeting the transcription
factor WRKYS53 for degradation (Miao & Zentgraf, 2010). UPLI, UPL3, and UPL5 have also been
linked to plant immunity (El Refy et al., 2004; Furniss et al., 2018; Miller et al., 2019).
Additionally, UPL3 has roles in gibberellin signalling and modulates salicylic acid (SA)-
responsive gene expression, potentially through its interactions with the 19S proteasome and other
UPS components (Furniss et al., 2018; Wang et al., 2022)

UPL4, which shares 53% sequence identity with UPL3 but lacks a 225-residue segment in the C-

terminal region, co-regulates processes such as root growth, hypocotyl elongation, and apical hook
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formation. However, unlike UPL3, it does not influence trichome development, indicating a
functional divergence despite structural similarity (Wang & Spoel, 2022). The physiological roles
of UPLI, UPL4, UPL6, and UPL7 remain less well-characterised, but domain structure and
inducible expression patterns suggest they are involved in abiotic stress and hormone signalling
(Lan & Miao, 2019; Shu & Yang, 2017).

Recent studies have highlighted the relevance of UPL ligases in ABA signalling, particularly in
the context of drought response. UPLs may regulate the abundance of key components in the MAP
kinase cascade, a major transduction pathway downstream of ABA signalling. For example,
MAPKKKS, a positive regulator of ABA-induced stomatal closure, undergoes proteasomal
degradation mediated by E3 ligases such as RGLGI, RGLG2, and members of the UPL family (Yu
et al.,, 2021). MAPKKKIS is activated by ABA and regulated post-translationally by the
phosphatase ABI1 but is subsequently targeted for degradation through the UPS (Mitula et al.,
2015).

Proteomic studies have identified lysine residues K154 and K237 on MAPKKKIS as key
ubiquitination sites. E3 ligases including KEG, UPLI, and UPL4 mediate this modification,
leading to MAPKKK 8 turnover and modulation of ABA signalling outputs (Tajdel-Zielinska et
al., 2024; Figure 2B). These findings support a direct link between E3 ligase activity and MAPK
cascade regulation in ABA-mediated drought responses.

Although UPL4 and UPL6 have been implicated in MAPKKK 8 degradation and ABA signalling,
their broader physiological roles remain to be fully defined. While the current study emphasizes
transcriptomic and kinase-level regulatory mechanisms, the contribution of E3 ligases such as

UPLs to fine-tuning ABA responses represents a promising direction for future research.
1.4.4. UPS-mediated regulation of ABA signalling components

The ubiquitin-proteasome system (UPS) plays a vital role in the ABA signalling pathway by
mediating the degradation of key signalling components. This regulated proteolysis maintains
cellular protein homeostasis and fine-tunes hormonal responses, particularly under in response to
abiotic stress (Smalle & Vierstra, 2004; Stone et al., 2006). E3 ubiquitin ligases, as substrate-
specific mediators of ubiquitin transfer, are especially critical in modulating the abundance of ABA
pathway components including receptors, phosphatases, kinases, and transcription factors (Meng

et al., 2020; Sharma et al., 2021; Yoshida et al., 2019; Figure 3)
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ABA receptors of the PYR/PYL/RCAR family are subjected to ubiquitin-mediated degradation by
several E3 ligases. The RING-type CUL4 E3 ligase complex (COP10-DETI-DDBI1-DDAI-CUL4)
targets PYL4, PYLS, and PYL9 via its DDA adaptor (Irigoyen et al., 2014). Interestingly, ABA
inhibits DDA 1-mediated degradation of PYLS, highlighting a feedback mechanism wherein the
hormone stabilizes its own receptors under stress. PYL9 also interacts with RAE, a substrate of
the CUL4 ligase, suggesting additional regulatory inputs into receptor turnover (Li et al., 2018).
RING Finger ABA-Related1 (RFAI) and RFA4 also regulate ABA signalling by targeting PYRI
and PYL4 for degradation through either the RSL/-dependent endosomal/vacuolar pathway or the
26S proteasome (Bueso et al., 2014; Figure 3). Another RING E3 ligase, RSLI, facilitates the
degradation of PYL4 and PYRI at the plasma membrane. RSLI overexpression decreases ABA
sensitivity, whereas its suppression enhances it (Bueso et al., 2014). Additionally, RSL/ interacts
with FVEI/FREEI, a component of the endosomal sorting complex, which recruits PYL4 into
endosomal compartments for degradation, further refining receptor availability (Belda-Palazon et
al., 2016). U-box E3 ligases PUB22 and PUB23 also contribute to ABA signalling by targeting
PYLY and interacting with PYL5, PYL7, and PYLS (Zhao et al., 2017). The F-box E3 ligase RIFP1
negatively regulates ABA signalling by facilitating the degradation of ABA receptor RCAR3 (Li et
al., 2016).
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Figure 3. Integration of the Ubiquitin-Proteasome System with ABA signalling pathways.
Schematic overview of ABA signalling and its regulation by the ubiquitin-proteasome system. ABA

perception via PYR/PYL/RCAR receptors inhibits PP2Cs, leading to activation of SnRK2s, MAP kinases,
and ABA-responsive transcription factors (ABFs/AREBs). Multiple E3 ligases target the ABA core
signalling components, including receptors, phosphatases (e.g., ABII and AHG3), kinases (e.g., SnRK2.6
and MAPKKK17/18), and transcription factors (e.g., ABI5 and DREB2A), highlighting the UPS as a critical
modulator of ABA-mediated stress responses. The figure was drawn using BioRender.

Beyond receptors, type A PP2Cs, such as ABII, ABI2, HABI, and PP2CA, function as negative
regulators of ABA signalling and are also controlled by E3 ligase-mediated degradation. PUBI12
and PUBI3 specifically promote the degradation of ABI/ in an ABA-enhanced manner through
receptor interaction, but do not affect ABI2 (Kong et al., 2015; Figure 3). Multimeric RING-CUL3
E3 ligase complexes, which use BPM3 and BPM}5 adaptors mediate the degradation of ABI1, ABI2,
HABI, and AHG3, promoting ABA-induced stomatal closure (Julian et al., 2019). The E2 enzyme
UBC27, in cooperation with RING E3 ligase AIRP3, also targets ABI1 for degradation, forming a
positive feedback loop enhanced by ABA (Pan et al., 2020). Furthermore, RGLGI and RGLGS5
promote the degradation of ABI2, HAB2, and AHG?3 in response to ABA (Wu et al., 2016), while
PIRI and PIR?2 specifically degrade AHG3, with loss-of-function mutants showing increased ABA
sensitivity (Baek et al., 2019).

ABA-activated SnRK2 kinases, including SnRK2.2, SnRK2.3, and SnRK2.6 (OST1), are also
subject to UPS-mediated regulation. The F-box protein PP2-B11, which is part of the SCF E3
ligase complex, targets SnRK2.3 for degradation and is itself transcriptionally upregulated by
ABA, indicating a feedback control mechanism (Cheng et al., 2017; Figure 3). The RING-CUL4-
DDBI complex also degrades SnRK2.6, utilizing HOSI5 as a substrate adaptor. HOSI5
preferentially interacts with the inactive (dephosphorylated) form of SnRK2.6. Notably, ABA
disrupts this interaction, allowing SnRK2.6 autophosphorylation and subsequent activation of
downstream signalling (Ali et al., 2019; Ali & Yun, 2020)

Besides SnRKs, the UPS also regulates MAPKKK 7 and MAPKKK 8, which are kinases involved
in drought stress tolerance. RGLGI and RGLG2 have been shown to negatively modulate
MAPKKK 18-mediated responses (Yu et al., 2021). Additionally, the RING-type E3 ligase KEG
and UPL-type ligases UPLI and UPL4 can ubiquitinate MAPKKK17/18 at lysine residues K154
and K237, promoting their proteasomal degradation (Tajdel-Zielinska et al., 2024; Figure 3).
Finally, the stability of ABA-responsive transcription factors is tightly regulated by E3 ligases.

ABI5, a bZIP transcription factor crucial for ABA-induced gene expression, is targeted by multiple
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CUL4-DDB1-based complexes. Substrate adaptors such as AFP1, DWA1/2, and ABDI mediate its
degradation to fine-tune ABA responses (Chen & Hellmann, 2013; Lopez-Molina et al., 2003; Seo
et al., 2014). The RING-type E3 ligase KEG plays a broader regulatory role by targeting not only
ABIS5 but also its close homologs ABFI and ABF3, affecting various transcriptional outputs in the
ABA signalling cascade (Liu & Stone, 2014; Stone, 2014). RING E3 ligases ATP1 and SDIRPI
act upstream of 4BI15, serving as negative regulators of its accumulation and thus modulating ABA-
mediated gene expression (Oh et al., 2017). Beyond core ABA components, RGLGI and RGLG?2
interact with the ERF transcription factor 4tERF53 to negatively regulate plant drought stress
responses, linking UPS activity to broader abiotic stress adaptation (Wu et al., 2016; Yu et al.,
2021). DRIPI and DRIP2, two RING E3 ligase homologs, mediate ubiquitination, and subsequent
degradation of DREB2A, serving as negative regulators of drought-responsive gene expression
(Qin et al., 2008). Additionally, CUL3-based BTB/POZ/MATH E3 ligases modulate ABA
signalling by targeting the transcription factor ATHB6 for proteasomal degradation (Lechner et al.,
2011). Under water-deficit conditions, the RING E3 ligase RHA2b targets MYB30 for degradation
via the 26S proteasome; the rha2a rha2b double mutant displays enhanced ABA insensitivity,
implicating both ligases as positive regulators of ABA responses (Zheng et al., 2018).

Collectively, these studies reveal that E3 ligases are key modulators of ABA signalling,
dynamically regulating both positive and negative components of the pathway. We are beginning
to gain important insights into the mechanisms by which the ubiquitin—proteasome system (UPS)
regulates ABA responses. Through targeted proteolysis of receptors, phosphatases, kinases, and
transcription factors, E3 ligases enable precise fine-tuning of ABA signalling, allowing plants to
adapt to fluctuating environmental conditions. The UPS regulation of ABA pathway is essential
for maintaining resilience during drought and other abiotic stresses. Therefore, the identification
and functional characterization of UPS components involved in ABA regulation is crucial to fully

understand how plants achieve such stress adaptability.

1.5.ABA and Auxin crosstalk

In addition to ABA-MAPK integration, the interplay between ABA and other hormones,

particularly auxin, is vital for coordinating stress responses with developmental plasticity.

38

38:9775788897



Plant hormones regulate every aspect of plant growth and development, often through complex
interactions. Among them, ABA and auxin (indole-3-acetic acid, IAA) frequently exhibit
antagonistic roles. ABA is known primarily as a stress hormone, regulating seed dormancy,
stomatal closure, and growth inhibition, particularly under abiotic stress conditions like drought.
Auxin, conversely, promotes cell elongation, root development, and organ patterning, acting as a
central driver of plant morphogenesis. Although their functions appear opposing, increasing
evidence shows that ABA and auxin often interact closely at the physiological, transcriptional, and
signalling levels to regulate developmental processes such as seed germination, root elongation,
lateral root formation, cotyledon expansion, and stomatal regulation (Ortiz-Garcia et al., 2023).

This crosstalk occurs through multiple mechanisms: shared or overlapping transcriptional targets,
hormone-responsive cis-elements, chromatin remodelling, and direct or indirect interactions
between hormone-specific transcription factors (Zhang et al., 2023). Such interaction can be

synergistic or antagonistic depending on spatial, temporal, and environmental contexts.
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Figure 4. Crosstalk between ABA and Auxin signalling pathways in plant development
ABA and auxin interact through shared signalling pathways to regulate seed germination, root elongation,

and lateral root formation. Their effects can be antagonistic or synergistic, with MAPK signalling acting as
a common integration point.

1.5.1. Auxin-ABA interactions in seed germination

Seed germination is tightly regulated by the antagonism between ABA, which enforces dormancy,
and gibberellins (GA), which promote germination (Emenecker & Strader, 2020; Salehin et al.,
2019; Shuai et al., 2017; Shani et al., 2017). Auxin, while typically a growth promoter, can act in
synergy with ABA to suppress seed germination under certain conditions. ABA exerts its inhibitory
effects via key transcription factors such as ABI3, ABI4, and ABI5 (Bentsink & Koornneef, 2008;
Emenecker & Strader, 2020). These ABI transcription factors mediate ABA’s suppression of

germination by controlling the expression of ABA-responsive genes.
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Auxin enhances ABA sensitivity in seeds by regulating ABI3 expression. Specifically, ARF'/0 and
ARF16, two auxin response factors, positively regulate 4ABI3 expression and thereby seed
dormancy (Li et al., 2017; Liu et al., 2017; Shuai et al., 2017; Figure 4). Although the ABI3
promoter contains an auxin-responsive element (AuxRE), ARF10 and ARF16 do not directly bind
this element, implying that the regulation is indirect-through repression of a negative regulator of
ABI3 (Wang et al., 2005). Additionally, /A48, a member of the Aux/IAA family, is involved in
regulating ABI3. Loss-of-function mutants of iaa8-/ show delayed germination, and /448 is
known to bind an AuxRE in the 4BI3 promoter (Hussain et al., 2020). This implies that /448 may
work in conjunction with ARFs to regulate ABI3 expression. Previous studies have shown that
ARF16 interact with I4A8 (Piya et al., 2014). Furthermore, ABI3 can repress MIRI60B
transcription, and since miR 160 targets ARF'10 and ARF 16, this may form a positive feedback loop
that reinforces auxin’s promotion of ABA-mediated seed dormancy (Tian et al., 2004).

ABI4 also plays a pivotal role in this process. It activates the ABA biosynthetic gene NCEDG,
thereby enhancing ABA levels and reinforcing dormancy (Mazzoni-Putman et al., 2021; Munguia-
Rodriguez et al., 2020; Shu et al., 2013; Shu, Liu, et al., 2016). Mutants lacking ABI4 are partially
insensitive to auxin-induced inhibition of germination, indicating that ABI4 is necessary for auxin
to exert its ABA-like effects (Mazzoni-Putman et al., 2021; Munguia-Rodriguez et al., 2020).
Similarly, ABI5, a bZIP transcription factor that operates downstream of SnRK2 kinases in ABA
signalling, is critical for mediating ABA responses via binding to ABRE elements in gene
promoters (Finkelstein, 2013; Liu & Stone, 2014; Yu et al., 2017; Zhou et al., 2021). Moreover,
auxin biosynthesis and transport are important for ABA-induced inhibition of seed germination.
Mutants deficient in YUCCA I and YUCCAG6 (auxin biosynthetic genes) are less sensitive to ABA,
whereas plants overproducing auxin show increased ABA sensitivity (Cheng et al., 2006;
Kamiyama, Hirotani, et al., 2021). However, exogenous auxin alone does not significantly
suppress germination, suggesting that auxin potentiates ABA signalling rather than acting
independently. ABA may control auxin biosynthesis, PIN-mediated transport, or Aux/IAA stability

to fine-tune seed germination (Emenecker & Strader, 2020).

1.5.2. Auxin-ABA interactions in root elongation

Root elongation is a critical developmental process at which ABA and auxin signalling pathways

interact. ABA inhibits primary root (PR) elongation, especially under stress conditions (Qin et al.,
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2023). This inhibition requires a functional auxin signalling pathway (Slovak et al., 2016). Mutants
such as tirl, ibr5, axrl, and gain-of-function Aux/IAA lines exhibit reduced sensitivity to ABA,
indicating that auxin perception and signalling are prerequisites for ABA's inhibitory effect
(Monroe-Augustus et al., 2003; Strader et al., 2008). Notably, ABA-insensitive mutants (abil-1,
abi2-1, and abi3-1) still respond to exogenous auxin, suggesting complex regulation between these
two pathways (Thole et al., 2014; Figure 4).At the transcriptional level, ARF7 and ARF19 activate
the expression of ABA biosynthesis genes, while ARF2 suppresses ABA signalling by
downregulating HB33, a gene involved in the regulation of ABA-mediated root growth (Wang et
al., 2011). Overexpression of /B33 increases sensitivity to ABA, further linking ARFs to ABA
responsiveness (Huang et al., 2020; Lu & Huang, 2008; Tu et al., 2022; Meng et al., 2015; Wang
etal., 2011; Zhong et al., 2009). Auxin transport is also essential for ABA responses in roots. AUX1
(an auxin influx carrier) and PIN2 (an efflux carrier) are key components of this regulation.
Mutants lacking either gene exhibit altered responses to ABA during root elongation (Li et al.,
2017; Xie et al., 2021) . Notably, AUXI and AXR4 mutants show reduced expression of ABA-
responsive genes such as ProDc3:GUS, highlighting a direct impact of auxin transport on ABA-
induced transcriptional responses (Jagodzik et al., 2018). This indicates that auxin transport does
not just influence hormone gradients but also modulates ABA-mediated gene expression.
Furthermore, AUX/IAA protein-transcriptional repressors in the auxin pathway have been shown
to interact with ABA-responsive elements (ABREs), suggesting direct crosstalk between ABA and
auxin signalling at the promoter level (Emenecker & Strader, 2020). These findings reveal that
auxin transport and transcriptional machinery are integral to ABA’s action on root growth.
Intriguingly, the effect of ABA on root growth is concentration dependent. At low ABA levels
(~0.1 uM), root elongation is promoted via enhanced auxin efflux, while at high levels (~10 uM),
root elongation is inhibited, requiring both auxin influx and efflux (Belin et al., 2009; Liu et al.,
2018; Thole et al., 2014; Wang et al., 2015). This evidence suggests a model in which ABA
modulates auxin transport and signalling in a concentration- and context-dependent manner, using
auxin as a downstream effector to control root elongation.

Collectively, these hormone-hormone and hormone-kinase interactions highlight the need to map
signalling convergence points, such as MAPKKK17/18, which may serve as integrators of ABA,
MAPK, and auxin pathways.
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1.5.3. Auxin-ABA interactions in lateral root formation

Lateral root (LR) formation is another developmental process where ABA and auxin interactions
are evident, often antagonistically. Auxin is known to promote LR initiation and outgrowth, while
ABA typically inhibits these processes (Casimiro et al., 2003; De Smet et al., 2003). However,
recent studies indicate more nuanced interactions. For instance, ABA receptors PYLS and PYL9
interact with the MYB transcription factors MYB77 and MYB44, which are responsive to auxin, to
promote LR outgrowth under specific conditions (Xing et al., 2016, Mazzoni-Putman et al., 2021;
Figure 4). This suggests a synergistic interaction under certain environmental contexts.
Furthermore, ABI! is required for normal auxin sensitivity in LR development. Mutations in ABI1
result in reduced responsiveness to auxin, indicating that ABA signalling components modulate
auxin perception (Li et al., 2018). 4BI4 inhibits LR development by repressing PIN1 expression,
thus impairing polar auxin transport (Maymon et al., 2022; Shkolnik-Inbar & Bar-Zvi, 2010). ABI3
negatively regulates LR emergence by activating ERF 1, creating a transcriptional module (4BI3-
ERF1I) that integrates ABA and auxin responses (Zhang et al., 2023). ABI5 also modulates LR
development by regulating the accumulation and localization of PIN proteins (Waidmann et al.,
2020). In the context of osmotic/salt stress, the WRKY46 transcription factor binds to the promoters
of auxin-conjugating enzymes and ABA-related genes such as ABI4, modulating LR formation
through coordinated hormone regulation (Ding et al., 2016). In summary, auxin, and ABA act in a
balanced manner during lateral root formation, where auxin generally promotes initiation and
emergence, while ABA imposes context-dependent inhibition that integrates environmental stress
signals. This crosstalk ensures that lateral root development is tightly regulated to optimize growth

under varying conditions.

1.5.4. Auxin-ABA interactions in MAP kinase cascades

Beyond transcriptional and transport-level interactions, ABA and auxin also converge on MAPK
signalling pathways. The MKK3-MPKI-RBKI module is activated by both ABA and auxin,
modulating auxin-dependent growth through the small GTPases ROP4 and ROP6 (Enders et al.,
2017; Jagodzik et al., 2018). Upstream components such as MAPKKK17 and MAPKKK 8, which
are activated by ABA, stimulate MKK3, suggesting a direct ABA input into auxin-regulated MAPK
signalling (Matsuoka et al., 2015; Figure 4). Additionally, the MKK5-MPK6 cascade is regulated
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by ABA through the kinase AIK1, further reinforcing hormonal control of MAPK activity (Li et
al., 2017). On the auxin side, MPK12, which is activated by auxin, serves as a negative regulator

of auxin signalling, introducing a negative feedback loop that modulates auxin responses (Aerts et

al., 2021; Jagodzik et al., 2018).

In conclusion, ABA-auxin crosstalk represents a dynamic and multilayered network encompassing
transcriptional, post-transcriptional, transport-mediated, and signalling interactions. Despite
substantial progress, significant knowledge gaps remain. For example, it is still unclear how key
ABA components such as ABIl or MAPKKK 8 orchestrate large-scale transcriptional changes in
concert with auxin. A comprehensive system-level understanding, incorporating transcriptomics,
proteomics, and interactomics, will be essential to unravel the full complexity of ABA-auxin
interactions. Although this study centres on ABA-induced transcriptional responses mediated by
MAPKKK17/18 and ABII, it considers hormone crosstalk in the broader context of ABA signalling

regulation.
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2. Hypothesis and aims

Abscisic acid (ABA) is a key phytohormone that regulates plant responses to abiotic stress,
particularly drought, by reprogramming stress-responsive gene expression. While the core
components of the ABA signalling cascade such as PYR/PYL receptors, the PP2C phosphatase
ABII, and SnRK2 kinases are well established, emerging studies suggest additional upstream
regulatory layers, including MAP kinase kinase kinases (MAPKKKSs) and ubiquitin E3 ligases, are
essential for fine-tuning ABA responses. Among these regulators, MAPKKK17 and MAPKKKI18
have been implicated in ABA signalling and drought tolerance, yet their downstream
transcriptional networks and specificity remain undefined. In parallel, recent findings highlight a
potential role for UBIQUITIN PROTEIN LIGASEs (UPLs), particularly UPL4 and UPL6, in
modulating ABA sensitivity via proteasomal degradation pathways. Furthermore, increasing
evidence points to crosstalk between ABA and the UPS system as a critical determinant of stress
adaptation and developmental plasticity, yet the molecular integration of these pathways especially

through shared regulators like 4BI] and MAPKKKs remains unresolved.

2.1.Hypothesis

We hypothesize that (1) MAPKKKI17, MAPKKKIS, UPL4/6, and ABII co-ordinately regulate
ABA-induced transcriptional networks, and (2) these modules integrate stress and developmental

signalling
2.2.Specific aims

e SAI: To characterize the role of MAPKKKI7 in ABA signalling.
e SAZ2: To investigate the transcriptional responses mediated by MAPKKKIS.

e SA3: To identify transcriptional programs that are uniquely or redundantly regulated by
MAPKKK 17 and MAPKKK 18 through comparative DEG and GO enrichment analysis.

e SA4: To examine auxin-responsive gene expression patterns in abiltd and mkkk1§-1 mutants
and assess the functional implications of ABA-auxin antagonism.

e SAS5: To evaluate the contribution of UPL4 and UPL6 to ABA-mediated root and stomatal

development and determine their impact on transcriptional regulation.
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3. Materials and Methods

3.1.List of enzymes

e Platinum™ SuperFi™ DNA Polymerase (Invitrogen, Thermo Fisher Scientific)

e RNase-free DNase I (Maxima First Strand cDNA Synthesis Kit) Cat. No. K1642

3.2.List of molecular markers

e Abscisic acid (ABA), stock: 1 mM in methanol (Sigma-Aldrich, Cat. No. A1049)

3.3.List of reagents and Kits

e Qiagen RNeasy Plant Mini Kit (Qiagen, Cat. No. 74904)
e Direct-zol RNA Miniprep Kit (Zymo Research, Cat. No. R2050)

e Maxima First Strand cDNA Synthesis Kit for RT-qPCR with dsDNase (Thermo
Scientific, Cat. No. K1672)

e RNase Decontamination Solution (in-house prep)

e DEPC-treated water (in-house prep)
e SYBR Green Real-Time PCR Master Mix

3.4.List of equipment

e Agilent 2100 Bioanalyzer (Agilent Technologies)

e Bioanalyzer RNA Nano Chips

e Chip Priming Station and Gel Dye Mix (Agilent)

e Bioanalyzer Chip Vortexer (IKA MS 3)

e NanoDrop™ 2000/2000¢ Spectrophotometer

e Applied Biosystems QuantStudio™ 7 Flex Real-Time PCR System

3.5.Media and solutions

e Murashige and Skoog (MS) Basal Medium with vitamins (Sigma-Aldrich, Cat. No.
M5519)
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e Sucrose (1%, w/v), Plant Agar (0.8%, w/v), KOH (0.1 M)

3.6.Plant materials

Seeds of Arabidopsis thaliana ecotype Columbia-0 (WT Col-0) and T-DNA insertion lines abiltd
(SALK 076309), mkkki7-1 (SALK 080309C), mkkki8-1 (SALK 087047), upl4.1
(SALK 091246C), upl4.2 (SALK 105288C), upl6 (SALK _055609C) were used in this study. WT
Col-0 was used as a control in all experiments. The abiltd line was previously characterised by
(Ludwikow et al., 2009), while mapkkk18-1 was described by (Mitula et al. 2015), and the up/4td
lines were described. Seeds of the mapkkk17-1 knockout line were kindly provided by Dr. Jean
Colcombert (INRAE, France). All mutant lines were confirmed for homozygosity via genotyping

and grown under identical controlled conditions to ensure experimental comparability.

3.7.Seed sterilization

Seed sterilization was carried out using a vapor phase method (3% HCI). The 5 ml solution was
transferred to a desiccator and pre-labelled centrifuge tubes containing the seeds were placed
inside. The desiccator was sealed, and the seeds were exposed to sterilizing vapours for 5 hours.
This method was chosen for its effectiveness in eliminating surface-borne contaminants without
compromising seed viability. After sterilization, seeds were allowed to equilibrate in a laminar

flow hood for 15 minutes before plating.

3.8.MS medium

To prepare 200 ml of /2 Murashige and Skoog (MS) media (Murashige T. and Skoog F., 1962),
0.44 g of MS powder and 1% (w/v) sucrose were dissolved in distilled water with constant stirring.
The pH of the solution was adjusted to 5.7 with 0.1 M KOH, followed by the addition of 0.8%
(w/v) plant agar. The medium was sterilized by autoclaving at 121°C for 20 minutes. After
sterilization, the medium was cooled to below 50°C and poured into 90 mm sterile petri dishes

(~20 mL per plate) under aseptic conditions.
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3.9.Plant growth conditions

Sterilized seeds were stratified at 4°C for 2 days in the dark by placing them in Jiffy-7 peat pellets
(42 mm; Jiffy Products International AS, Norway). The seeds were transferred to a growth chamber
maintained at a constant temperature of 22°C under cool fluorescent light at ~100-120 pmol m™
s ' and a 16-hour light / 8-hour dark photoperiod (Conviron). The relative humidity in the growth
chamber was maintained at 60-70% , and CO- was ambient. Plants were grown for two weeks with
regular monitoring to confirm sufficient moisture levels as previously described by (Ludwikow et
al., 2009). For plate-grown seedling experiments, sterilized seeds were sown on MS plates
(approximately 80 seeds per 10 cm? plate) under sterile conditions and maintained in the same
growth chamber. Growth chamber calibration and environmental uniformity were verified weekly

to minimize experimental variation.

3.10. Plant treatment

To assess transcriptional changes induced by ABA in key signalling mutants, a standardized
treatment protocol was employed. To prepare samples for total RNA sequencing, seedlings of WT
Col-0, abiltd, mkkki17-1 or mkkki8-1 were grown under sterile conditions on 2 MS plates for 2
weeks as described in Materials & Methods 1.1. 2-week-old plants were treated with 100 uM
abscisic acid (ABA; Sigma-Aldrich, Cat. No. A1049), prepared with 1 mM methanol, or mock-
treated with 1 mM methanol alone. Treatments were applied directly to the media surface. After 4
hours of treatment, samples were immediately frozen in liquid nitrogen and stored at —80°C until
RNA extraction. This concentration and time point were selected based on previous studies
demonstrating robust ABA transcriptional responses (Nelson et al., 2007). Three independent
biological replicates were performed per treatment. Mock treatments (1 mM methanol) were
included for all genotypes to control for solvent effects. Untreated WT Col-0 seedlings served as

baseline controls to confirm the specificity of ABA-induced responses.

3.11. Total RNA isolation

Total RNA was extracted from plant samples for RNA sequencing using the Qiagen RNeasy Plant
Mini Kit according to the manufacturer's instructions. Approximately 100 mg of frozen plant tissue

was ground using a pre-chilled mortar and pestle in liquid nitrogen. Lysates were centrifuged at
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12,000 x g for 5 minutes to remove debris before transferring to spin columns. All centrifugation
steps were performed at 4°C to preserve RNA integrity. The purified RNA was eluted in 30 uL of
nuclease-free water. RNA concentration and purity were measured using a NanoDrop™
2000/2000c spectrophotometer (Thermo Scientific), and purity was assessed based on the 260/280

nm absorbance ratio, with values between 2.0 and 2.1 considered acceptable.

3.12. RNA integrity

The quality and integrity of the extracted RNA were assessed using the Agilent 2100 Bioanalyzer
System (Agilent Technologies, Santa Clara, CA, USA). Two microliters of each RNA sample were
loaded onto Agilent RNA Nano Chips according to the manufacturer’s instructions. The RNA
Integrity Number (RIN) scores were determined using the 2100 Expert software. Samples with
RIN > 8.0 were considered suitable for RNA-seq library preparation. All reagents, including gel
dye mix, RNA marker, RNA ladder, and DEPC-treated water, were prepared according to the
manufacturer’s guidelines. RNase decontamination was ensured throughout using RNase Zap

(Thermo Fisher Scientific).
3.13. RNA-seq library construction and sequencing

RNA sequencing and library generation was performed at Macrogen Ltd. (Seoul, South Korea)
using the TruSeq Stranded mRNA Sample Preparation protocol (Illumina, Cat. No. 15031047 Rev.
E). For each library, 1 pg of total RNA was used, and poly(A)+ mRNA was enriched using oligo-
dT magnetic beads. Prior to library construction, RNA samples were treated with RNase-free
DNase I to eliminate residual genomic DNA. Stranded mRNA libraries were constructed for all
samples, with three biological replicates for both mock and ABA-treated conditions. High-
throughput sequencing was performed on the Illumina NovaSeq 6000 platform, generating 100 bp
paired-end reads with a sequencing depth of ~60 million reads per sample. Strand-specificity and

poly(A) selection ensured high-confidence detection of mRNA species relevant to ABA signalling.

3.14. Read alignment and preprocessing

The bioinformatics pipeline was optimized (Figure 5) in collaboration with Dr. Michal Wojciech

Szczesniak from the Laboratory of Functional and Evolutionary Genomics, Institute of Human
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Biology and Evolution, Faculty of Biology, Adam Mickiewicz University in Poznan. Initial quality
control was conducted using FastQC (v0.11.8) to assess metrics such as per-base sequence quality,
GC content, and duplication levels. Adapter and quality trimming were performed using BBDuk
with the following parameters: k=23; mink=11; hdist=1; tbo; tpe; minlength=50;
removeifeitherbad=t; overwrite=t (Bushnell et al., 2017). To identify and exclude contaminating
ribosomal RNA (rRNA) sequences, a genome index was built using Bowtie2 (v2.4.2) (Langmead
& Salzberg, 2012)from Arabidopsis thaliana rRNA sequences downloaded from Ensembl Plants
(release 41) (Kersey et al., 2018). The eads were aligned to this index and filtered prior to genome
mapping. Reads were then aligned to the Arabidopsis thaliana TAIR10 reference genome using
the STAR aligner (version 2.7.10a) (Dobin et al., 2013). GTF annotations were performed using
Arabidopsis.thaliana. TAIR10.gtf (version 42) (Lamesch et al., 2012). A genome index was built
using STAR, and alignment was performed using default parameters. Paired-end reads were
aligned to generate BAM files. Post-alignment quality metrics were reviewed, including mapping
rate (target >95%), duplication rate, and read distribution across genomic features. Only reads with

Phred scores >33 was retained for downstream analyses.

Raw Reads Diagnostic Plots

BBMAP Adapter Removal

Processed Reads Diagnostic Plots

l Read Alignment

Alignment Results High Quality GTF
Fragment Counting

Transcript Quantification ~<€——

Jv Raw counts

DESeq2 IE Differential Gene Diagnostic Plots
Expression

o

RRHO analysis GO analysis ShinyGO

o i

Figure 5. Bioinformatics pipeline for RNA sequencing analysis.
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Schematic diagram summarizing the main steps of the RNA-seq data processing workflow, including raw
read quality control, adapter trimming, rRNA filtering, genome alignment, transcript assembly,
quantification, Differential gene expression analysis, and functional enrichment.

3.15. Transcript assembly (ab initio)

Transcriptome assembly was performed using StringTie on cleaned BAM files to construct a
reference-guided transcriptome (Pertea et al., 2015). Individual transcript assemblies (GTF files)
were created for each sample and subsequently merged into a single transcriptome using
StringTie’s merge function. The resulting file, merged transcriptomes.gtf, was refined by
removing unstranded transcripts to yield transcriptome pre.gtf. The merged transcriptome was
validated against the reference genome annotation using cuffcompare, to produce the comparison
file all.combined.gtf. To ensure only novel or accurate transcript models were retained, transcripts
with class codes 'c', 'e', 'p', and 's' were excluded using a custom in-house Python script, and the
resulting output was saved as transcriptome.gtf. To confirm that all transcripts from the refined file
were captured, the -C flag was used in cuffcompare, and filtering was repeated. The final
transcriptome was converted into FASTA format using gffread, generating both transcriptome.fasta
and a high-quality transcriptome.gtf. Known issues such as polymerase run-on fragments,
overlapping single-exon transcripts, and incomplete models were manually reviewed and
excluded. Transcript annotation completeness was validated by comparison with ENSEMBL’s
TAIR10 annotation. Across all RNA-seq libraries, over 660 million paired-end reads per genotype
were processed. Using the final transcriptome annotation, Transcript Per Million (TPM) values
were calculated for 52,544 transcript isoforms, corresponding to 23,007 genes. Novel isoforms
were excluded from quantification to focus on genotype-specific expression of annotated

transcripts.

3.16. Transcript quantification

Transcript-level abundance estimation was performed using Salmon (v1.10) (Patro et al., 2017).
First, a transcriptome index was built using the transcriptome.fasta file, to enable quasi-mapping
mode with a k-mer size of 31 (-k 31). To improve quantification accuracy, bias correction options
were activated during mapping: --seqBias and --gcBias. Quantification outputs were generated in
quant.sf format for each sample, capturing TPM and read counts for each transcript. Transcript-to-

gene mapping was performed using the GTF annotation file to associate transcript-level expression
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values with gene identifiers. Salmon outputs were imported using the tximport package in R to
generate both transcript- and gene-level abundance matrices (Soneson et al., 2019). Low-
abundance genes (TPM < 1 across all samples) were excluded to improve differential expression
reliability. The final gene-level count matrices were used for downstream analysis including

normalization, filtering, and statistical testing.

3.17. Differential gene expression analysis

Differential gene expression analysis was performed using a generalized linear model (GLM)
implemented in the DESeq?2 package (version 1.22) from R/Bioconductor (Love et al., 2014). The
analysis was conducted on “count data” derived from the high-quality ab initio transcriptome GTF
as described in Section 3.10. The GLM enabled the identification of genes with statistically
significant changes in expression between mock and ABA-treated conditions. Genes with a
Benjamini-Hochberg-adjusted p-value < 0.05 and an absolute log2 fold change > 1 (i.e., fold
change > 2) were considered significantly differentially expressed. This dual threshold ensured
both statistical and biological significance of the identified DEGs. Independent validation using
RT-gPCR was performed on select genes to confirm RNA-seq findings (Section 3.16).
Normalization of raw counts was performed using the DESeq2 default method, which adjusts for
variations in library size and sequencing depth. Genes with extremely low expression across all
samples were excluded during pre-filtering to increase detection sensitivity and reduce noise.
Genes with adjusted p-value < 0.05 and fold change > 2 were classified as upregulated, while those
with adjusted p-value < 0.05 and fold change < 0.5 were classified as downregulated. To assess
sample distribution and experimental reproducibility, principal component analysis (PCA) was
conducted using variance-stabilizing transformed (VST) counts. The PCA analysis helped
visualize sample clustering across genotypes (WT Col-0, abiltd, mkkkl7-1, and mkkkl§8-1) and

treatment conditions (mock and ABA).

3.18. Gene annotation

Gene annotation was conducted to link DEGs with functional, positional, and structural features.
Gene and transcript-level metadata were obtained from Ensembl Plants (release 42) via the
BioMart interface (Smedley et al., 2009). The retrieved annotations included are Gene and

transcript stable IDs, Gene name and biotype, Chromosomal location (chromosome number,

52

52:1069104979



strand, start, and end), Functional description and Associated Gene Ontology (GO) terms. An in-
house Python script was used to match transcript IDs with DEGs and integrate functional metadata

for downstream analyses.

3.19. Enrichment analysis

To gain insight into the biological functions of the DEGs, Gene Ontology (GO) enrichment
analysis was performed using the ShinyGO web platform (version 0.80) (Ge et al., 2020). Only
genes that passed the DESeq?2 statistical threshold (adjusted p-value < 0.05 and fold change > 2)
were used for enrichment analysis. The hypergeometric test was applied to determine
overrepresented GO categories across three domains: biological process, molecular function, and
cellular component. The background gene universe was defined based on the annotated
Arabidopsis reference genome. Enrichment significance was adjusted for multiple testing using
FDR, and enriched terms were visualized based on fold enrichment and p-value. These GO terms
provided insight into cellular and molecular processes most affected by ABA treatment across

different genotypes.

3.20. Rank-Rank Hypergeometric Overlap analysis

To assess transcriptional similarity and co-regulation between genotypes, Rank-Rank
Hypergeometric Overlap (RRHO2) analysis was performed using the RRHO2 R package (Cahill
et al., 2018; Plaisier et al., 2010). This threshold-free method compares ranked gene lists based on
their differential expression. Gene lists from abiltd, mkkkl7-1, and mkkkl§-1 were ordered by
log>fold-change and compared with WT Col-0 as the reference. The RRHO2 function with
adaptive p-value thresholding was used to identify areas of maximal gene overlap between two
ranked lists. Overlap matrices and heatmaps were generated to visualize the degree and direction
of transcriptional similarity. The number of overlapping upregulated and downregulated genes was
quantified, and their biological significance was assessed based on known ABA and stress-
responsive gene sets. Statistical significance of overlaps was determined using RRHO2’s built-in
permutation tests. All analyses were conducted in R, and results were visualized using RRHO2's

default plotting functions.
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3.21. Quantitative RT-qPCR

Total RNA was extracted from plant tissues using the Qiagen RNeasy Plant Mini Kit, following
the manufacturer’s protocol. To eliminate genomic DNA contamination, RNA samples were
treated with DNase (Maxima First Strand cDNA Synthesis Kit for RT-qPCR, Thermo Scientific).
cDNA was synthesized from 2 pg of DNase-treated RNA using oligo-dT primers and diluted 1:10
before use in quantitative PCR (qPCR) reactions. Negative controls lacking reverse transcriptase
(-RT) were included to confirm the absence of genomic DNA. Gene-specific primers were used
for validation, as previously reported in (Ludwikéw et al., 2009), and are listed in Table 2. 18S

rRNA and ACT2 were used as internal reference genes for normalization of gene expression.

Table 2. List of primer sequences

Gene Name Orientation (5'-3") Primer sequence

18S Forward GGTCTGTGATGCCCTTAGATGTT

18S Reverse GGCAAGGTGTGAACTCGTTGA

act2 Forward GAGAGATTCAGATGCCCAGAAGTC
act2 Reverse TGGATTCCAGCAGCTTCCA

rabl8 Forward GGAGAAGTTGCCAGGTCATCATG
rabl8 Reverse CACCGTAGCCACCAGCATCATA

upl4 Forward CATTGCCTGGCTACACGGATTATGATC
upl4 Reverse TTGGATCCCATTACATACTGTGGCATTG
upl6 Forward TTTGTGACAGGCTGCTCACGAGGAC
uplé Reverse GGCGTACATCAATTTGGTCTCAAGTAGC

qPCR reactions were performed in triplicate using SYBR Green Master Mix (Thermo Fisher
Scientific) on a QuantStudio™ 7 Flex Real-Time PCR System (Applied Biosystems). Melting
curve analysis was performed after each run to verify primer specificity. Relative gene expression
was calculated using the 222" method (Livak & Schmittgen, 2001). Data visualization and
statistical analysis were performed using in-house R and Python scripts, and Student’s t-test was
used to assess significance (p < 0.05). Each gene was assessed with three biological replicates,

ensuring reproducibility.
3.22. Generation of transgenic lines

To generate transgenic Arabidopsis lines for functional analysis of UPL4 and UPL6, full-length
cDNAs of both genes were amplified using Platinum™ SuperFi™ DNA Polymerase (Invitrogen)

according to manufacturer’s protocol. The PCR products were first cloned into the
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pENTR™/SD/D-TOPO® entry vector, and positive clones were verified Sanger sequencing to
confirm insert identity and orientation. The confirmed entry clones were transferred into
pEarleyGate103 destination vector to generate 35S:UPL4-GFP and 35S:UPL6-GFP constructs
using LR Gateway™ recombination as previously described in Earley et al., 2006; Tajdel et al.,

2016.

Recombinant plasmids were introduced into Agrobacterium tumefaciens strain GV3101 (pMP90)
by electroporation and confirmed using colony PCR. Stable Arabidopsis transgenic lines were
generated using the floral dip transformation method. Transformed seeds (T1 generation) were
selected on MS medium supplemented with the appropriate plant selection marker (e.g.,

Basta®/glufosinate), and resistant seedlings were transferred to soil.

For each construct, multiple independent T1 lines were screened, and homozygous T3 lines were
generated through consecutive selection and segregation analysis. Two independent homozygous

lines for each gene were chosen for experiments to avoid position-effect bias:
Two independent transgenic lines for each gene were selected and assessed:

o UPLA4 :35S: UPL4-GFP-HIS/upl4.1, 35S:UPL4-GFP-HIS/WT-4
e UPL6 : 35S: UPL6-GFP-HIS/upl6-1, 35S:UPL6-GFP-HIS/WT-3

The validated lines were subsequently used for phenotypic, molecular, and ABA-response assays.

3.23. Primary root growth assay

Arabidopsis seeds were grown as described in Section 3.4. Five-day-old seedlings were transferred
to fresh MS plates supplemented with or without 5 uM ABA and grown vertically for 3-4
additional days. Primary root lengths were measured post-treatment. At least 15-18 seedlings per
genotype per condition were analysed per replicate. Measurements were performed using ImageJ
(NIH), calibrated to a reference scale. Relative root growth was calculated by comparing treated
vs. mock conditions. Statistical significance was assessed using an unpaired, two-tailed Student’s
t-test (p < 0.05), and experiments were conducted in at least three biological replicates to ensure

reproducibility.
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3.24. Stomatal development assays

Stomatal patterning was analysed using cotyledons from 6- or 10-day-old seedlings. Fully
expanded cotyledons were mounted abaxial side up in water and imaged using a ZEISS
microscope. For each genotype, images from >10 leaves, with multiple random fields per leaf,

were collected. Guard cells (GCs) and pavement cells (PCs) were counted manually using ImageJ.

Stomatal index (SI) was calculated using the formula:

Number of Stomata
"~ Number of pavement cells + number of stomata

SI

At least 150 cells were counted per sample, and all experiments were independently repeated three

times. Statistical analysis was performed using a student’s t-test, with significance thresholds of p

<0.05, p <0.005, and p < 0.0005.
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4. Results

4.1.Global transcriptional changes in mkkk17, mkkkl8 and abiltd mutants

It is known that ABA signalling drives broad transcriptional changes through MAPK cascades.
While MAPKKK 17, MAPKKK 18 and the phosphatase ABI! are recognised as upstream regulators,
the distinct transcriptional footprints of these regulators under ABA stress remain unclear. This is
especially pertinent in the context of the ABA signalling pathway, since ABII is known to work
upstream of MAPKKK1S8. Here, RNA sequencing was performed to characterise the global gene
expression profiles of knockout mutants (mkkk17-1 and mkkk18-1) and compared to WT Col-0 and
abiltd under ABA treatment. This revealed their distinct and overlapping roles in ABA-induced

gene regulation (specific aims 1-2).

4.1.1. Transcriptional responses of MAPKKK17, MAPKKK18, ABII in

response to ABA treatment

To dissect the contribution of MAPKKKI7, MAPKKKIS8, and ABIl to ABA-regulated gene
expression, RNA-seq was performed on Arabidopsis knockout mutants (abiltd, mkkkl7-1,
mkkkl18-1,) and WT Col-0, following ABA and mock treatment (see Methods 3.4-3.7). Previously,
plants were cultivated under standardized growth conditions, and exogenous ABA was applied as
described in Sections 3.4 and 3.5. Samples from both mock- and ABA-treated plants were
harvested for total RNA extraction, followed by quality assessment and library preparation as
outlined in Sections 3.6 and 3.7. High-throughput sequencing was performed to generate
transcriptomic profiles reflecting genotype- and treatment-specific responses.

Differential gene expression analysis was performed by comparing mock- and ABA-treated
samples within each genotype. This approach enabled the identification of ABA-responsive genes
directly or indirectly regulated by MAPKKK17, MAPKKK18, and ABII. Notably, canonical ABA
marker genes such as RABIS8, RD29A4, and CORI5A were consistently upregulated across
backgrounds, validating the experimental design and treatment efficacy. This data establishes that
while all three regulators modulate ABA responses, they do so via both overlapping and gene-
specific pathways. These results establish a foundation for exploring genotype-specific ABA

response mechanisms.
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4.1.2. Principal component analysis of DEGs

To evaluate the major sources of transcriptional variance across genotypes and treatments,
principal component analysis (PCA) was performed. This helps visualize global expression shifts
and potential clustering patterns reflective of genotype-specific or treatment-induced
transcriptional responses. Results revealed that the first principal component (PC1) accounted for
86% of the total variance and clearly separated ABA-treated samples from mock-treated controls
in all genotypes, confirming a dominant effect of ABA on gene expression (Figure 6).

The second principal component (PC2), which explained 5% of the variance, distinguished mutant
lines (abiltd, mkkkl7-1, mkkki8-1) from the WT Col-0, indicating genotype-specific

transcriptomic signatures in response to ABA.

Treatment
20- ABA
§ 7 \ ® Mock
8 10- A
:\% 0- .'3 Genotype
. i) ® abiftd
o A mkkk17-1
. -20- . ) . ) B mkkk18-1
-50 -25 0 25 50 -+ WT Col-0

PC1: 86% variance

Figure 6. Principal component analysis of gene expression levels in response to ABA treatment.
Principal component analysis (PCA) of gene expression in WT Col-0 and mutant lines under mock and

ABA treatment. Points represent individual biological replicates. ABA-treated samples (red) are clearly
separated from mock-treated samples (green) along PC1. Genotypes are distinguished by shape: WT Col-
0 (plus), abiltd (circle), mkkki17-1 (triangle), and mkkkl8-1 (square). PC1 and PC2 account for 86% and
5% of variance, respectively.

Importantly, all biological replicates clustered tightly, supporting the reproducibility of the dataset
and the robustness of the treatment effects. The PCA clustering highlights that ABI1, MAPKKK17,
and MAPKKK 8 confer distinct transcriptional identities under ABA stress, reinforcing their non-
redundant roles. These results highlight that treatment-driven separation along PC1 and genotype-

driven variation along PC2 (Figure 6).
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4.1.3. Differentially expressed genes in response to ABA treatment

Differential gene expression analysis was conducted to identify ABA-responsive genes within each
genotype. Using a threshold of adjusted p-value < 0.05 and absolute fold change > 2, Differentially
expressed genes (DEGs) were identified upon ABA treatment across wild-type and mutant lines
(Table 3).

In the WT Col-0, 4,022 DEGs were identified, comprising 2,231 upregulated and 1,791
downregulated. The abiltd mutant exhibited the most extensive transcriptional changes, with
5,259 DEGs (2,613 upregulated, 2,646 downregulated), suggesting a broad, bidirectional
regulatory role for ABII (Table 3). In contrast, the mkkk17-1 and mkkk18-1 mutants showed fewer
DEGs (3,884 and 3,816, respectively), with a slightly higher proportion of upregulated genes,
suggesting a more specific role for these kinases in ABA-regulated transcription. In conclusion,
ABA treatment induces distinct transcriptional changes, with several genes upregulated to enhance
stress tolerance and others downregulated to conserve resources. These differential expression
patterns underscore the pivotal role of ABA as a central regulator that fine-tunes molecular-level

responsces.

Table 3. Differentially expressed genes in WT Col-0 and knockouts (abiltd, mkkkl7-1, mkkkl§-
1) in response to ABA treatment.

Sample Effect Comparison Differential Upregulated | Downregulated
expressed genes genes genes
WT Col-0 | Treatment ABA vs Mock 4022 2231 1791
abiltd Treatment ABA vs Mock 5259 2613 2646
mkkkl17-1 | Treatment ABA vs Mock 3884 2229 1655
mkkk18-1 | Treatment ABA vs Mock 3816 2170 1646

In addition, these findings indicate that MAPKKK17 and MAPKKKIS contribute to ABA-
responsive transcription, but the broader range of DEGs observed in the abi/td mutant underscores
ABII’s vital role as a regulator of ABA responses. The loss of ABIl leads to extensive
transcriptomic reprogramming, highlighting its dominant position in controlling ABA-mediated

gene expression.
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4.1.4. Cross comparison of DEGs across genotypes

To examine the overlap and divergence in ABA-responsive gene expression across genotypes,
Venn diagram was generated to compare DEGs in WT Col-0, abiltd, mkkkl7-1, and mkkkl§-1
(Figure 7). A core set of 2,092 genes was commonly regulated across all four genotypes, indicating
a conserved ABA response network. However, substantial genotype-specific differences were also
observed.

Figure 7. Comparison of DEGs in WT Col-
abiltd mkkk17 — 1 0 and knockouts after ABA treatment.
Venn diagram shows the shared and unique
WT Col-0 i ", 0 mkkk18 —1  ABA-responsive Differentially expressed genes
O 308 (DEGs) across WT Col-0, abiltd, mkkki7-1, and
mkkk18-1. DEGs were defined as those with
Soh . [log:FC| = 1 and an adjusted p < 0.05 relative to
2092 mock controls. A core set of 2,092 genes is

360 449

110 278 commonly regulated, while genotype-specific

22 o 281 subsets highlight distinct regulatory roles.

The abiltd mutant exhibited the largest number of unique DEGs (968), reinforcing its extensive
regulatory influence on ABA signalling. mkkkl8-1 and mkkkl7-1 showed 402 and 330 unique
DEGs, respectively, while WT Col-0 had 568 unique DEGs not detected in the mutants. These
distinct expression profiles suggest that MAPKKK17, MAPKKK1S8, and ABII each regulate both

shared and exclusive subsets of the ABA transcriptome.

4.1.5. Hierarchical clustering of DEGs

To explore expression patterns of genes that are strongly responsive to ABA, hierarchical
clustering was performed on the top 100 most highly regulated DEGs across all genotypes (Figure
8). The heatmap revealed genotype-specific clustering and consistent upregulation of well-
characterised ABA marker genes, including RAB18, RD29A4, XERO2, COR154, SAG113, PP2CA,
and PUBI9.

Compared to mock controls, ABA-treated samples across all genotypes displayed clear expression

shifts, supporting the transcriptional responsiveness of the experimental system. Distinct
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expression signatures within each genotype further emphasize the differential regulatory input of

ABII, MAPKKK17, and MAPKKK 8 in modulating ABA-induced gene networks (Figure 8).
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Figure 8. Heatmap of the Top 100 Differentially expressed genes.
Heatmap of the top 100 Differentially expressed genes (DEGs) across genotypes and treatments. Rows

represent genes and columns represent individual samples. Colours indicate fold change (red = upregulated,
blue = downregulated). Mock samples are in grey, ABA-treated samples in orange. Genotypes are color-
coded: WT Col-0 (blue), abiltd (red), mkkkl7-1 (green), mkkkl8-1 (purple).
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4.1.6. Rank-Rank Hypergeometric Overlap analysis of DEGs

To quantify the transcriptional similarity between genotypes, Rank-Rank Hypergeometric Overlap
(RRHO) analysis was conducted by comparing log: fold-change-ranked gene lists for each mutant
against WT Col-0 under ABA treatment (Figure 9). Strong overlaps were observed in both the
upregulated and downregulated quadrants between WT Col-0 and each mutant, indicating a
conserved core of ABA-responsive genes. Among the mutants, abiltd showed the greatest
divergence from WT, consistent with its expanded set of DEGs (Figure 9). The overlap between
mkkkl17-1 and mkkk18-1 was especially pronounced (Figure 10), suggesting functional redundancy

or convergence in their downstream transcriptional targets.
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Figure 9. Rank-Rank Hypergeometric Overlap analysis of Differential gene expression between
WT Col-0 and knockouts.

Rank-Rank Hypergeometric Overlap (RRHO) analysis comparing WT Col-0 and mutant genotypes (abiltd,
mkkkl17-1, mkkk18-1). Each heatmap shows statistically significant overlaps of DEGs ranked by log. fold-
change. Bright red indicates high enrichment -logio(p-value), between ranked gene lists (log.FC > 1).
Overlapping up/downregulated gene sets occupy diagonal quadrants.
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Finally, RRHO analysis comparing the transcriptional responses of the abiltd and mkkkli§-1

mutants (Figure 11), revealed a similar distribution of upregulated and downregulated genes in

both mutant lines, further indicating that AB/l and MAPKKKIS8 share overlapping roles in

regulating the ABA transcriptional response. Previous studies demonstrate that ABI1

dephosphorylate MAPKKKI8 (Mituta et al., 2015). This finding therefore further suggests that

ABII and MAPKKK18 work together to coordinate ABA-induced gene expression.
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Figure 11. Rank-Rank Hypergeometric
Overlap analysis of Differential gene
expression between abiltd and mkkki§-1.
Rank-Rank Hypergeometric Overlap

(RRHO)  analysis comparing mutant
genotypes (abiltd, mkkkl8-1). Each heatmap
shows statistically significant overlaps of
DEGs ranked by log. fold-change. Bright red
indicates high enrichment -logio(P-value),
between ranked gene lists (log.FC > 1).
Overlapping up/downregulated gene sets
occupy diagonal quadrants.
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4.2.Differential gene expression analysis of mkkkl17-1 reveals altered ABA

response

MAPKKK17 is a critical upstream component in the ABA-responsive MAPK signalling cascade,
yet its genome-wide transcriptional effects remain underexplored. To characterize its contribution
in ABA signalling (Specific Aim 1), we analysed RNA-seq data from the mkkkl7-1 mutant and
WT Col-0 following ABA treatment. Transcriptomic profiling identified 3884 DEGs in mkkk17-1
and 4022 in WT Col-0 in response to ABA (Table 3). To further dissect the transcriptional
alterations attributed to the MAPKKK17 mutation, DEGs from mkkkl7-1 were compared with
those from WT Col-0 (Figure 12). This comparison revealed 1263 genes that were uniquely
expressed in mkkk17-1 (562 upregulated and 701 downregulated), and 2621 genes were commonly
regulated in both genotypes.

Within this overlapping group, 249 genes were more strongly upregulated (>2-fold) and 139 were
more strongly downregulated (>2-fold) in mkkkl7-1 than in WT, indicating enhanced
transcriptional responses in the mutant for specific ABA-regulated genes. This distinction suggests
that although mkkk17-1 retains some ABA-responsive pathways, it exhibits altered transcriptional
dynamics indicative of MAPKKK7-specific regulatory functions. These unique and overlapping
gene sets were subjected to Gene Ontology (GO) enrichment and pathway analyses to elucidate

the biological significance of MAPKKK17 in ABA signalling.

Figure 12. Genotype-specific and shared

WT Col-0 mkkk17-1  transcriptional responses to ABA in WT Col-0 and
mbkkk17-1.

The Venn diagram shows unique and overlapping

1401 2621 1263 DEGs between WT Col-0 and mkkkl7-1 under ABA

treatment. Genes were classified based on significant
expression changes (log.FC > 1, adjusted p < 0.05).
The diagram highlights 1,263 mkkk17-1-specific genes
and 2,621 overlapping DEGs.

The results demonstrate that MAPKKKI7 contributes to the fine-tuning of ABA-mediated
transcription, influencing both shared and genotype-specific gene expression changes. These
findings establish MAPKKK7 as an important regulator within ABA signalling and provide a

basis for future studies to identify its downstream targets and signalling modules.
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4.2.1. Functional characterization of unique DEGs in mkkk17-1

To explore the functional significance of genes uniquely regulated in mkkkl7-1 following ABA
treatment, Gene Ontology (GO) enrichment analysis was performed. This analysis aims to identify
biological processes that are differentially influenced by the absence of MAPKKKI7. By
examining the 1263 mkkk17-1-specific DEGs identified in response to ABA treatment, we sought
to uncover ABA-induced transcriptional regulation of MAPKKK17. The GO enrichment analysis
was conducted as detailed in Section 3.14, with a focus on identifying significant KEGG pathways

and biological processes that were specifically enriched in mkkk7-1 (Figure 13 and Figure 14).

A. Upregulated KEGG Pathways
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Figure 13. KEGG pathway enrichment from Gene Ontology analysis of unique DEGs in mkkk17-

1.
KEGG pathway enrichment of uniquely regulated DEGs in mkkk17-1. (A) Pathways enriched among 562

upregulated genes. (B) Pathways enriched among 701 downregulated genes. Dot size indicates gene count,
and colour intensity represents statistical significance (-logio FDR). Pathways are ranked by fold
enrichment.
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Figure 14. Biological Process enrichment from Gene Ontology analysis of unique DEGs in
mkkkl7-1.
Biological Process enrichment of uniquely regulated DEGs in mkkkl7-1. (A) Pathways enriched among
562 upregulated genes. (B) Pathways enriched among 701 downregulated genes. Dot size indicates gene
count, and colour intensity represents statistical significance (-logio FDR). Pathways are ranked by fold
enrichment.

The results of the GO enrichment analysis revealed distinct patterns in the upregulated and
downregulated genes in mkkkl7-1. The upregulated genes were primarily associated with
metabolic processes, including “flavonoid and phenylpropanoid biosynthesis”, and “secondary
metabolite biosynthesis” (Figure 13A, Figure 14A). These pathways are critical for various stress
responses and metabolic adaptations. Genes such as 4CL2, LOX3, BGLUI1S8, DOXI, NPC5, TPPI,
FLS2, and MYB3 were significantly upregulated in these processes , with the upregulation being
stronger in mkkk17-1 compared to the wild type plants. suggesting a potential role of MAPKKK17
in regulating secondary metabolism during ABA-induced stress (Table 4). The S-glycoside
metabolic process was also enriched in the upregulated gene set, with genes such as BGLUIS,

WRKY70, MYB34, and MYB73 showing known ABA-related functions.

Additionally, pathways related to transmembrane transport were enriched in the upregulated gene
set, with genes such as ZIPI, ALMTY, ALMTI12, ZIFL1, CCX2, CLC-A, KEA5, CNG(C4 and
SULTR3;1 , with the upregulation being stronger in mkkk17-1 compared to the WT Col-0 showing
differential expression. These findings suggest that MAPKKK17 might be involved in regulating

transport processes that are crucial for maintaining cellular function under ABA stress conditions.

Table 4. Selected GO Terms from 562 upregulated unique genes of mkkkl7-1

Category GO Terms Genes
KEGG Phenylpropanoid AT2G18150, AT2G35380, AT2G41480, 4CL2, CADG,
biosynthesis ELI3-2, PRX52, PA2, AT5G06730, AT5G15180,
AT5G19880, AT5G47000
KEGG Biosynthesis of APS2, PGLI, ATIG14240, LOX3, GA20X4, BGLU1S,

secondary metabolites | BCDH BETAI, BGLU46, CDS1, ATTPS6, GA2,
GA30X2, AT2G18150, AAS, AT2G35380, AT2G41480,
DOXI, NPC5, 4CL2, AT3G47040, BGLUI16, ACS6,
EDA36, AT4G14090, NCED4/CCD4, AT4G 19860,
LDOX, KCS16, CADG6, ELI3-2, CYP79B2, PRX52,
PA2, AT5G06730, TPPI, AT5G15180, AT5G 19880,
AT5G28237, DFR, AT5G47000, FLS2, FLS3
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Biological | S-glycoside metabolic | BGLUIS, BGLUI6, ESP, NSP4, CYP81F4,

process processes AT1G68360, IGMTS, AT3G11580, WRKY70, MYB73,
MYB34
Biological | phenylpropanoid AT3G59940, CADG, ELI3-2, 4CL2, AT4G 11190,

process metabolic processes AT4G14090, LACI11, LACI17, GXMTI1, BGLU46,
LDOX, PRX52, CYP86A1, MYB3

Biological | transmembrane AT1G78720, NHX6, ABCC4, AT3G03700,

process transport AT3G09450, ZIP1, AT3G30390, HA4, ABCBY, HA3,
UMAMIT25, NATS, OZS1, UMAMITI19, AT1G33440,
CAT2, AT1G59740, ATIG72140, AT2G04080,
AT2G04100, AT2G34350, AT2G37900, AT2G40460,
AT2G44280, MHX, ALMT9, ALMT1I12, YSL6,
UMAMIT46, ABCAS, GTRI, SULTR3;1, AT3G53960,
AATI, KT2/3, GLUR2, AT5G01990, UMAMITY,
ZIFL1, AT5G17700, CCX2, SWEETI2, YSL2,
AT5G38030, UMAMIT42, CLC-A, AT5G49990, KEAS,
CNGC4, AT5G55950, ATIG53110

In contrast, downregulated genes in mkkkl7-1 were primarily associated with “ribosome
biogenesis”, “purine metabolism”, and “RNA degradation” (Figure 13B, Figure 14B). The
downregulation of these genes indicates potential disruptions in fundamental cellular processes
such as protein synthesis and RNA stability. Genes such as PWP2, TLP6, GHS40, ABO6, ATRHY,
EBP2, RACKIB and GHS40, which are involved in “ribosome biogenesis”, were significantly
downregulated in the mkkk!7-1 mutant compared to the wild type (Table 5). These disruptions in
ribosome-related processes could impair cellular function, contributing to the altered stress
response observed in the absence of MAPKKK 7. Moreover, the downregulation of genes involved
in RNA degradation processes further suggests that MAPKKK17 may play a role in maintaining
RNA integrity under ABA stress.

Overall, the GO enrichment analysis highlights the critical role of MAPKKKI7 in regulating
various processes in response to ABA. The upregulation of genes involved in secondary
metabolism and transport, along with the downregulation of genes associated with ribosome
biogenesis and RNA stability, underscores the importance of MAPKKK17 in modulating both
metabolic and fundamental cellular processes during ABA-induced stress responses. These
findings suggest that MAPKKKI7 may contribute to stress resilience by maintaining cellular

homeostasis and supporting adaptive metabolic pathways.
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Table 5. Selected GO Terms from 701 downregulated unique genes of mkkk17-1.

Category GO Terms Genes
KEGG Ribosome PWP2, TLP6, NOP56, AT1G63810, AT2G18900, SWAI,
Pathway biogenesis in AT3G03920, AT3G05060, AT3G12860, AT3G21540,
eukaryotes AT3G23860, NAP57, AT3G57940, AT4G04940,

AT4G22380, AT5G08600, GHS40, AT5G14050, TOZ,
AT5G20160, AT5G22100, AT5G27120, FIB1, AT5G66540

KEGG pathway | RNA degradation | RRP4, PAB4, AT2G25355, HSP60-2, AT3G07750, HSP60,
AT3G46210, mtHsc70-1, ABO6

Biological ribosome ATIG01080, RRP4, NAF1, LIP2, ATIG07070, PWP2,

Process biogenesis AT1G18540, ATIG23280, ATIG29320, AT1G30960,

AT1G31660, ATIG52930, RPL3B, AT1G63810,
AT1G74270, AT2G20450, AT2G25355, AT2G34357,
AT2G40010, AT2G42710, EMB2777, AT2G44120,
AT2G44860, SWAI, AT3G03920, AT3G07750,
AT3G10530, AT3G12930, AT3G18600, AT3G21540,
PMHI/ATRHY, AT3G22660/ EBP2, AT3G23860, RID3,
CP33, RBL, EDA7, NAP57, AT3G57940, AT3G58660,
AT3G62870, AT4G04940, AT4G15770, AT4G22380,
AT4G23540, AT4G25730, AT4G28450, AT5G12220),
AT5G14520, TOZ, AT5G20160, AT5G22100,
AT5G26180, RPL5B, AT5G48240, FIBI, OLI2, RID2,
AT5G61170, AT5G67510, ATIG0O7615, NRPA2, NUC-LI,
NOP56, AT1G69210, ATIG79150, AT3G05060,
AT3G12860, AT3G46210, AT5G08600, AT5G14050,
AT5G15550, AT5G27120, AT5G66540, RACKIB,
AT1G29250, ATIG18850, GHS40

4.2.2. Functional insights from common DEGs in mkkk17-1 and WT Col-

0

To further investigate the functional implications of the overlapping genes expressed in both

mkkk17-1 and WT Col-0 in response to ABA treatment, Gene Ontology (GO) enrichment analysis

was performed on the 2,621 overlapping DEGs. These genes represent a core ABA-responsive

transcriptome that is preserved despite the loss of MAPKKKI7. Among these, 249 genes were

more strongly upregulated (>2-fold), and 139 were more strongly downregulated (>2-fold) in

mkkkl7-1 compared to WT Col-0. This analysis aimed to identify the biological processes and

pathways that are similarly regulated across both genotypes (Figure 15, Figure 16).
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Figure 15. KEGG pathway enrichment from Gene Ontology analysis of overlapping DEGs in

mkkk17-1 and WT Col-0.

KEGG pathway enrichment of overlapping DEGs between mkkk17-1 and WT Col-0 after ABA Treatment.
(A) Pathways enriched among 249 upregulated genes, (B) Pathways enriched among 139 downregulated
genes. Dot size indicates gene count, and colour intensity represents statistical significance (-logio FDR).
Pathways are ranked by fold enrichment.
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Figure 16. Biological Process enrichment from Gene Ontology analysis of overlapping DEGs in

mkkk17-1 and WT Col-0.
Biological Process enrichment of overlapping DEGs between mkkki7-1 and WT Col-0 after ABA

Treatment. (A) Pathways enriched among 249 upregulated genes, (B) Pathways enriched among 139
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downregulated genes. Dot size indicates gene count, and colour intensity represents statistical significance
(-logio FDR). Pathways are ranked by fold enrichment.

The upregulated overlapping genes, that were significantly enriched in metabolic and regulatory
pathways were associated with stress adaptation (Figure 15A, Figure 16A). Key biological

99 ¢6

processes that were enriched in this gene set included the “suberin biosynthetic process,” “negative
regulation of RNA biosynthetic process,” and “secondary metabolic processes.” Specific genes
such as RD20, FAR4, FARS5, CYP86B1, NCED3, and DIN2 showed significant expression and are
known to play important roles in ABA-related stress responses. Notably, suberin biosynthesis was
particularly enriched, with genes including FAR4, FARS5, ABCG6, GPATS5, CYP86B1, and RWPI
playing key roles in ABA signalling and stress tolerance. Additionally, genes associated with
negative regulation of RNA biosynthesis and secondary metabolic processes, including A/7TR3,
AITR4, AITRS5, MYB41, DIN2, ABCG6, GPATS, and CYP86B1, were also differentially expressed
(Table 6). These findings suggest that mkkk17-1 may influence RNA metabolic regulation as part

of the ABA-mediated stress response.

Table 6. Selected GO Terms from 249 upregulated overlapping genes of mkkki7-1

Category GO Terms Genes
KEGG Pathway | Cutin suberine and wax RD20, FAR4, FARS, AT5G08250, CYP86B1,
biosynthesis WPI

KEGG Pathway | Carotenoid biosynthesis CYP707A42, NCED3, CYP707A44
KEGG Pathway | Biosynthesis of various NAS4, DIN2, BGLU7, BGLU24
plant secondary

metabolites
Biological suberin biosynthetic FAR4, FARS5, ABCG6, GPATS5, CYPS6B1,
Process process RWPI
Biological negative regulation of AT3G07255, ROXY2, RAV2, AT3G27250,
Process RNA biosynthetic process | AT3G48510, AITR3, AITR4, AITR5, MYB41
Biological secondary metabolic AT2G44130, FAR4, FARS5, DIN2, SCPL19,
Process process BGLU24, LACS5, LACI12, ABCG6, GPATS,

CYPS86B1, RWPI, FACT, GSTFI2

In contrast, the downregulated overlapping gene set in mkkkl7-1 showed enrichment in pathways
associated with fatty acid elongation and the response to lipid (Figure 15B, Figure 16B). Several
genes, including KCS3, LEA, PYL6, EM1, RASI, 10S1, LTI65, RAP2.6, PP2C5, and AHG1 (Table
7), were significantly involved in these pathways. Many of these genes have previously been

linked to ABA signalling, lipid metabolism, and stress adaptation mechanisms. The
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downregulation of these genes suggests that mkkkl7-1 may exhibit altered lipid and fatty acid

metabolism in response to ABA, potentially affecting stress response mechanisms in this genotype.

Table 7. Selected GO Terms from 139 downregulated overlapping genes of mkkkl7-1.

Category GO Terms Genes
KEGG Pathway Fatty acid KCS3, KCR2, AT5G47330
elongation

Biological Process response to lipid LEA, PYL6, EM1, AT4G39130, RASI, 1051,
GASA3, GASA2, AT4G25580, LTI6S,
AT1G09310, RAP2.6, HVA22B, PP2C5, AHGI

These findings suggest that while mkkkl7-1 shares core ABA-responsive mechanisms with WT
Col-0, it also exhibits distinct modulation of metabolic and lipid-related processes. This differential
regulation may contribute to the altered stress adaptation observed in mkkkl7-1 under ABA

treatment.

4.2.3. Identification of transcription factors regulated by MAPKKKI17 in
ABA signalling

To investigate the potential involvement of transcriptional regulators downstream of MAPKKK17,
Gene Ontology (GO) enrichment analysis was performed on the 1,263 uniquely upregulated genes
in the mkkkl7-1 mutant under ABA treatment. The analysis focused on identifying molecular
functions associated with transcriptional activity. GO molecular function analysis revealed
significant enrichment in categories such as DNA-binding transcription factor activity, sequence-
specific DNA binding, and cis-regulatory region binding (Figure 17), highlighting a potential role
for MAPKKK 17 in modulating transcription factor activity during ABA responses.

The enriched categories included a diverse set of transcription factors, among them SCL3, PHE],
AT1G68360, NF-YA3, bZIP44, LRLI, BLH5, TCP10, AIB, bHLH3S8, AT4G19520, AT4G20970,
WRKY53, AT4G29930, HSF4, MYB73, bZIP7, NF-YA10, NIGI, AT5G50915, SCLS, AGLS,
AGL42, MYB93, ARRII, WRKY70, NAC6, LFY, WIP3, ATIG12890, bZIP58, NAC010, WOX4,
ABFI, DOFI1, ATIG77640, HB17, bZIP48, AT2G22200, WRKY23, AT3G11580, SMZ, NGA2,
NACO75, RRTF1, WRKY48, MYB78, MP, MYB3, NAP, MYB95, AT2G 18490, NAC038, MYB106,
NAC046, MYB67, SPL5, NACO058, MYBS84, AT5G10970, SPL7, MYB37, MYB34, NACI100,
MYB68, and NACI105. The wide representation of transcription factor families such as MYB,
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WRKY, NAC, bZIP, and MADS-box suggests that ABA responses in mkkkl7-1 may involve in
potential coordination of multiple transcriptional networks.

Several of these transcription factors, including LFY, NAP, MYB7S8, FYF, WRKY70, and ABF1,
have previously been implicated in ABA-related signalling pathways. Their presence within the
uniquely upregulated gene set supports the hypothesis that MAPKKK 17 influences ABA signalling
through modulation of transcriptional regulators. Notably, ABFI and WRKY7(0 are known
components of ABA-responsive gene expression, further suggesting that these may act as key

downstream targets of MAPKKK7-mediated signalling.
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Figure 17. Molecular Function enrichment from Gene Ontology analysis of unique upregulated

genes in mkkkl7-1.
Gene Ontology (GO) enrichment of molecular function terms from 1,263 upregulated genes in mkkkl7-1.

Highlighted terms include transcription factor activity and cis-regulatory DNA binding. Dot plots show fold
enrichment, gene counts, and statistical significance (-logioFDR).

These findings collectively suggest that MAPKKK17 affects ABA signalling not only at the level
of metabolic and stress-related genes but also through transcription factors that potentially regulate

broader gene expression programs associated with stress adaptation and hormonal responses.
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4.3.Differential gene expression analysis of mkkkI8-1 in ABA-mediated

regulation

MAPKKK 18 has been reported to be induced by osmotic stress and ABA and act upstream in
MAPK cascades to regulate guard cell signalling and stomatal dynamics (Mitula et al., 2015).
While earlier studies have implicated MAPKKK S in drought tolerance and root development (Li
etal., 2017), its genome-wide transcriptional effects have not yet been systematically characterised
under ABA treatment. To investigate the role of MAPKKKIS8 in ABA-mediated transcriptional
regulation, differential expression analysis was performed. A total of 3,816 genes were
differentially expressed in the mkkkl8-1 mutant following ABA treatment (Table 3). To better
understand genotype-specific transcriptional responses, DEGs from mkkkl8-1 were compared

with those from WT Col-0 (Figure 18).

Figure 18. Genotype-specific and shared
WT Col-0 mkkk18-1 transcriptional responses to ABA in WT Col-0
and mkkk18-1.
The Venn diagram shows unique and overlapping
DEGs between WT Col-0 and mkkki8-1 following

ABA treatment. Genes were classified based on

1443 2579 1237

significant expression changes (log:FC > 1, adjusted p
< 0.05). The diagram highlights 2,579 mkkki§8-1-
specific genes and 1,237 overlapping DEGs.

We identified 1,237 genes that were uniquely differentially expressed in mkkkl8-1, not observed
in WT Col-0, with 593 genes upregulated and 644 downregulated. Additionally, 2,579 genes were
commonly differentially expressed in both genotypes. Within this overlapping gene set, 271 genes
were significantly more upregulated in mkkkl8-1 (=2-fold), while 152 genes were more strongly
downregulated (>2-fold) compared to WT Col-0. These genotype-specific and overlapping DEGs
were subjected to functional annotation and enrichment analysis to uncover distinct biological
roles.

The following sections examine the unique and overlapping gene sets to uncover ABA-specific
signalling pathways modulated by MAPKKK18 and compare them with those regulated by
MAPKKK 17 and other key ABA signalling components.
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4.3.1. Functional characterization of unique DEGs in mkkk18-1

To elucidate the biological processes specifically influenced by MAPKKKIS8, GO and KEGG
enrichment analyses were performed on the 1,237 DEGs unique to mkkkil8-1. These genes
represent pathways that are either selectively activated or repressed in the mutant and not in WT
Col-0 under identical ABA treatment conditions (Figure 19 and Figure 20).
A. Upregulated KEGG Pathways
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Figure 19. KEGG pathway enrichment from Gene Ontology analysis of unique DEGs in mkkk18-

1.
KEGG pathway enrichment of uniquely regulated DEGs in mkkki8-1. (A) Pathways enriched among 593

upregulated genes. (B) Pathways enriched among 644 downregulated genes. Dot size indicates gene count,
and colour intensity represents statistical significance (-logio FDR). Pathways are ranked by fold

enrichment.
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A. Upregulated Biological Process
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Figure 20. Biological Process enrichment from Gene Ontology analysis of unique DEGs in

mkkkl8-1.
Biological Process enrichment of uniquely regulated DEGs in mkkki8-1. (A) Pathways enriched among

593 upregulated genes. (B) Pathways enriched among 644 downregulated genes. Dot size indicates gene
count, and colour intensity represents statistical significance (-logio FDR). Pathways are ranked by fold

enrichment.
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Among the 593 uniquely upregulated genes, significant enrichment was observed in several ABA-

2% <¢

and stress-associated metabolic pathways, including “flavonoid biosynthesis”, “phenylpropanoid
biosynthesis”, “cyanoamino acid metabolism”, “oxylipin biosynthesis”, and “response to jasmonic
acid” (Figure 19A). Many of these enriched pathways were linked to ABA signalling mechanisms.
Several of these genes, including LDOX, CCoAOMTI, DFR, FLS3, and MYBI2, are well-
established participants in secondary metabolism and plant defence. For example, LDOX and
CCoAOMT1I are involved in flavonoid biosynthesis, LOX3 and LOX4 participated in alpha-
“linolenic acid metabolism”, NIT2 contributed to “cyanoamino acid metabolism”, and TPS1, TPPI
are associated with “starch and sucrose metabolism” within the KEGG pathways (Figure 20A).
Top enriched biological processes included oxylipin and flavonoid biosynthesis, as well as
responses to jasmonic acid, with notable representation of genes such as MYB12, LOX3, LOX4,
JAZS, VSP1, and WRKY53 (Table 8). These results suggest that loss of MAPKKK 18 may enhance

ABA-mediated activation of defence-related secondary metabolic pathways.

Table 8. Selected GO Terms from 593 upregulated unique genes of mkkkl8-1.

Category | GO Terms Genes

KEGG Flavonoid LDOX, CCoAOMTI, DFR, FLS3

Pathway biosynthesis

KEGG alpha-Linolenic acid | LOX3, LOX4, JMT, DOXI, AT4G19860

Pathway metabolism

KEGG Cyanoamino acid BGLU40, BGLUG6, NIT2, NIT3, AT3G47040, BGLUI16

Pathway metabolism

KEGG Phenylpropanoid AT2G18150, AT2G35380, AT2G38390, AT2G39420,

Pathway biosynthesis AT2G41480, CCoAOMTI, CADG6, ELI3-2, PRX52,
AT5G15180

KEGG Starch and sucrose BGLUII, APS2, BGLU40, BGLU6, TPS1, SBE2.1,

Pathway metabolism SUS4, AT3G47040, BGLU16, ISA3, TPPI

Biological | oxylipin LOX3, JMT, LOX4, MES3, DOX1

process biosynthetic process

Biological | flavonoid DFR, ATSMAT, MYB12, AT4G14090, LDOX, FLS3,

process biosynthetic process | CYP711A1

Biological | response to JAZS5, OBP2, LOX3, NATAI, JRI, FAMT, YLS2,

process jasmonic acid AT3G51450, LDOX, VSP1, PROPEPI, JRG21,
AT5G05600, ESP, WRKY53, RGLG3, VSP2

In contrast, GO and KEGG analysis of the 644 uniquely downregulated genes in mkkkl§-1

revealed enrichment for pathways and processes involved in “ribosome biogenesis”, “RNA
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metabolism”, “RNA modification”, “ribonucleoprotein complex biogenesis” and “positive
regulation of organ growth” (Figure 19B and Figure 20B).

Key downregulated genes such as ARL, ARGOS, and CYP78A45 have been implicated in growth
regulation, while others including SLO2, AHG11, ABOS, and PSRP2, are known to participate in
ABA-related RNA processing and signalling mechanisms (Table 9). These findings imply that
MAPKKK 18 may play a role in sustaining essential growth and RNA metabolic functions during
ABA responses, and its disruption may lead to growth repression and altered gene regulation at

the post-transcriptional level.

Table 9. Selected GO Terms from 644 downregulated unique genes of mkkki1§-1

Category GO Terms Genes
KEGG Ribosome AT1G26530, NOP56, AT2G18900, SDN1, AT3G57940,
Pathway biogenesis in AT4G04940, AT4G22380, AT5G08600, AT5G20160,
eukaryotes AT5G22100, AT5G27120
Biological positive ARL, ARGOS, CYP7845
process regulation of
organ growth
Biological RNA AT1G03510, pdel94, OTPS87, ATIG77010, SLO2,
process modification AT2G27610, AT2G33760, AT2G37320, AT2G40720,

AHGI11, AT3G03580, AT3G13770, AT3G21470,
AT3G47840, AT3G57940, AT4G19191, AT4G40000,
IPTY, AT5G27110, AT5G52850, TRMS2,
AT4G11690/ABOS, DOT4

Biological ribonucleoprotein | LIP2, ATIG30960, ATIG31660, ATIG52930, UGE3,
process complex AT2G25355, AT3G07750, AT3G12930, RID3, PSRP2,
biogenesis CP33, RBL, AT3G57940, AT4G04940, AT4G15770,

AT4G22380, AT4G30330, AT5G20160, AT5G22100,
rpl22, ATIG26530, NOP56, ATIG79150, EIF3G2,
AT5G08600, AT5G27120, ATIG29250, ATIG18850

These results demonstrate that MAPKKKI8 modulates a broad range of ABA-responsive gene
expression, encompassing metabolic, stress-related, and developmental pathways. This distinct
transcriptional landscape sets the stage for further investigation into overlapping and unique targets

of other MAPKKKSs in ABA signalling.
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4.3.2. Functional insights from common DEGs in mkkk18-1 and WT Col-
0

To gain insight into the broader transcriptional programs affected by MAPKKK18 during ABA
responses, 2579 DEGs overlapped between mkkki8-1, and WT Col-0 were examined. These
common genes represent a core ABA-responsive transcriptome, with a subset showing genotype-
specific expression magnitudes. Analyses were focused on the 271 genes that were more highly
upregulated (>2-fold) and the 152 genes that were more strongly downregulated (>2-fold) in
mkkkl8-1 relative to WT Col-0. GO and KEGG pathway enrichment analyses were performed
separately on these gene subsets to determine functional differences in ABA responsiveness

between the two genotypes (Figure 21 and Figure 22).

A. Upregulated KEGG Pathways
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Figure 21. KEGG pathway enrichment from Gene Ontology analysis of overlapping DEGs in

mkkkl8-1 and WT Col-0.
KEGG pathway enrichment of overlapping DEGs between mkkk17-1 and WT Col-0 after ABA Treatment.

(A) Pathways enriched among 271 upregulated genes, (B) Pathways enriched among 152 downregulated
genes. Dot size indicates gene count, and colour intensity represents statistical significance (-logio FDR).
Pathways are ranked by fold enrichment.
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A. Upregulated Biological Process
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Figure 22. Biological Process enrichment from Gene Ontology analysis of overlapping DEGs in

mkkkl8-1 and WT Col-0.
Biological Process enrichment of overlapping DEGs between mkkkl8-1 and WT Col-0 after ABA

Treatment. (A) Pathways enriched among 271 upregulated genes, (B) Pathways enriched among 152
downregulated genes. Dot size indicates gene count, and colour intensity represents statistical significance
(-logio FDR). Pathways are ranked by fold enrichment.
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Among the 271 genes that were upregulated, significant enrichment was observed for pathways
related to “cutin, suberin, and wax biosynthesis”, “phenylpropanoid metabolism”, and “responses
to jasmonic acid and wounding” (Figure 21A and Figure 22A). Genes such as RD20, FAR4, FARS,
RWPI, and CYP86BI were enriched in “cuticle-related biosynthetic processes”, highlighting an
enhanced protective response under ABA treatment in mkkkl8-1. Similarly, genes including
SPTASEII, LOX2, FAR4, FARS, and CYP94B3, were enriched in the biological processes related
to “jasmonate signalling” and mechanical stress responses (Table 10). The overrepresentation of
these stress-responsive pathways suggests that MAPKKKI8 may act as a modulator of
transcriptional intensity, fine-tuning the amplitude of ABA-induced defence and cuticle associated

responsces.

Table 10. Selected GO Terms from 271 upregulated overlapping genes of mkkki8-1

Category GO Terms Genes
KEGG Cutin suberine RD20, FAR4, FARS, AT5G08250, CYP86B1, RWP1
Pathway and wax

biosynthesis
Biological phenylpropanoid FAR4, FARS, ELI3-1, LACS5, LACI12, LACI13, ABCG6,
process metabolic process | CYP86BI, RWPI
Biological response to SPTASEILI, MDHAR, LOX2, TPS03, CORI3, UF3GT,
process jasmonic acid SBT4.12, TPS04, PAP1/IAA26
Biological response to AT5G43570, TPS04, FARS, LOX2, CYP94B3, TPS03,
process wounding MYB102, CORI3, FAR4

In contrast, the 152 genes more strongly (>2 fold) downregulated in mkkkl8-1 compared to WT
Col-0 were significantly enriched for functions associated with “auxin metabolism”, “secondary
metabolite biosynthesis”, and “auxin signalling and transport” (Figure 21B and Figure 22B).
Downregulation of genes such as ACS7, CYP70743, TYRDC, and PORA indicates potential
interference in hormone crosstalk mechanisms. Several auxin-responsive genes, including
SAURS54, SAURIY, and 14419, were significantly repressed in mkkkl8-1 relative to WT Col-O0,
pointing to a potential negative interaction between ABA signalling and auxin-mediated growth
responses in the absence of MAPKKK 18 function (Table 11). This may reflect a broader hormonal

reprogramming, where MAPKKK 8 contributes to balancing growth and stress responses during

ABA exposure.
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Table 11. Selected GO Terms from 152 downregulated overlapping genes of mkkki§-1

Category GO Terms Genes

KEGG Biosynthesis of GA20X6, KCS3, KCR2, CCOAMT, ALDI, AT2G29370),

Pathway secondary AGT3, PRXCA, AT4G17690, ACS7, TYRDC, PAS?2,

metabolites AT5G19890, AT5G39580, CYP707A3, PORA

Biological auxin transport AT1G29430, AT3G27025, AT5G65980, RGF6, SAURI9

process

Biological response to auxin | ATIG19830/SAURS4, ATIG29420, AT1G29430,

process AT1G29490, SAUR29, IAA19, AT4G12410,
AT4G38825, SAURIS, SAURIY9, SAUR20, AT5G65980,
AT3G60650, RGF6, BT1

Collectively, these findings suggest that MAPKKK 8 contributes to ABA-specific signalling while
modulating the amplitude and polarity of cross-hormonal transcriptional responses, particularly
involving jasmonate and auxin pathways. These observations provide a foundation for further
dissecting downstream effectors of MAPKKK S8, particularly transcription factors and interacting

signalling modules.

4.4. Distinct and shared transcriptional roles of MAPKKKI7 and
MAPKKKIS8 in ABA response

Despite previous evidence linking these two homologous MAPKKK 17 and MAPKKKI8 to ABA
signalling and drought responses, the extent to which their transcriptional outputs overlap or
diverge remains unclear. To address this, we directly compared the transcriptomic profiles of
mkkkl17-1 and mkkkI8-1 mutants to WT Col-0 under ABA treatment. A total of 706 genes were
uniquely differentially expressed in mkkkl7-1, while 680 were unique to mkkkl8-1. In addition,
557 DEGs were commonly expressed in both mutants but not in WT Col-0 (Figure 23). These
results highlight a dual landscape of MAPKKK-mediated gene regulation, involving both unique

and overlapping sets of ABA-responsive genes.
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Figure 23. Genotype-specific and common

WT Col-0 mkkk177  transcriptional responses in WT Col-0,

470 mkkkl7-1, and mkkki18-1.

973 706 The Venn diagram shows unique and

overlapping DEGs in WT Col-0, mkkki7-1, and

2151 mkkk18-1 following ABA treatment. Genes

were classified based on significant expression

428 557 changes (log2FC > 1, adjusted p < 0.05).

680
mkkk18-1

To further dissect the nature of this overlap, Rank-Rank Hypergeometric Overlap (RRHO) analysis
was performed (Figure 10). The result suggests that MAPKKK17 and MAPKKK 18 co-regulate a
substantial portion of ABA-responsive transcriptional activity. These data suggest a model in
which MAPKKK 17 and MAPKKK 8 function partially redundantly yet also retain distinct roles in
mediating specific gene networks within the ABA signalling framework. To further explore this,

both unique and overlapping gene expression programs and their biological significance.

4.4.1. Functional analysis of unique DEGs in mkkk17-1 and mkkk18-1

To investigate the unique biological roles of MAPKKK17 and MAPKKK18, the DEGs specific to
each mutant were functionally categorized. In mkkk17-1, the GO enrichment analysis revealed a
strong enrichment for RNA metabolism-related processes, including “ribosome biogenesis”,
“RNA processing”, “RNA modification”, and general “RNA metabolic activity” (Figure 24).
These processes were represented by a group of genes such as PWP2, PMHI, EBP2, RACKIB,
GHS40, and MORF'8, many of which have known or predicted roles in ABA-mediated responses
(Table 12). This strong transcriptional signature suggests that MAPKKK17 may regulate ABA

responses by modulating RN A maturation and translation.
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Figure 24. Biological Process enrichment from Gene Ontology analysis of mkkkl7-1 specific

DEGs following ABA treatment.

Biological Process enrichment of uniquely regulated 706 DEGs in mkkkl17-1 specific DEGs, not present in
WT Col-0 and mkkkiI8-1. Dot size indicates gene count, and colour intensity represents statistical

significance (-logio FDR). Pathways are ranked by fold enrichment.

Table 12. Selected Biological Process from 706 unique DEGs of mkkk17-1.

Biological process | Genes

ribosome biogenesis | ATIG01080, RRP4, NAF1, ATIG07070, PWP2, ATIG18540,
ATI1G23280, ATIG29320, RPL3B, ATIG63810, ATIG74270,
AT2G20450, AT2G34357, AT2G40010, AT2G42710, EMB2777,
AT2G44120, AT2G44860, SWAI, AT3G03920, AT3G10530,
AT3G18600, AT3G21540, PMHI, AT3G22660/EBP2, AT3G23860,
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RACKIB, AT5G11240/ GHS40

EDA7, NAP57, AT3G58660, AT3G62870, AT4G23540, AT4G25730,
AT4G28450, AT5G12220, AT5G14520, TOZ, AT5G26180, RPL5B,
AT5G48240, FIB1, OLI2, RID2, AT5G61170, AT5G67510,
AT1GO07615, NRPA2, NUC-LI1, AT1G69210, AT3G05060,
AT3G12860, AT3G46210, AT5G14050, AT5G15550, AT5G66540,

RNA modification | AT1G31790, PGN, MORF6, AT3G03920, MORFS8/ RIP1, AT3G28660,
AT3G47530, NAP57, AT4G04670, MORF1, AT4G25730, AT4G27340,
AT5G16860, AT5G26180, AGL26, MORF4, FIBI, OLI2, RID2,
AT5G66500, NAF1, AT3G27180, AT1G64310, GR-RBP3

In contrast, the 680 DEGs unique to mkkkl8-1 were enriched in biological processes linked to

growth and developmental regulation, including “positive regulation of organ growth”, “cell

population proliferation”, and “response to hypoxia” (Figure 25). Notable genes in these categories
included ARL, ARGOS, CYP78A45, RGF3, and SDD1, which are associated with cell expansion,
proliferation, and stomatal development (Table 13). These results imply that MAPKKKIS

coordinate ABA-dependent developmental response as compared to MAPKKK7.

mkkk18—1 Specific Biological Process

positive regulation of organ growth *| nGenes

regulation of cell population proliferation {-® s
L]

cell population proliferation
cellular response to hypoxia {—— *
cellular response to decreased oxygen levels - ® 10

response to hypoxia 16

response to decreased oxygen levels

17

0 20
Fold Enrichment

[ ]
1.45 1.50
-log10(FDR)

Figure 25. Biological  Process
enrichment from Gene Ontology
analysis of mkkkl8-1 specific DEGs
following ABA treatment.

Biological Process enrichment of
uniquely regulated 680 DEGs in
mkkk18-1 specific DEGs, not present in
WT Col-0 and mkkki7-1. Dot size
indicates gene count, and colour
intensity represents statistical
significance (-logio FDR). Pathways are
ranked by fold enrichment.

Table 13. Selected Biological Process from 680 unique DEGs of mkkki8-1.

Biological Process Genes

positive regulation of ARL, ARGOS, CYP7845
organ growth

population proliferation SMP1, ARGOS

regulation of cell RGF3, RTFL3, RTFL19, RTFL13, RTFL1S, SDDI, CYP7845,
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In summary, this analysis suggests that MAPKKK17 and MAPKKK18 independently orchestrate
distinct transcriptional responses under ABA treatment, reflecting their non-overlapping roles in

targeting different layers of stress and growth regulation.

4.4.2. Shared transcription profile suggests redundant regulatory roles

for MAPKKK17/18

To explore the redundancy between MAPKKK17 and MAPKKK1S8, GO enrichment analysis was
performed on the 557 DEGs overlapping between the two mutants but not present in WT Col-0
following ABA treatment (Figure 23). This analysis sheds light on both common downstream
targets and diverging regulatory roles. This analysis revealed enrichment in diverse biological
processes, including “transmembrane transport”, “response to fatty acid”, “pigment biosynthesis”,
“ribosome biogenesis”, and “jasmonic acid signalling” (Figure 26). These processes involved
genes linked to “pigment biosynthesis” (e.g., LDOX, CHLI2), “jasmonic acid signalling” (LOX3,
WRKYS53), and “membrane transport” (NHX6, ABCC4, ZIP1, STP4, SULTR3;1), reflecting

convergence on core stress-responsive pathways (Table 14).

Redundant Biological Process Figure 26. Biological Process enrichment
pigment biosynthetic process {8 cumes ffom Gene Ontology analysis of
response to jasmonic acid :
response to fatty acid : , overlapping DEGs between mkkkl7-1 and
detoxification ® 17 mkkkl18-1 but not WT Col-0

ribosome biogenesis Biological P ich t of 1 .
response to toxic substance {- . @ 18 10logica rocess enrichment o1 overlapping
ribonucleoprotein complex biogenesis { - @ = DEGs between mkkkl7-1 and mkkk18-], but

transmembrane transport =]

°
[ J
®
° ) )
response to chemical [ ) @ » notin WT Col-0 after ABA Treatment. Dot size
0
Fold Enrichment .

indicates gene count, and colour intensity
— represents statistical significance (-logio FDR).
“-log10(FDR) Pathways are ranked by fold enrichment.

The functional enrichment among these overlapping DEGs suggests a core subset of ABA-
responsive genes that are redundantly regulated by both MAPKKK17 and MAPKKKI8. The joint
regulation of jasmonate-responsive genes and membrane transporters highlights the potential for
these kinases to coordinate adaptive responses that intersect hormone crosstalk and metabolic

reprogramming.
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Table 14. Selected GO Terms from 557 overlapping DEGs in mkkk17-1 and mkkkl18-1
Biological Process | Genes
pigment biosynthetic | UPM1, DFR, CHLI2, ATSMAT, HEME2, GSA2, AT4G14090, LDOX,

process FLS3, LIL3:1, CYP711A1

response to jasmonic | BOP1, AT4G26120, LOX3, NATAIl, AT3G15356, JRI, IAA7, YLS2,

acid LDOX, PROPEPI, JRG21, AT5G05600, ESP, WRKY53, RGLG3,
VSP2

response to fatty BOPI, AT4G26120, LOX3, NATAI, AT3G15356, JRI, IAA7, YLS2,

acid LDOX, PROPEPI, JRG21, AT5G05600, ESP, WRKY53, RGLG3,
VSP2

transmembrane NHX6, ABCC4, AT3G03700, AT3G09450, ZIP1, AMTI,3, AHA4,

transport ARI192, HA3, EMB3144, UMAMIT25, NATS, UMAMIT19,

AT1G33440, UMAMIT36, WAT1, DTX1, AT2G04080, AT2G34350,
NIP2;1, AT2G37900, AT2G44280, MHX, MEEG67, STP4, ABCAS,
GTRI, SULTR3;1, AT3G53940, ACA12, ALMTI12, KT2/3, AT4G23030,
ABCG4, AT5G01990, UMAMITY, ZIFL1, ABCI11, YSL2, AT5G38030,
UMAMIT42, CNGC4, HP22, AT5G55950, ATIG53110

These findings support a model in which MAPKKK17 and MAPKKK]18 act both independently
and cooperatively to fine-tune gene expression in response to ABA. MAPKKKI7 mainly
influences RNA processing and ribosome biogenesis, while MAPKKK18 governs developmental
and proliferative signals. However, their overlapping regulation of key stress-responsive pathways
highlights a layered MAPKKK interact strategy that integrates specificity with robustness in

hormone signalling.

4.5. Transcriptional crosstalk between ABA and Auxin via ABII and
MAPKKKI1S8

Hormonal crosstalk between ABA and auxin is a well-established mechanism that coordinates
plant growth and stress responses. While ABA primarily mediates adaptive responses to abiotic
stress, auxin governs developmental processes such as cell division, elongation, and
differentiation. Under stress conditions, ABA often acts antagonistically to auxin, repressing
growth to prioritize survival. Despite the recognition of this antagonism, the transcriptional
mechanisms and signalling components mediating this interplay remain incompletely understood.
To explore the ABA-auxin interface at the transcriptomic level, we focused on two key signalling
regulators: the clade A protein phosphatase ABI1, a core negative regulator of ABA signalling,
and MAPKKK 138, a stress-responsive kinase implicated in both ABA and developmental pathways.
Using RNA-seq data from ABA-treated abiltd and mkkkl§-1 mutants, we examined changes in
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the expression of auxin-related genes. In earlier analyses (Section 5.3.2), the enrichment of auxin-
related biological processes among downregulated genes in the mkkkl8-1 mutant suggested a
possible regulatory link between MAPKKK 8 and auxin signalling. Given the known antagonistic
relationship between ABA and auxin, particularly during stress adaptation, we hypothesized that

ABII might similarly participate in repressing auxin-responsive gene networks under ABA

treatment.
Figure 27. Genotype-specific and common
WT Col-0 abiztg  transcriptional responses in WT Col-0 and
abiltd.
The Venn diagram shows unique and overlapping
DEGs in WT Col-0 and abildt following ABA
834 3188 2071

treatment. Genes were classified based on significant
expression changes (logFC > 1, adjusted p < 0.05).

To test it further, results of transcriptional profiles from RNA-seq analysis on abiltd and WT Col-
0 seedlings treated with ABA were compared. As mentioned earlier in the section 5.1.3, a total of
5259 DEGs were identified in abiltd, while 4022 DEGs were detected in WT Col-0. Of these,
3188 DEGs overlapped between the two genotypes (Figure 27), representing a core set of ABA-
responsive genes. Within this overlapped gene set, 260 genes were more highly upregulated (>2-
fold) in abiltd, and 164 genes were more strongly downregulated (>2-fold) in abiltd than in WT
Col-0. These 164 downregulated genes were selected for further functional characterization to
determine their involvement in auxin-related processes.

Gene Ontology (GO) enrichment analysis of this downregulated subset revealed a significant

99 ¢

overrepresentation of auxin-related biological processes, including “response to auxin,” “cellular
response to auxin stimulus,” and “auxin-activated signalling pathway” (Figure 28). The genes
contributing to these enrichments included several Small Auxin Up RNA (SAUR) family
members, such as SAURI9, SAUR22, SAURG61, SAURG63, and SAUR29, as well as known auxin-
responsive transcription factors /4419, and 14429, and the auxin transporter gene PINS. [AA19

and /AA29 are particularly noteworthy because of their previously reported roles in ABA-related
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responses and leaf senescence, suggesting a possible functional convergence between ABA and

auxin regulatory modules.

Downregulated Biological Process Figure 28. Biological Process enrichment

auxin-activated signaling pathway nGenes from Gene Ontology analysis of
cellular response to auxin stimulus i

response to auxin : 20 Overlapping DEGs in abiltd and WT Col-0.

regulation of growth ® 22 . . .
hormone-mediated signaling pathway °® e » DBiological Process enrichment of 164
cellular response to hormone stimulus [ J @ = downregulated genes (>2-f01d) in abiltd

response to hormone -] ® =
response to endogenous stimulus compared to WT Col-0 following ABA

response to organic substance - @-n @« ) o
responsetochemical | @ | @ treatment. Dot size indicates gene count, and
0 10

Fold Enrichment colour intensity  represents  statistical
significance (-logio FDR). Pathways are ranked
by fold enrichment.

1000 12,5 15.0
-log10(FDR)

This pattern suggests that ABI/ may help redirect transcriptional programs away from growth-
promoting pathways like auxin signalling and toward stress-responsive gene expression,
reinforcing its role in adaptive stress responses. When considered alongside the GO term
enrichments observed in mkkkl8-1 (Section 5.3.2), these findings suggest that both AB// and
MAPKKK 18 suppress auxin-related gene expression as part of the ABA response.

4.6. Role of ubiquitin-proteasome system components in ABA-dependent

transcription and development

Given the post-translational regulation of MAPKKK18 by the ubiquitin-proteasome system (UPS)
(Mitula; Tajdel-Zielinska et al.), the extensive RNA-seq analysis presents an opportunity to
investigate whether UPS-related genes show altered transcriptional profiles, particularly in mkkk17
or mkkk18 mutants in response to ABA treatment.

We systematically screened ABA-responsive DEGs annotated as UPS components, focusing on
E3 ubiquitin ligases due to their substrate specificity in ubiquitination cascades. Across all
genotypes, numerous genes encoding proteins with predicted ubiquitin—protein transferase activity
were differentially expressed following ABA exposure, including members of the UBC (E2
conjugating enzyme) family, RING- and HECT-type E3 ligases, and several plant U-box (PUB)
proteins (Table 15). While WT Col-0 plants displayed a broad but largely non-significant
transcriptional response of these genes to ABA, the abiltd, mkkkl7-1, and mkkk18-1 backgrounds

90

90:9667493366



showed more extensive and statistically significant changes, suggesting an enhanced

transcriptional engagement of the UPS under perturbed ABA signalling.

Table 15. List of Differentially expressed genes with ubiquitin—protein transferase activity
Genotype ABA-responsive ubiquitin-protein transferase genes

WT Col-0 | AT3G19950, UBC19, AT3G24760, AT3G30460, UBCI13, RDUF1, AT3G47550,
AT3G48070, AT3G54360, AT3G55070, AT3G60080, AT4G00305, RHAIA,
RHFI1A, AT4G19670, AIRP1, RIN2, UBCY, AT4G31450, MBR2, AT4G37880,
LULI, AT5G09630, AT5G10650, AT5G15820, RBX1, RHF2A4, PEX4, UBC4,
AT5G41350, AT5G41400, UBCI18, BRGI, UBC33, UBC27, UBC30, ATCRTI,
UBC7, RDUF2, AT5G62460, UBC3, AT5G62800, PUBIS, SKP24, PUB4S5,
AT1G61620, DALI, ATIG78420, AT2G24330, UBAI, DRIP2, RHCIA, RFI2,
RGLGI, AT3G05545, PUBY, PUB25 AT3G29270, AT3G56580, ATLA4,
AT4G22820, AT4G28370, AT4G28890, XBAT33, RGLG2, AT5G42200,
AT5G49665, XBAT32, AT5G66070, PUB54, PUBI1Y, PUB43, AT3G10815,
AT4G23860, AT5G09800, AT5G65920, AT5G67340, RHA3B, AT3G19910
abiltd ATIG10650, ATIGI13195, ATIGI14200, UBCI, RHA24, UBC36, UBC34,
ATIG18660, ATI1G24440, ATIG26800, UPL3, NHLS, ATIG32740,
AT1G33480, ATUBC2-1, SBP1, ATIG47570, ATIG53025, ATIG53190, HUB2,
UPLI, ATIG60610, UBC5, ATIG63840, UBC2S, HrdIB, ARIS, ATIG71980,
ATI1G74770, ATIG75340, UBCI16, UBC35, BRG2, AT2G01275, AT2G02960),
VSR4, VSR3, MBRI, UBC29, UBC23, RKP, AT2G22690, AT2G23780, VSR2,
ARI7, AT2G37150, RHC2A4, AT2G42030, BRIZI, AT2G44410, UBCS,
AT3G02290, AT3G02340, CHIP, UBCI11, LOG2, SAPS5, AT3G13430, FUSY,
AT3G15070, UBC25, HrdlA, UBC32, UPL6, BTS, AT3G19950, UBCIY,
AT3G24760, PRTI, AT3G45630, UBC13, RDUFI1, AT3G47160, AT3G47550,
AT3G48070, VSRI, UPL7, LUL2, AT3G54360, AT3G55070, AT3G58030,
SINAT2, AT3G58720, AT3G60080, AT3G61790, AT3G62240, AT4G00305,
PIT1, ORTHL, RHAIA, UPL5, RHFI1A, AT4G17410, AT4G19670, RING, VSR7,
AIRPI, RIN2, RMA3, AT4G27880, UBCY, AT4G31450, MBR2, ARII,
AT4G37880, KAK, AT5G01960, PRT6, UPL4, LULI, UBC22, AT5G09630,
AT5G10650, AT5G15710, AT5G15820, RBXI, RHF2A, AT5G24870, PEX4,
AT5G38070, AT5G38895, UBC4, AT5G41350, AT5G42940, UBCIS, BRG],
AT5G47050, AT5G47430, UBC33, UBC27, UBCI10, UBC30, ATCRTI, UBC?7,
AT5G60170, AT5G60820, AT5G62460, UBC3, AT5G62800, CUL4, PUBIS,
SKP2A4, PUB45, PUBI17, AT1G61620, DALI, ATIG78420, TED3, WAVHI,
PUB4, AT2G24330, PEXI10, UBAI, DRIP2, RHCIA, RFI2, RGLGI,
AT3G05545, AT3G06330, PUBY, PUB24, XBAT35, AT3G29270, PUBI3, SIS3,
PUBI4, SDIRI, AT3G56580, ATL4, AT4G22820, AT4G28370, AT4G28890,
AT4G31080, XBAT33, RGLG2, AT5G18340, AT5G42200, AT5G49665,
XBAT32, RGLG3, AT5G66070, PUB54, AT1G24330, SPL2, PUB19, CMPGI,
ATI1G72175, PUB43, AT2G45920, APCIlI, AT3G10815 AT3G49060,
AT4G23860, SAUR21, AT5G05230, AT5G57035, AT5G65920, AT5G67340,
NLA, RHA3B, AT2G20650, AT3G19910, VFB2, SKIP2, CERY
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mkkkl7-1

AT1GI13195, UBCI, UBC36, UBC34, ATIG17970, ATIG18660, AT1G24440,
AT1G26800, NHLS, AT1G32740, AT1G33480, SBP1, AT1G53025, UPLI,
ATI1G60610, ATIG63840, HrdlB, ARIS, ATIG71980, ATIG73760, UBCI6,
UBC35, AT2G01275, AT2G02960, VSR4, VSR3, MBRI, RKP, AT2G22690),
AT2G23780, VSR2, ARI7, AT2G37150, RHC24, AT2G44410, UBCEG,
AT3G02290, CHIP, UBCIlI, LOG2, SAP5, HrdlA, UBC32, UPL6, BTS,
AT3G19950, AT3G24760, PRTI, UBCI13, RDUFI, AT3G47550, AT3G48070,
VSRI, UPL7, LUL2, AT3G54360, AT3G55070, AT3G60080, AT4G00305, PIT1,
RHAIA, AT4G17410, AT4G19670, RING, AIRPI, RIN2, AT4G31450, MBR2,
ARII, AT4G35070, AT4G37880, AT5G01960, PRT6, UPL4, LULI, UBC22,
AT5G10650, AT5G15710, RBXI1, RHF2A, AT5G24870, PEX4, AT5G38070,
AT5G38895, UBC4, AT5G41350, AT5G42940, UBCI18, BRGI, AT5G47430,
UBC33, UBC27, UBCI10, UBC30, ATCRTI, UBC7, RDUF2, AT5G62460),
UBC3, AT5G62800, TIRI, PUBIS, SKP2A4A, PUB45, AT1G61620, DALI,
AT1G78420, WAVHI, PEXI0, UBAI, DRIP2, RHCIA, RFI2, RGLGI,
AT3G05545, AT3G06330, PUBY, PUB25, XBAT35, AT3G29270, SIS3, SDIRI,
AT3G56580, AT4G22820, AT4G28370, XBAT33, RGLG2, AT5G42200,
AT5G49665, XBAT32, RGLG3, AT5G66070, AT1G24330, PUBI9, PUB43,
AT3G10815, AT5G05230, AT5G11620, AT5G67340, NLA, RHA3B,
AT3G19910, VFB2, SKIP2

mkkkl18-1

AT1GI13195, UBCI, RHA2A4, UBC36, UBC34, NHLS, AT1G32740, ATI1G33480,
ATUBC2-1, SBPI, UPLI, ATIG60610, AT1G63840, UBC28, HrdlB, ARIS,
UPL2, ATI1G73760, AT1G75340, BRG2, AT2G01275, AT2G02960, VSRA4,
VSR3, MBRI, UBC29, AT2G22690, VSR2, ARI7, AT2G37150, UBCS,
AT3G02290, UBCI11, LOG2, UBC32, AT3G19950, AT3G24760, AT3G30460,
UBC13, RDUFI1, AT3G47180, AT3G47550, AT3G48070, VSRI, AT3G54360,
AT3G55070, AT3G58720, AT3G60080, AT4G00305, ORTHL, RHFIA,
AT4G19670, VSR7, AIRPI, RIN2, UBCY, AT4G31450, MBR2, UPLA4,
AT5G10650, RHF2A4, AT5G24870, PEX4, AT5G38895, UBC4, AT5G41350,
UBC1S8, BRGI, UBC33, UBCI0, UBC30, ATCRTI, AT5G62460, UBCS3,
AT5G62800, PUBIS, SKP24, PUB45, ATIG61620, ATIG78420, RGLGY,
WAVHI, UBAI, RHCIA, RFI2, RGLGI, PUBY, XBAT35, AT3G29270,
AT3G56580, AT4G22820, AT4G28370, AT4G28890, XBAT33, RGLG2,
AT5G42200, AT5G49665, XBAT32, RGLG3, AT1G24330, PUB19, ATIG60360,
PUB43, AT2G45920, AT3G10815, AT5G05230, AT5G11620, AT5G57035,
AT5G67340, RHA3B, AT3G19910, VFB2

We identified

several DEGs show ubiquitin—protein transferase activity and UPS related

transcripts (see Table 15) that may be involved in the regulation of the ABA signalling pathway,

including potential regulators of MAPKKK17/18 protein turnover.
In the context of ABA signalling, the UPS not only regulates the stability of MAPKKK17/18 but

also modulates other core components such as AB// and SnRK2 kinases. E3 ligases like KEG,

RGLG1/2, and UPLs have been shown to fine-tune ABA sensitivity by targeting these proteins for
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degradation, thereby ensuring dynamic adjustment of signalling strength (Yu et al., 2021). Such
regulation illustrates the multilayered control observed in MAPK cascades, reinforcing the role of
the UPS as an integral component of ABA-responsive networks

Furthermore, we focused on the UPL (Ubiquitin Protein Ligase) family of E3 ligases, as previous
studies have shown that UPLI and UPL4 participate in the degradation of MAPKKK18 (Tajdel-
Zielinska et al., 2024).

MAPKKKS8 is known to play a role in stress responses and developmental events such as stomatal
formation. Recent proteomic studies have further illuminated its post-translational regulation.
Mass spectrometry analysis of MAPKKKI8 immunoprecipitates revealed several UPLs as
potential interacting partners. Notably, both HECT-type ligases (UPLI and UPL4) and the RING-
type ligase KEG were identified as regulators of MAPKKK 8§ stability through ubiquitin-mediated
proteasomal degradation (Tajdel-Zielinska et al., 2024). Therefore, it was explored whether these
or related UPL ligases also contribute to ABA-dependent transcriptional regulation and
developmental processes.

Previous studies showed that UPL3 is involved in trichome morphology and is necessary to repress
excess branching and endoreplication of Arabidopsis trichomes (Downes et al., 2003). Among
UPL family members, UPL4 and UPL6 are structurally related to UPL3 and share features such
as Armadillo repeat motifs and a HECT domain, suggesting roles in substrate recognition and
ubiquitin transfer. While UPL3 has been implicated in developmental regulation, the specific roles
of UPL4 and UPL6 in ABA signalling and stomatal development remain poorly understood.

To gain insight into the transcriptional and physiological roles of UPL4 and UPL6 in ABA
responses, we analysed gene expression profiles, root growth phenotypes, and stomatal patterning

in upl4 and upl6 T-DNA insertion mutants.

4.6.1. Expression of UPL4 and UPL6 is ABA-responsive and genotype-
dependent

To investigate the role of post-translational regulation in ABA signalling, we explored the function
of two HECT-type E3 ligases, UPL4 and UPL6, which are hypothesized to modulate MAPK
pathway components via targeted protein degradation.

To determine whether UPLs are transcriptionally regulated by ABA , transcript abundance of seven

UPL genes between ABA-treated and mock-treated samples across WT Col-0 and three ABA-
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pathway mutants (abiltd, mkkkl7-1, and mkkklS8-1) were compared (Table 16). In WT Col-0, all
UPL genes showed fold changes close to 1 and no statistically significant differences (adjusted p
> 0.65), indicating that under our treatment conditions, ABA does not substantially alter UPL
expression in the WT Col-0.

In contrast, multiple UPL genes exhibited significant induction in the mutants, particularly in
abiltd and mkkk17-1. Among them, UPL4 and UPLG6 displayed consistent and robust upregulation
across abiltd (fold change 1.60 and 1.43 respectively) and mkkk17-1 (1.37 and 1.28 respectively).
UPL4 also remained significantly induced in mkkkI8-1 (1.30), whereas UPL6 showed a smaller,
non-significant change (1.18) in this genotype.

Other UPLs, including UPLI, UPL3, and UPLS5, were significantly upregulated in specific
mutants, but their induction was less consistent across all three genotypes. For example, UPLI was
strongly induced in abiltd and mkkki8-1 but showed a smaller effect in mkkk17-1; UPL5 was
significantly induced only in abiltd. UPL2 and UPL7 displayed modest fold changes, with
statistical significance limited to one or two mutants.

Taken together, the expression profiles highlight UPL4 and UPL6 as the most consistently and
significantly ABA-responsive UPL ligases in ABA-pathway mutant backgrounds, suggesting a

possible common role in the transcriptional response associated with altered ABA signalling.

Table 16. Differential expression of UPL Ligases in response to ABA treatment

Ligase Genotype Comparison Fold change adj p.value
UPL1 WT Col-0 ABA vs Mock 0.97 0.938
abiltd ABA vs Mock 1.75 4.14E-06
mkkk17-1 ABA vs Mock 1.36 0.000381
mkkkl18-1 ABA vs Mock 1.64 0.000624
UPL2 WT Col-0 ABA vs Mock 0.93 0.821
abiltd ABA vs Mock 1.45 0.064
mkkk17-1 ABA vs Mock 1.11 0.323
mkkk18-1 ABA vs Mock 1.38 0.011
UPL3 WT Col-0 ABA vs Mock 0.94 0.831
abiltd ABA vs Mock 1.38 0.000741
mkkk17-1 ABA vs Mock 1.16 0.051
mkkkl18-1 ABA vs Mock 1.21 0.059
UPL4 WT Col-0 ABA vs Mock 0.95 0.864
abiltd ABA vs Mock 1.60 1.87E-12
mkkkl7-1 ABA vs Mock 1.37 2.51E-08
mkkk18-1 ABA vs Mock 1.30 0.043
UPL5 WT Col-0 ABA vs Mock 0.92 0.678
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abiltd ABA vs Mock 1.36 6.74E-09
mkkkl7-1 ABA vs Mock 1.14 0.248
mhkkkl18-1 ABA vs Mock 0.90 0.603
UPL6 WT Col-0 ABA vs Mock 1.10 0.655
abiltd ABA vs Mock 1.43 7.84E-12
mkkkl17-1 ABA vs Mock 1.28 2.73E-07
mhkkkl18-1 ABA vs Mock 1.18 0.294
UPL7 WT Col-0 ABA vs Mock 0.89 0.575
abiltd ABA vs Mock 1.33 5.91E-06
mkkkl17-1 ABA vs Mock 1.20 0.045
mkkkl18-1 ABA vs Mock 1.25 0.059

In addition to the ABA treatment analysis, we examined publicly available transcriptomic data

(https://bar.utoronto.ca/eplant/) to further characterize the expression patterns of UPL4 and UPL6

across different tissues. UPL4 was observed to be expressed in diverse tissues, with higher
expression levels observed in senescent leaves and root tissues. UPL6 showed moderate expression
across several tissues, with particularly higher levels in seedlings, adult leaves, flowers, and roots.
These findings indicate that both UPL4 and UPL6 are expressed in various tissues, suggesting they
may play a role in regulating developmental processes. The fact that their expression is also
responsive to ABA treatment in certain genotypes further supports the idea that they may
participate in ABA-mediated stress responses and developmental regulation, potentially
interacting with MAPKKK18/17 signalling.

Overall, the expression patterns of UPL4 and UPL6 in response to ABA treatment suggest that
they may be involved in fine-tuning ABA signalling, particularly in the context of developmental
processes and stress responses. Their regulation in mutants with altered ABA signalling suggests
that UPL4 and UPL6 may act upstream of or in conjunction with MAPKKK18/17 to regulate ABA-

mediated responses in plants.

4.6.2. Generation and molecular characterization of UPL lines

Potential involvement of UPL4 and UPL6 in ABA-mediated signalling and their regulatory
interaction with upstream signalling components were analysed using knockout and
overexpression lines for both UPL4 and UPL6. The generation of overexpression lines for UPL4

and UPL6 is described in the methods section 3.17. Plants were cultivated under specific growth
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conditions, and tissue samples were collected according to the protocols outlined in Sections 3.4
and 3.5.

To examine the transcript expression levels of UPL4 and UPL6, primers spanning the intron-exon
junctions of the T-DNA insertion lines (up/4.1, upl4.2, and upl6) were designed, as shown in Figure
29A and Figure 29B. RT-qPCR analysis confirmed the disruption of gene expression in these
knockout lines, as evidenced by the absence of 18S rRNA transcripts (Figure 29C and Figure 29D).
In addition, UPL overexpression lines (35S:UPL4/upl4.1, 35S:UPL4/WT-4, 35S:UPL6/upl6-1 and
35S:UPL6/WT-3) were selected for further experiments to assess their physiological responses and

roles in ABA-related processes.
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Figure 29. T-DNA insertion sites and transcript expression analysis of UPL4 and UPL6
(A) Schematic representation of the UPL4 gene indicating T-DNA insertion sites in up/4.1 and up/4.2 lines.

(B) Schematic of the UPL6 gene showing the T-DNA insertion site in the up/6 line. Triangles represent T-
DNA insertions; closed boxes denote exons; connecting lines indicate introns. Arrows mark the locations
of primers used for qPCR validation.

(C) gPCR analysis of UPL4 transcript levels in homozygous knockout lines (upl4.1, upl4.2), showing near-
complete loss of expression relative to the 18S rRNA internal control.

(D) qPCR analysis of UPL6 transcript levels in the up/6 knockout line, confirming absence of expression.
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These validated genetic lines provided the necessary tools for subsequent functional analyses of
UPL4 and UPL6 in ABA-regulated physiological and developmental processes, including root

growth inhibition and stomatal patterning.

4.6.3. UPL4 and UPL6 influence primary root elongation under ABA

treatment

Root elongation is a well-established phenotypic output of ABA signalling, where exogenous ABA
treatment leads to significant suppression of primary root growth (Qin et al., 2023). Previous
studies have established that MAPKKK18-overexpressing lines show ABA-related phenotypes at
the level of germination and root growth. MAPKKK 18 modulates ABA-induced inhibition of root
elongation by controlling the length of the elongation zone, thereby affecting overall root growth.
To evaluate whether UPL4 and UPL6 also contribute to this phenotype, we analysed the root
elongation phenotypes of knockout and overexpression lines under ABA stress conditions.

Seeds were grown under standard conditions as described in Methods 3.1 to 3.3, and ABA
treatment and mock treatments were applied as outlined in Section 3.5. Primary root growth assays
were performed following the protocol in Section 3.18, and root lengths were measured using
ImageJ. Root length measurements were analysed using two-way ANOVA (genotype and
treatment) to test overall effects. For pairwise comparisons, Student’s t-test was applied.

Under control (mock) conditions, no significant differences in primary root elongation were
observed among WT Col-0, knockout lines (upl4.1, upl4.2, upl6), and overexpression lines
(35S:UPL4/upl4.1, 35S:UPL4/WT-4, 35S:UPL6/upl6.1, 35S:UPL6/WT-3). This is consistent with
the basal expression profiles of UPL4 and UPL6, which showed minimal changes in the absence
of ABA (Section 5.6.1).

Upon ABA treatment, root growth was inhibited across all genotypes, supporting the expected
ABA-induced suppression of root elongation. However, seedlings overexpressing UPL4
(35S:UPL4/upl4.1 and 35S:UPL4/WT-4) showed a significant increase in primary root elongation
relative to ABA-treated WT Col-0 (n=50; P <0.0001) (Figure 30A). In contrast, up/4.1 and upl4.2
knockout lines exhibited significantly reduced primary root growth compared to WT Col-0 under
the same ABA conditions (n =50; P <0.0001). Together, these results indicate that UPL4 functions

as a positive regulator of ABA-dependent primary root elongation.

97

97:2628627464



b
A : B i
b

- b

—_ b —_ b
a b
g a C r..E)
= 3 —/—— c . :
& | F = B, e
e + @ a2 c + 5 g4 = ==
[)] C
— 2 —
“ =2 + 5 3] == . —
o =2 8 PR
g 2 gs
© m
£ E,
= £
o
0 0
N TN A S O N At p N g & Q M A <D Q 0 oA <D
o \1‘9\& U‘)\l’t Q\«(5« w’i o 09\& \)?\& Q\)« N\{i A W 9\6 . S W 9\6 <,
) . ?\’2’;’)?\,& ) '\)?\,g‘.\))?\)‘ Q¢ ‘ ?\g;i)?\,@s\\ RN ‘ (:;:)?\,ﬁﬂ\\
o P g2 P a2 P a2 P>
Mock ABA Mock ABA

Figure 30. Primary root lengths of UPL4, UPL6 mutants and overexpression lines under mock
and ABA treatment.

(A) Root growth phenotypes of UPL4 knockout (upl4.1, upl4.2) and overexpression lines
(35S:UPL4/upl4.1, 35S:UPL4/WT-4) compared to WT Col-0.

(B) Root growth phenotypes of UPL6 knockout (u#p/6) and overexpression lines (35S:UPL6/upl6.1,
35S:UPL6/WT-3) compared to Col-0.

Measurements were taken 7 days after treatment with 5 uM ABA and measured using ImageJ. Data
represent mean + standard deviation (SD) (n = 50). Statistical significance between genotypes and
treatments was determined using Student’s t-test (p < 0.0005). Statistical analysis was performed using two-
way ANOVA (genotype and treatment) and denoted as b. For pairwise comparisons, Student’s t-test (p <
0.0005) was applied to determine significance between genotypes (denoted as a) and treatments (denoted
as ¢)

In the case of UPL6, overexpression lines (35S:UPL6/upl6.1 and 35S:UPL6/WT-3) show longer
roots compared to WT Col-0 under mock conditions. Under ABA treatment, all tested genotypes
exhibit reduced primary root length (n = 50; P < 0.0001). However, root length of ABA-treated
UPLG6 overexpressing lines was longer that the WT Col-0, grown in the same conditions. These

findings indicate that, UPL6 is very likely involved in regulation of ABA-dependent root growth.

These findings were consistent across three independent experimental replicates, further

supporting the conclusion that both UPL4 and UPL6 contribute to ABA-induced changes in
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primary root elongation. Notably, UPL4 appears to play a more prominent role in modulating plant

sensitivity to ABA, highlighting its potential significance in ABA signalling pathways.

4.6.4. UPL4 is involved in stomatal development under Abscisic Acid

Stomatal development and function are critical for plant adaptation to environmental stress and are
tightly regulated by hormonal signals, notably ABA (Tanaka et al., 2013). ABA serves as a key
modulator of both stomatal aperture and formation, particularly under abiotic stress conditions
such as drought. It regulates guard cell differentiation and restricts excessive stomatal proliferation

through a multilayered signalling cascade that involves MAP kinase modules and transcriptional

regulators.
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Figure 31. UPL4 modulates stomatal development in Arabidopsis cotyledons.
(A) Representative schema of the abaxial epidermal surface of 6-day-old leaves illustrating stomatal

patterning.

(B) Stomatal development is enhanced in up/4 knockout lines relative to WT Col-0. Quantification was
performed using 100-150 stomata per genotype across three independent biological replicates.

(C) Quantitative analysis of guard cells (GCs) and pavement cells (PCs) per 250 um segment in WT Col-
0, upl4 knockout, and UPL4 overexpression lines. Data are presented as mean + standard deviation (n =
200) from three independent experiments. Statistical significance was assessed using Student’s #-test (*p <
0.05; **p < 0.005; ***p < 0.0005).
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Previous studies have identified MAPKKKIS as a component of the ABA-responsive
MAPKKK18-MKK3-MPK1/2/7/14 cascade, influencing ABA-driven stomatal dynamics via
activation of downstream MAPK modules (Zhao et al., 2023). In Section 5.6.2, we demonstrated
the involvement of UPL4 and UPL6 in ABA-mediated root growth. In addition, UPL4 regulates
stability of MAPKKK18 (Tajdel-Zielinska et al., 2023). These observations raised the possibility
that UPL4 may also extend its regulatory function beyond root development and participate in
additional ABA-regulated processes, such as stomatal patterning.

To investigate the potential role of UPL4 in stomatal development, stomatal density, and patterning
in upl4 knockout and UPL4 overexpression lines were quantified. Plants were grown under
standardized conditions described in Methods Sections 3.4 and 3.5. Fully expanded cotyledons
were harvested from six-day-old seedlings, and epidermal impressions were generated as outlined
in Section 3.19. Epidermal cells were visualized using contrast-enhanced microscopy on a ZEISS
imaging system, and digital images were acquired from at least ten independent leaves per
genotype. Guard cells (GCs) and pavement cells (PCs) were manually counted, and the stomatal
index (SI) defined as the proportion of stomata among total epidermal cells (Tanaka et al., 2013)
was calculated. All SI measurements were derived from 10 biological replicates per genotype, each
with three technical replicates.

Compared to WT Col-0, both up/4. 1 and upl4.2 mutants exhibited a significant increase in stomatal
index (SI) (p <0.0001), indicating enhanced stomatal formation. In contrast, UPL4 overexpression
lines displayed significantly lower SI values: 35S:UPL4/upl4.1 (p < 0.001) and 35S:UPL4/WT-4
(p < 0.0001) both showed reduced stomatal densities relative to WT Col-0 (Figure 31). These
findings suggest that UPL4 negatively regulates stomatal formation, potentially by restricting the
entry of epidermal cells into the stomatal lineage or by modulating ABA-responsive transcriptional

regulators of stomatal development.

To determine whether these SI differences were driven by altered cell proliferation or by changes
in stomatal lineage commitment, absolute numbers of GCs and PCs were also evaluated. In UPL4
overexpression lines, GC and PC counts were not significantly different from WT Col-0, indicating
that reduced SI was not due to decreased total cell numbers. Conversely, both GC and PC counts
were significantly increased in upl/4 knockout lines, suggesting that loss of UPL4 enhances

epidermal cell division or increases the frequency of stomatal lineage specification.
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These findings suggest that UPL4 plays a role in regulating stomatal development, contributing to
control of stomatal patterning. Given the established role of MAPKKKIS in ABA-mediated
stomatal function and its connection to root elongation phenotypes described previously, it is likely
that UPL4 and MAPKKK 8 operate within intersecting or parallel signalling modules to fine-tune
ABA responses across different tissues. This expands the functional relevance of UPL4 as a
regulatory node in the broader ABA signalling network governing both developmental and stress-

responsive processces.

4.6.5. UPL6 impacts stomatal development due to Abscisic Acid

Previous analyses established a functional role for UPL6 in regulating primary root growth under
ABA treatment (Section 5.6.2), where UPL6 overexpression lines show a complex phenotype and
can retain slightly longer roots under ABA, indicating balanced UPL6 activity is required for
normal ABA response. Moreover, transcriptome data presented in Section 5.6.1 revealed that
UPLG is transcriptionally upregulated in response to ABA in a manner dependent on upstream
signalling components such as AB// and MAPKKK17. These findings support a role for UPL6 as
a component of the ABA signalling pathway, influencing developmental and stress-responsive
processes.

To determine whether UPL6 also contributes to ABA-mediated development regulation in aerial
tissues, we investigated its potential involvement in stomatal development. Stomatal density and
epidermal patterning were analysed in the upl/6 knockout line and two independent overexpression
lines (35S:UPL6/WT-3 and 35S:UPL6/WT-4). Plants were grown under the controlled conditions
as described in Methods Sections 3.4 and 3.5. Fully expanded cotyledons and true leaves were
collected from 6-day- and 10-day-old seedlings, and stomatal traits were assessed using the
protocol detailed in Section 3.19, with high-resolution imaging used to quantify guard cells (GCs)
and pavement cells (PCs). The stomatal index (SI) was calculated as mentioned in section 5.6.4,

to determine genotype-dependent differences in stomatal development (Figure 32).
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Figure 32. Stomatal development and epidermal cell analysis in UPL6 Lines

(A) Representative schematic illustration showing the abaxial leaf epidermis on day six.

(B) Stomatal development is enhanced in upl/6 knockout lines compared to WT Col-0. Data were collected
from 100-150 stomata per genotype across three independent biological replicates.

(C) Quantification of guard cells (GCs) and pavement cells (PCs) per 250 pm epidermal field in WT Col-
0, upl6 knockout, and UPL6 overexpression (35S:UPL6) lines. Data represent mean + SD (n = 200) from
three independent experiments. Statistical significance was determined using Student’s t-test (p < 0.05, p <
0.005, p < 0.0005).

In comparison to WT Col-0, the up/6 mutant slightly increased in SI (p < 0.0001), indicating
enhanced stomatal production. In contrast, both UPL6 overexpression lines exhibited a significant
decrease in SI (p < 0.0001), reflecting a suppression of stomatal development. These effects were
observed consistently across both developmental stages analysed, reinforcing the conclusion that
UPL6 acts to restrict stomatal formation.

To investigate whether changes in SI developed from altered cell proliferation or shifts in stomatal
lineage specification, absolute counts of GCs and PCs were performed. In the up/6 knockout line,
both guard cell and pavement cell numbers were significantly elevated compared to WT,

suggesting increased epidermal cell division and/or a bias toward stomatal lineage fate in the

absence of UPL6 function. In contrast, overexpression lines showed significant reductions in both
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GC and PC counts, supporting the notion that elevated UPL6 levels suppress epidermal cell
proliferation or inhibit the recruitment of precursor cells into the stomatal lineage.

These results demonstrate that UPL6 functions as a negative regulator of stomatal development by
modulating epidermal cell proliferation and differentiation under ABA influence. Together with its
ABA-inducible expression and inhibitory effects on root elongation, UPL6 emerges as a key
component of the ABA signalling network, coordinating developmental responses across multiple
tissues.

Collectively, these findings establish a multi-layered regulatory network where MAPKKK17/18,
ABII, and UPL4/6 co-ordinately shape ABA-induced transcriptional responses, impacting both
stress adaptation and developmental processes. These regulators integrate upstream hormonal

signals with downstream gene expression and developmental reprogramming.
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5. Discussion

The aim of this study was to elucidate how MAPKKKI17, MAPKKKIS, ABIl, and UPL4/6
contribute to ABA-mediated transcriptional regulation and developmental responses. Through
transcriptomic profiling and phenotypic analyses, MAPKKK17 and MAPKKKI18 were found to
differentially influence ABA-responsive gene expression, with MAPKKK 17 predominantly may
modulate RNA metabolism and MAPKKKIS8 may regulate organ development (Table 12, Table
13). ABII emerged as a central negative regulator, whose loss led to widespread transcriptional
reprogramming, while UPL4 and UPL6 were shown to fine-tune ABA-dependent root elongation
and stomatal development through proteolytic control. Together, these findings reveal a layered
regulatory framework in which kinase cascades, phosphatases, and ubiquitin ligases converge to

balance stress adaptation with growth.

5.1.Unique MAPKKK17-regulated genes reveal possible roles in stress

adaptation

The transcriptional profiling of unique genes in the mkkk17-1 mutant under ABA treatment reveals
a distinctive expression landscape that highlights the role of MAPKKK17 in mediating plant
responses to abiotic stress. Loss of MAPKKK17 showed upregulation of genes involved in
secondary metabolism, ion transport, and hormone signalling. Conversely, genes associated with
ribosome biogenesis and cellular maintenance were repressed, suggesting a dual role of
MAPKKK17 in modulating both stress activation and homeostatic balance during environmental
challenges. Among the upregulated genes, those associated with the phenylpropanoid and
flavonoid biosynthesis pathways, such as 4CL2, MYB3, WRKY70, WRKY54, MYB34, and LOX3,
are involved in key processes related to secondary metabolism, stomatal regulation, and ABA
signalling (Chun et al., 2019; Kim et al., 2022; Besseau, et al., 2013; Ding et al., 2016; Frerigmann
& Gigolashvili, 2014; Kim et al., 2013; Yu et al., 2021). The elevated expression of 4CL2,
previously shown to be induced in salt-adapted root cells, suggests that its role in lignin and
flavonoid biosynthesis may contribute to cell wall fortification under salt stress conditions (Chun
et al., 2019). Similarly, MYB3 functions as a transcriptional repressor regulating anthocyanin and
lignin accumulation, processes often associated with salt stress adaptation (Kim et al., 2022). The

coordinated upregulation of transcription factors WRKY70 and WRKY54, which are known to have
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negative regulators of stomatal closure and osmotic stress tolerance, is particularly intriguing
(Besseau, et al., 2013). Their elevated expression may reflect a compensatory mechanism in
mkkkl7-1 to fine-tune stomatal responses and water loss. Additionally, the loss of the R2ZR3-MYB
transcription factor MYB73 results in the hyper-induction of salt overly sensitive genes SOS/ and
SOS3 under high salinity conditions, indicating a disruption of ion homeostasis mechanisms
(Frerigmann & Gigolashvili, 2014; Kim et al., 2013). These findings suggest that MAPKKK17
indirectly influences ionic stress signalling through transcriptional regulation of ion transport
pathways. Additionally, the increased expression of LOX3, a gene involved in lipid-derived
signalling and ABA responses, is consistent with its known role in salt stress tolerance. LOX3
expression is reduced in ABA receptor mutants but elevated in receptor overexpression lines, and
lox3 mutants are hypersensitive to salt stress (Ding et al., 2016; Yu et al., 2021), emphasizing its
critical function in hormone signalling and stress adaptation.

Several other genes that are upregulated in the mkkkl7-1 mutant reinforce the centrality of ABA
homeostasis and signalling. BGLU18 (also known as AtBG1), DOXI, and NPC5 are involved in
the hydrolysis of ABA-glucose conjugates, modulation of ABA signalling, and root development
under salt stress, respectively (Jiao et al., 2020). Notably, 4tBG[-dependent regulation of ABA
levels has been associated to improved drought tolerance and controlled stomatal development
(Allen et al., 2019). The upregulation of DOXI, an oxylipin biosynthetic enzyme that influences
ABA homeostasis (Vicente et al., 2012), supports the view that MAPKKK17 may regulate key
enzymes involved in hormonal balance under stress. NPC5, known to influence lateral root
development in response to salt (Peters et al., 2014), further ties developmental plasticity to
environmental adaptation in the mutant. 7PP/, which enhances drought tolerance by regulating
stomatal aperture (Lin et al., 2020), and FLS2, a receptor-like kinase involved in MAP kinase
signalling for innate immunity, may link stress response pathways (Orosa et al., 2018).

In addition to signalling and metabolic genes, a group of transport-related genes were found to be
upregulated, pointing toward enhanced ionic and osmotic regulation. For instance, ZIPI, a zinc
transporter repressed by ABA-responsive transcription factors such as 4BI4, may modulate
stomatal regulation under stress (Meng et al., 2022). Similarly, ALMT9 and ALMTI2, both
involved in stomatal movement via anion transport, likely contribute to improved stomatal
dynamics under ABA conditions (De Angeli et al., 2013; Jaslan et al., 2023). ZIFL1, essential for
efficient response to both dark- and ABA-induced stomatal closure (Remy et al., 2013), and CCX2,
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a calcium exchanger that contributes to salt and osmotic tolerance, indicates a broader remodeling
of ionic flux mechanisms in mkkk17-1 (Corso et al., 2018). The upregulation of KEAS, which helps
maintain pH homeostasis in endosomal compartments (Zhu et al., 2018), and CLCa, a chloride
channel involved in stomatal regulation (Yang et al., 2023), further supports this interpretation. In
support of this, the sultr3;1 mutant show hypersensitivity to exogenous ABA, underlining the
importance of sulfate transporters in maintaining ABA-mediated stress tolerance (Cao et al., 2014).
Finally, CNG(C4, a cyclic nucleotide-gated channel, helps raise cytosolic Ca** in response to
environmental cues like high humidity and is associated with stress acclimation (Hussain et al.,
2024). Together, these findings suggest that the loss of MAPKKK17 leads to the induction of genes
that collectively improve resilience through altered transport, signalling, and metabolic pathways.
In contrast, several genes involved in ribosome biogenesis and translational control were
significantly downregulated in the mkkkl7-1 mutant, indicating a suppression of growth-related
processes under ABA treatment. Notably, PWP2, a WD40-repeat protein upregulated by sucrose
and involved in stomatal signalling, was repressed (Bates et al., 2012). This may signify a
reduction in cellular signalling efficiency as part of a broader metabolic reprioritization under
stress. TLP6 interacts with ASK 11, which likely functions as an SCF-type E3 ligase complex (Bao
et al., 2014) , suggesting that 7LP6 may participate in targeted protein degradation pathways
relevant to ABA signalling. GHS40, a negative modulator of ABA degradation and signalling
under high glucose conditions, were also downregulated (Hsiao et al., 2016). This repression may
reflect a shift in hormonal balance favouring stress response overgrowth.

Additional downregulated genes such as ABO6, EBP2, and RACKIB suggest a dampening of
mitochondrial, ribosomal, and ABA co-regulatory processes (He et al., 2012; Jeon et al., 2015;
Guo & Sun, 2017). ABA overly sensitive 6 (4806), a mitochondrial RNA helicase, is associated
with ABA sensitivity and improved drought tolerance when mutated, and its reduced expression
may imply disruption in mitochondrial-nuclear communication under stress (He et al., 2012).
EBNA1 binding protein 2 (EBP2), a nucleolar protein involved in ribosome biogenesis and
senescence regulation (Jeon et al., 2015), and AtRH9, a DEAD-box RNA helicase implicated in
seed germination and freezing tolerance, both contribute to maintaining cellular vitality under
stress (Kim et al., 2008). The downregulation of Receptor for Activated C Kinase 1B (RACKIB),

a protein that interacts with ABA-related transcription factors and is stabilized by sumoylation
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during stress (Guo & Sun, 2017), further indicates potential attenuation of signalling crosstalk
involving MAPKKK17.

Taken together, the unique gene expression patterns in mkkkl7-1 reveal a complex regulatory
network in which MAPKKK 7 acts as a modulator balancing growth and stress adaptation via ABA
pathway. Its loss results in the activation of stress-protective genes, many of which are tightly
linked to ABA signalling and stomatal regulation, while concurrently suppressing genes involved
in growth, protein biosynthesis, and cell stability. These findings suggest that MAPKKK17 may
function as a checkpoint kinase, restraining excessive activation of stress programs under basal
conditions while allowing a flexible response under ABA or salt stress. The interplay between
metabolic shifts, hormonal signalling, and transport regulation observed in mkkkl7-1 offers
valuable insights into the mechanisms by which plants optimize survival under adverse

environmental conditions.

5.2. Functional insights of overlapping genes in MAPKKKI7 and WT Col-0

To determine the functional significance of the shared transcriptomic responses to ABA in mkkk17-
1 and WT Col-0, we investigated DEGs common to both genotypes following ABA treatment.
These overlapping genes, comprising 249 upregulated and 139 downregulated DEGs in mkkk17-
1, reflect a conserved ABA-responsive core transcriptome. Their differential modulation offers
insights into how mkkkl7-1 alters stress-responsive and developmental signalling pathways,
despite retaining substantial ABA responsiveness.

The upregulated shared DEGs in mkkkl7-1 were significantly enriched in pathways related to
suberin biosynthesis, secondary metabolism, and transcriptional regulation, suggesting an
enhanced or restructured ABA-mediated protective program.

Among the prominent genes, RD20/CLO3 (caleosin), which is highly inducible by ABA in roots,
negatively regulates lateral root development under ABA stress (Brunetti et al., 2023). Its sustained
induction suggests a retained mechanism for developmental modulation under osmotic stress.
Similarly, FAR4 and FARS, key contributors to suberin monomer synthesis, were also upregulated.
These genes are known to be responsive to salt stress and are instrumental in reinforcing the root’s
protective barrier (Choi et al., 2023)

Further substantiating suberin regulation, WRKYY, a transcription factor implicated in the

activation of CYP94B3 and CYP86B1, was part of this transcriptional landscape (Krishnamurthy
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et al., 2021). CYP86B1, in particular, plays a crucial role in the biosynthesis of aliphatic suberin,
and increases salt tolerance linking ABA signalling to structural reinforcement of root tissues.
The presence of AtNCED3, a pivotal ABA biosynthetic gene that modulates endogenous ABA
levels under drought, also underscores the core role of hormonal feedback in drought stress
adaptation (Iuchi et al., 2001). Upregulation of DIN2/BGLU30, typically induced under various
abiotic stresses including salinity, drought stress and dehydration, further points to a coordinated
stress-responsive gene expression program (Seok et al., 2020).

Notably, suberin-related genes such as FAR4, FARS5, ABCG6, GPATS, and RWPI, all involved in
suberin monomer transport and polymerization, were also upregulated. Mutants deficient in RWP1
exhibit increased permeability and salt sensitivity, reinforcing the idea that suberin-associated
modifications are essential for ABA-mediated stress tolerance (Gou et al., 2009). The previously
reported downregulation of these genes in abal mutants further emphasizes the tight linkage
between ABA signalling and suberin pathway gene expression (Choi et al., 2023)

Beyond structural adaptations, transcriptional regulators involved in RNA biosynthesis repression
such as AITR3, AITR4, and AITR5, were also differentially expressed. These genes, when mutated,
confer ABA hyposensitivity and enhanced drought/salt tolerance, suggesting that their induction
in mkkk17-1 may reflect a feedback modulation mechanism to balance ABA responsiveness (Chen
et al., 2021; Tian et al., 2017). Additionally, the MYB41-BRAHMA regulatory module, implicated
in ABA-mediated chromatin remodelling and drought tolerance, further supports the presence of
a sophisticated ABA-governed transcriptional network (Gao et al., 2024).

In contrast, the downregulated DEGs were significantly enriched for processes related to fatty acid
elongation and lipid response pathways, suggesting a selective attenuation of ABA-responsive
lipid metabolism in mkkkl7-1. 3-Ketoacyl-CoA synthase 3 (KCS3), a key enzyme in the elongation
of very long chain fatty acids (VLCFAs), was among the downregulated genes. Mutants in KCS3
exhibit hypersensitivity to drought, highlighting the importance of cuticular lipid biosynthesis in
water retention and abiotic stress tolerance (Huang et al., 2023).

Several canonical ABA signalling genes, including LEA, PYL6, EMI, and I0SI, were also
suppressed. LEA proteins are essential in early seed germination under salt (Aleman et al., 2016),
while PYL6 functions as a high-affinity ABA receptor required for effective hormonal signalling
and growth regulation (Aleman et al., 2016). EM1 is transcriptionally regulated by ABI5, which
binds to ABA-responsive elements (ABRESs) in target promoters during stress (Carles et al., 2002).
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The downregulation of these genes may indicate altered ABA perception or signal transduction in
mkkkl7-1. Similarly, /OS1, a negative modulator of ABA sensitivity, was also downregulated.
Previous study indicates that loss-of-function ios/ mutants exhibit hypersensitivity to ABA and
enhanced ABA-responsive gene expression (Giordano et al., 2022). This observation, along with
the downregulation of RASI (a repressor of salt tolerance), L7165 (an ABRE-regulated
dehydration-responsive gene), and RAP2.6, suggest that a subset of ABA signalling outputs may
be selectively inhibited in mkkk17-1 (Nakashima et al., 2006). Apart from those post-translational
regulators were also affected. RACK 1B, whose sumoylation enhances interaction with RAP2.6 in
ABA responses, and PP2C5, a phosphatase that modulates ABA-induced MAPK activation, both
showed transcriptional reduction (Guo & Sun, 2017; Hann et al., 2024). Moreover, AHG 1, a clade
A PP2C, was also downregulated. Loss-of-function ahg/ mutants exhibit ABA hypersensitivity
during seed germination and heightened susceptibility to osmotic stress (Nishimura et al., 2007).

Collectively, these findings reveal that mkkkI7-1 retains core ABA-responsive elements while
selectively modulating transcriptional and metabolic responses in response to ABA. Enhanced
expression of suberin biosynthesis genes and transcriptional repressors suggest an effort to
reinforce physical and molecular barriers. This may represent a compensatory response to the
absence of MAPKKK17. Meanwhile, the downregulation of key lipid and ABA signalling
components highlights a divergence in metabolic fine-tuning and receptor-mediated responses.
This complex interplay of conserved and reprogrammed pathways likely underpins the altered

physiological phenotypes observed in mkkkl7-1 under ABA treatment.

5.3. Transcription Factors downstream of MAPKKK17 in ABA signalling

and stress response regulation

To elucidate the transcriptional dynamics downstream of MAPKKK17, Gene Ontology (GO)
enrichment analysis was performed on the 1,263 genes uniquely upregulated in the mkkkl7-1
mutant under ABA treatment. GO molecular function terms revealed significant enrichment in
DNA-binding transcription factor activity, sequence-specific DNA binding, and cis-regulatory
region binding (Figure 13). These findings suggest that MAPKKK17 is intricately involved in
modulating the expression of key transcriptional regulators that shape the ABA-responsive
transcriptome under stress conditions. The uniquely upregulated genes encompass a diverse array

of TFs, notably from the MYB, WRKY, NAC, bZIP, and MADS-box families. The variety of
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transcription factors (TF) families suggest that MAPKKK17 modulates ABA responses through a
multifaceted regulatory network involving both hierarchical control and combinatorial gene
activation.

Notably, transcription factors (TFs) such as LFY (LEAFY), NAP, MYB78, FYF (FOREVER
YOUNG FLOWER), and ABF'1 emerged as key regulators with known roles in ABA signalling
and stress responses, supporting the notion that MAPKKKI7 impacts both developmental and
abiotic stress-related processes via transcriptional control mechanisms. The transcription factor
LFY (LEAFY), a master regulator of floral meristem identity, exhibits ABA-responsive expression
changes mediated by ABI4: LFY transcription is elevated in abi4 mutants but suppressed in ABI4-
overexpressing lines (Shu et al., 2016). The upregulation of LFY in mkkk17-1 suggests a possible
regulatory connection between MAPKKK 17 and ABI4-mediated repression, potentially impacting
flowering or floral transition during stress.

NAP (NAC-Like, activated by AP3/PI) is a well-characterised transcription factor that promotes
chlorophyll degradation and senescence by inducing expression of the ABA biosynthesis gene
AAO3 (Yang et al., 2014). Its elevated expression in mkkkl7-1 points to a compensatory
mechanism aimed at sustaining ABA levels during abiotic stress, further reinforcing MAPKKK17's
involvement in ABA homeostasis.

MYB78, which is transcriptionally regulated by NACI03, also plays a role in ABA signalling
modulation (Sun et al., 2020). The MYB-NAC regulatory axis is frequently implicated in abiotic
stress responses, and its induction in mkkkl7-1 may reflect a stress-activated backup mechanism
compensating for disrupted kinase signalling.

FYF, a MADS-box transcription factor, has been shown to delay floral senescence and suppress
abscission when ectopically expressed (Chen et al., 2011). Upregulation of FYF in the mkkk17-1
may reflect altered ABA-responsive developmental regulation, potentially linked to delayed organ
detachment or prolonged flower viability under stress.

ABFI, a member of the bZIP family, acts downstream of ABA-activated SnRK2 kinases (e.g.,
SRK2D/E/T), functioning as a central transcriptional regulator of ABA-responsive genes (Yoshida
et al., 2015). The presence of ABF'I in the uniquely upregulated gene set implicates a convergence
point between MAPKKK17-dependent signalling and the canonical ABA signalling cascade
mediated by SnRK2 kinases.
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In addition to these key regulators, numerous other TFs including members of the WRKY (e.g.,
WRKY23, WRKY48, WRKY70), NAC (e.g., NAC010, NAC075, NAC100), and MYB families (e.g.,
MYB93, MYB95, MYB106) were significantly enriched among the upregulated genes. This
highlights a broader reprogramming of transcriptional networks in mkkkl7-1, possibly reflecting
a compensatory activation of stress-responsive pathways to maintain ABA sensitivity and
resilience in the absence of MAPKKK7 function.

These transcription factors are likely to regulate overlapping sets of downstream genes involved
in stress protection, suberin biosynthesis, hormonal crosstalk, and developmental timing,
reinforcing the concept that MAPKKK7 serves as a important node in integrating environmental
cues into gene regulatory responses.

Collectively, these findings suggest that MAPKKK 7 influences ABA signalling not only through
direct regulation of metabolic or stress-protective genes but also by modulating a complex
hierarchy of transcription factors. The upregulation of TFs such as LFY, NAP, MYB7S, FYF, and
ABFI in mkkk17-1 underscores the kinase’s upstream role in fine-tuning ABA-responsive gene
expression. Through its regulatory control over diverse TF families, MAPKKK17 likely
coordinates transcriptional networks that balance developmental progression and stress adaptation

under ABA-induced osmotic and drought stress.

5.4. MAPKKK18 is implicated in ABA-linked stress and developmental

responscs

Differential gene expression analysis of the mkkklS-1 mutant under ABA treatment revealed
distinct transcriptional profiles implicating MAPKKKI18 as a important modulator of ABA-
mediated metabolic reprogramming, hormonal crosstalk, and growth adaptation. The 1,237 genes
uniquely differentially expressed in mkkkl8-1, including 593 upregulated and 644 downregulated
genes, represent pathways that are selectively responsive to ABA in the absence of functional
MAPKKK18. These findings reveal how ABA responses in mkkk18-1 balance stress resilience with
developmental plasticity. The upregulated genes in mkkklS8-1 were enriched for ABA-associated
secondary metabolism and defence-related biosynthetic pathways, including flavonoid and
phenylpropanoid biosynthesis, oxylipin production, and responses to jasmonic acid. Several of
these genes are key nodes in known ABA-stress signalling cascades. For instance, CCoAOMT1,

previously shown to promote drought tolerance through ABA-mediated hydrogen peroxide
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regulation, was among the upregulated genes, suggesting a compensatory enhancement of defence-
related lignin biosynthesis in the mutant (Chun et al., 2021). Similarly, LDOX, DFR, FLS3, and
MYBI2, all involved in flavonoid biosynthesis, were upregulated and pointed to increased
synthesis of protective secondary metabolites under ABA stress. Notably, MYB12 has been linked
to elevated flavonoid and ABA levels under salt and drought conditions, highlighting its dual role
in metabolic and hormonal regulation (Wang et al., 2016). Upregulation of LOX3 and LOX4, key
enzymes in alpha-linolenic acid and oxylipin biosynthesis, supports the involvement of jasmonate-
ABA crosstalk in mkkk18-1. These genes are known to be positively regulated by ABA receptors,
reinforcing their integration into ABA-induced stress signalling (Yu et al., 2021). Upregulation of
JAZ5 and VSPI1, core components of JA signalling, reinforces the active crosstalk between
jasmonate and ABA pathways in mkkkl8-1. JAZS is particularly notable for its interaction with
ABIS in coordinating ABA and JA signalling during stress (Ju et al., 2019), while V'SP expression
in aba2-2 mutants links its expression directly to ABA function (Lin et al., 2020; Van Houtte et al.,
2013).

Genes involved in carbohydrate metabolism and osmotic regulation were also prominent. TPS1
and TPPI, both associated with starch and sucrose metabolism, have established roles in stomatal
regulation and drought adaptation (Lin et al., 2020; Van Houtte et al., 2013) . Additionally, NI72,
a contributor to cyanoamino acid metabolism, has been implicated in enhancing salinity tolerance
and maintaining ionic homeostasis under stress (Cackett et al., 2022). Upregulation of WRKY53,
an early senescence regulator, points to MAPKKK 18§ involvement in ABA-dependent modulation
of growth-defence trade-offs (Miao et al., 2004). Similarly, MYB3 acts as a negative regulator of
LDOX to control anthocyanin accumulation during salt stress, indicating a fine-tuning of flavonoid
metabolism under stress (Kim et al., 2022).

In contrast, genes uniquely downregulated in mkkkl8-1 revealed an opposing trend, with
significant enrichment for processes related to ribosome biogenesis, RNA modification, and organ
growth regulation. These findings suggest that MAPKKK18 helps sustain growth and translational
capacity under ABA stress, and its loss triggers a shift toward stress survival at the expense of
cellular proliferation and biosynthesis. Key growth regulators such as ARGOS, ARL, and
CYP7845/KLU were downregulated, indicating a shift away from growth-promoting programs in
favour of stress adaptation. CYP7845, in particular, is known to enhance tolerance to multiple

abiotic stresses, and its suppression may reflect a controlled reduction in cell proliferation to
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conserve energy under ABA signalling (Kajino et al., 2022; Kuluev et al., 2019). Several RNA-
related genes affected in mkkkiS8-1, including AHG11, ABOS, and SLO2, are recognized for their
roles in ABA hypersensitivity and RNA processing during seedling development (Murayama et
al., 2012; Yang et al., 2014; Zhu et al., 2014). Their downregulation may influence post-
transcriptional control of ABA responses, potentially contributing to developmental delays or
altered germination phenotypes. Finally, the observed downregulation of PSRP2, a gene
previously reported to repress seedling growth under salt stress, suggests that its reduced
expression could act to counterbalance excessive growth inhibition during prolonged ABA
exposure (Xu et al., 2013).

Together, these findings highlight the dual regulatory role of MAPKKK18 in promoting ABA-
induced defence and metabolic responses while simultaneously preserving RNA processing and
growth-related functions. Loss of MAPKKK 8 results in an ABA-dependent shift toward enhanced
secondary metabolism, jasmonate signalling, and stress adaptation at the expense of growth
maintenance and ribosomal activity. This transcriptional reprogramming highlights MAPKKKI8 s
distinct role among MAPKKKSs as a critical integrator of developmental and stress-responsive

ABA signalling pathways.

5.5. Functional insights from shared Differentially expressed genes in

MAPKKKI8 and WT Col-0 under ABA treatment.

The functional characterization of commonly DEGs in mkkkl8-1 and WT Col-0 provides valuable
insight into the molecular pathways modulated by ABA treatment, revealing how MAPKKK18
influences both shared and genotype-specific transcriptional responses. GO enrichment analyses
revealed strong overrepresentation of pathways associated with “cutin, suberin, and wax
biosynthesis,” *
Notable genes in these categories included RD20, FAR4, FARS5, RWPI, and CYP86B1, all of which

are involved in protective cuticle development. Additionally, SPTASE1l, LOX2, and CYP94B3

phenylpropanoid metabolism,” and “responses to jasmonic acid and wounding.”

were enriched in stress-responsive processes such as jasmonate signalling and mechanical
wounding. For instance, SPTASEI]l encodes a phosphatase that hydrolyzes IPs, serving as a
negative regulator of ABA signalling by modulating stomatal closure and stress-responsive gene
expression (Burnette et al., 2003). Similarly, MYB102 is rapidly induced by ABA and osmotic

stress and enhances abiotic stress tolerance by regulating ABA-responsive transcriptional networks
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(Denekamp & Smeekens, 2003). These results suggest that ABA-induced upregulation of
protective genes in both mkkkl8-1 and WT Col-0 may be developed in the mutant, reflecting a
compensatory response to the absence of MAPKKK [8-mediated modulation. This supports the role
of MAPKKKI8 as a modulator that fine-tunes the intensity of ABA-triggered transcriptional
activity.

In contrast, 152 shared DEGs were enriched in processes including auxin metabolism, transport,
and secondary metabolite biosynthesis. The repression of genes such as ACS7, CYP707A43,
TYRDC, and PORA points to altered hormonal crosstalk and stress adaptation in mkkkI8-1. In
contrast, ACS7 is involved in ethylene biosynthesis, undergoes N-terminal degradation regulated
by senescence signalling and interacts with ABA phosphatases such as ABII, ABI2, and HABI
(Sun et al., 2017), indicating ABA-ethylene interaction. Repression of CYP707A3, a central ABA-
catabolizing enzyme, implies enhanced ABA retention and heightened responsiveness, consistent
with previous reports showing improved drought tolerance in cyp707a3 (Umezawa et al., 2006).
TyrDC, which is responsive to drought but suppressed under salt stress, further underscores
hormonal complexity in stress responses (Lehmann & Pollmann, 2009). The repression of PORA,
a gene involved in chlorophyll biosynthesis and indirectly linked to stomatal development via
SPEECHLESS (Kim & Apel, 2012), suggests broader impacts on photosynthesis and transpiration
under ABA stress. Downregulation of auxin-responsive genes such as 14419, SAURIY, and
SAURS54 highlights ABA’s antagonistic effect on auxin-mediated growth pathways. Notably,
IAA19 is required for optimal drought tolerance, and its repression could represent a mechanism
by which MAPKKK8 indirectly regulates growth suppression under stress (Salehin et al., 2019;
Shani et al., 2017). Additionally, the downregulation of S4 UR54 upon ABA treatment (van Mourik
et al.,, 2017) further supports the model wherein ABA acts to inhibit auxin-mediated growth
processes during stress.

Overall, MAPKKK18 fine-tunes ABA output through promotion of protective pathways (cuticle
biosynthesis, JA response) and Repression of growth-favouring hormonal pathways (auxin,
ethylene). Together, these data suggest MAPKKK18 as a key regulatory node that calibrates both
the strength and polarity of ABA-induced transcriptional responses, promoting stress resilience

while restraining growth, in part through targeted suppression of auxin and ethylene signalling.
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5.6. Functional divergence and redundancy of MAPKKK17 and MAPKKK18

in ABA-mediated stress signalling and developmental regulation

Transcriptomic comparisons between mkkkl7-1 and mkkkl8-1 mutants revealed both functional
divergence and partial redundancy in ABA signalling, underscoring their specialized yet
overlapping regulatory roles. The unique and shared Differentially expressed gene sets highlight
how these MAPKKKSs selectively regulate distinct biological processes while also converging on
core stress signalling pathways.

The transcriptional landscape of mkkkl7-1 mutants was characterised by a strong enrichment of
genes involved in RNA-related metabolic processes. Gene Ontology (GO) analysis identified
categories such as “ribosome biogenesis,” “RNA processing,” and “RNA modification” as
prominently enriched. These categories included multiple RNA-binding and processing factors,
such as PWP2, PMHI, EBP2, MORFS8, and RACKIB, which have been implicated in post-
transcriptional control mechanisms responsive to abiotic stress. Notably, MORFS, recently
reported to undergo chloroplast-localized phase separation under heat stress (Wu et al., 2025),
further substantiates the role of MAPKKK17 in RNA maturation pathways that underpin ABA-
driven stress adaptation. MAPKKK]17-specific DEGs were enriched in RNA processing and
ribosome biogenesis categories, suggesting that this kinase modulates ABA signalling partly
through post-transcriptional regulatory mechanisms, a dimension not shared with MAPKKK18.
In contrast, mkkk18-1 mutants exhibited enrichment for genes regulating growth and development,
including processes such as “positive regulation of organ growth,” “regulation of cell population
proliferation,” and “response to hypoxia.” Key genes in these categories, such as CYP7845/KLU,
ARGOS, RGF3, and SDDI, reflect a signalling architecture that links MAPKKKI8 to
developmental plasticity under stress. For example, CYP7845 has been shown to improve
tolerance to diverse abiotic stresses through its role in organ size regulation (Kajino et al., 2022),
and RGF3 is central to root meristem maintenance via peptide-receptor mediated signalling (Ou
et al., 2022). The involvement of SDDI, a negative regulator of stomatal density, underscores
MAPKKK]18’s role in ABA-mediated stomatal control and transpiration regulation, which are
critical under drought stress (Schluter, 2003; Von Groll et al., 2002).Together, these findings
suggest that MAPKKK17 predominantly modulates stress responses at the post-transcriptional
level, whereas MAPKKK18 primarily acts through developmental and morphogenetic pathways.
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Despite their distinct transcriptional signatures, MAPKKK17 and MAPKKK18 mutants shared a
core set of 557 DEGs not observed in WT Col-0 under ABA treatment. GO enrichment among
these shared DEGs revealed convergence on processes including “transmembrane transport,”
“response to fatty acid,” “jasmonic acid signalling,” and “pigment biosynthesis.” These categories
encompass key stress-responsive pathways and suggest overlapping functions of the two
MAPKKKSs in orchestrating adaptive responses to ABA. Genes such as LOX3 and WRKY33,
known for their involvement in jasmonate biosynthesis and stress-induced senescence,
respectively, were co-regulated in both mutants, aligning with previous findings of hormone
crosstalk between ABA and jasmonic acid signalling (Chapters 6.1-6.4). LDOJX, implicated in
flavonoid biosynthesis and salt tolerance, further reinforces this overlap in stress signalling.
Moreover, several shared DEGs were associated with ion and metabolite transport, such as NHX6,
ABCC4, STP4, and DTXI. The vacuolar trafficking roles of NHX5/6 are well-documented in salt
stress responses (Bassil et al., 2011; Dragwidge et al., 2018), while ABCC4 is crucial for root
development and ion homeostasis under osmotic stress (Uragami et al., 2024). STP4, a hexose
transporter highly expressed in guard cells, is required for efficient ABA-induced stomatal closure
(Fliitsch et al., 2020), highlighting a shared mechanism for water conservation and gas exchange
under drought.

Further convergence is evidenced by shared regulation of stress-responsive transporters, whose
mutant phenotypes highlight overlapping functions in ion homeostasis and stress resilience. For
example, the aha4-1 mutant, which exerts a dominant-negative effect, impairs ion homeostasis
and nutrient translocation in the root endodermis, ultimately weakening stress barrier functions in
this tissue (Vitart et al., 2001). DTX1, a shared DEG in both mkkk17-1 and mkkk18-1, also reflects
this axis of stress regulation. Notably, dfx/ mutants show reduced germination under oxidative
stress but enhanced seedling survival under salinity and other abiotic conditions (Burke et al.,
2023), suggesting that regulation of transporter activity is context-dependent and linked to broader
ABA-mediated signalling circuits. Moreover, calcium signalling, central to ABA responses,
appears to be a point of integration between both MAPKKKSs. Elevated expression of ACAI2, a
plasma membrane-localized Ca?*-ATPase enriched in guard cells, was observed among the shared
DEGs. Given its role in modulating cytosolic calcium levels during stomatal movement (Yu et al.,
2018), ACAI2 likely acts downstream of convergent signalling from both MAPKKKI7 and
MAPKKK 18, coupling MAPK signalling with calcium-mediated control of stress physiology.
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Other co-regulated genes such as HP22, which accelerates chloroplast protein degradation during
senescence and thus contributes to stress-induced remobilization of nutrients (Rossig et al., 2021),
and YSL2, a yellow stripe-like (YSL) metal transporter involved in micronutrient (e.g., iron)
mobilization and linked to ABA-responsive iron homeostasis (Lei et al., 2014), underscore further
functional overlap in nutrient mobilization and long-term stress adaptation.

Altogether, these findings support a two-tiered regulatory architecture in which MAPKKKI17
specializes in post-transcriptional control of stress responses, while MAPKKKIS8 governs
developmental plasticity and morphogenetic adaptation under ABA signalling. Despite these
distinct roles, both kinases converge on a shared core transcriptional program involved in ion
transport, jasmonate signalling, and stomatal function. The co-regulation of transporters such as
STP4, DTXI, and NHX6, as well as calcium signalling genes like ACAI2, underscores a
mechanistic intersection point where MAPK and calcium signalling jointly orchestrate drought
resilience. By integrating hormone crosstalk, transporter regulation, and metabolic
reprogramming, this combinatorial model illustrates how specialization and redundancy in
MAPKKK signalling together ensures a robust and flexible ABA stress response across multiple

physiological domains.

5.7. ABA-Auxin antagonism: transcriptional patterns involving ABII1 and

MAPKKKI18

ABA-auxin crosstalk is crucial for integrating growth and stress signals, yet the transcriptional
mechanisms governing this antagonism remain incompletely understood. RNA-seq analysis
revealed that ABA treatment induces strong downregulation of auxin-responsive genes in both
abiltd and mkkkl8-1 mutants, indicating that AB/l and MAPKKKIS8 converge on a shared
transcriptional program that represses auxin signalling during stress. GO enrichment analysis of
the downregulated genes in abiltd mutants showed a marked overrepresentation of auxin-related
processes. This pattern mirrors that observed in mkkkl8-1 (Section 5.5), supporting a model in
which ABA suppresses growth-promoting auxin pathways through both signalling components.

Among the most significantly downregulated genes were several members of the Small Auxin Up
RNA (SAUR) gene family (e.g., SAURI1Y9, SAUR22, SAUR29, SAURG61, SAURG63), the Aux/IAA
transcriptional repressors 14419 and 14429, and the auxin transporter gene PIN5. The repression
of SAUR19 and SAURG3 is particularly noteworthy, as these genes are well-characterised positive
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regulators of cell expansion and elongation. While S4UR19 and SAURG63 are not highly expressed
in guard cells under normal conditions, overexpression studies (SAUR190X, SAUR630X) show
impaired ABA-induced stomatal closure and reduced inward-rectifying K* channel activity,
suggesting that SAUR proteins can antagonize ABA signalling, possibly through indirect or
systemic mechanisms (Caifiibano et al., 2025; Chae et al., 2012; Spartz et al., 2014; Wong et al.,
2021). Mechanistically, SAURI9 has been shown to inhibit PP2C.D family phosphatases, key
negative regulators in the ABA signalling pathway, highlighting a potential feedback loop in which
auxin signalling components modulate ABA responsiveness (Spartz et al., 2014; Wong et al., 2019,
2021). The transcriptional repression of /4419 and I4A29 adds another layer of regulatory
complexity. I4419, a well-studied Aux/IAA protein, integrates auxin and ABA signalling
pathways, particularly in response to drought and other environmental stresses. It contributes to
both hypocotyl elongation and root development and is directly regulated by DREB2A/DREB2B,
transcription factors central to abiotic stress responses (Nam et al., 2023; Salehin et al., 2019; Shani
et al., 2017). Meanwhile, /4429 has been implicated in heat-induced leaf senescence through its
regulation by PIF4 and PIF5, highlighting its role in stress-adaptive developmental processes (Li
et al., 2021). Although ABI! is canonically described as a negative regulator of ABA signalling,
our data suggest that under prolonged stress, it contributes to transcriptional repression of auxin-
responsive genes, potentially through indirect feedback loops or context-specific transcriptional
co-regulators.

Another key finding is the repression of PIN5, an auxin efflux carrier localized to the endoplasmic
reticulum that regulates intracellular auxin homeostasis. Given that PIN5 overexpression inhibits
primary root elongation and that loss-of-function pin5-5 mutants display reduced root and
hypocotyl growth, the repression of P/IN5 under ABA treatment may represent an additional
mechanism to restrict growth and preserve energy during stress (Seifu et al.,, 2024). This
intracellular regulation of auxin distribution by ABA further illustrates the depth of integration
between hormonal pathways at the cellular level.

Collectively, these findings support a regulatory model in which ABA suppresses auxin-responsive
transcriptional programs such as SAURs, Aux/IAA genes, and PIN transporters via signalling
nodes like ABI1 and MAPKKK 8. This repression likely serves to shift plant priorities from growth
to stress adaptation. By establishing a mechanistic basis for ABA-auxin antagonism, the study

highlights how hormonal networks integrate environmental cues to modulate development.
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Further investigation is required to determine whether the observed transcriptional repression of
auxin-responsive genes is mediated directly by 4B/1 and MAPKKK18, for instance through the
recruitment of chromatin remodelers or transcriptional repressors to target gene promoters, or
whether it occurs indirectly via broader ABA-induced hormonal imbalances and signalling
cascades. Chromatin immunoprecipitation followed by sequencing (ChIP-seq) or assay for
transposase-accessible chromatin using sequencing (ATAC-seq) in ABI1- and MAPKKKIS —
overexpressing or nuclear-localised tagged lines, together with abiltd and mkkkl§8-1 mutants as
controls, could provide critical insights into whether these regulators physically associate with

auxin-responsive loci and influence chromatin accessibility during ABA treatment.

5.8. UPL4 and UPL6 may contribute to ABA-dependent regulation of root

and stomatal development

The distinct subfamilies of HECT-type UPL E3 ubiquitin ligases in Arabidopsis thaliana exhibit
diverse biological functions, ranging from developmental regulation to stress responses. For
example, UPL3 plays a role in trichome morphogenesis and UPLJ5 is involvement in leaf
senescence and immunity (Furniss et al., 2018; Lan et al., 2022). Recent studies highlighted the
involvement of UPL ligases, particularly UPLI, and UPL6, in ABA signalling via ubiquitination
of key MAP kinase components such as MAPKKK 8 (Tajdel-Zielinska et al., 2024). This suggests
that UPL family members modulate ABA-dependent processes through targeted proteolysis, a
critical mechanism in plant stress adaptation. Building on this framework, the present study
investigates the roles of UPL4 and UPL6 in fine-tuning ABA-mediated developmental responses,
including root elongation and stomatal patterning.

This study identifies UPL4 and UPL6 as playing distinct yet overlapping roles in mediating ABA-
dependent developmental processes. Through combined phenotypic, genetic, and transcriptomic
analyses, we show that these HECT-type ligases fine-tune ABA responses in both root and shoot
tissues, influencing growth regulation and epidermal patterning.

The induction of UPL4 in the abil, mkkkl7, and mkkkl8 mutants emphasizes its significant role
as a regulatory node for convergence of multiple ABA-signalling branches. UPL4 may act as a
proteolytic integrator fine-tuning developmental responses across tissues.

Both UPL4 and UPLG6 are required for fine-tuning primary root elongation in response to ABA.

UPL4 overexpression confers partial ABA insensitivity (Figure 30A), resulting in longer roots,
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whereas upl4 mutants are ABA-hypersensitive (Figure 30A), These phenotypes indicate that
UPLA4 is a positive regulator of primary root elongation under ABA. These observations align with
reports that identify the elongation zone as a primary site of ABA action and suggest that UPL4
may attenuate ABA signalling through targeted degradation of inhibitory components.

In contrast, UPL6 overexpression lines did not show stronger inhibition of root elongation
compared to WT Col-0. Instead, they retained root lengths slightly greater than WT Col-0 under
ABA treatment, suggesting that UPL6 overexpression confers partial resistance to ABA-mediated
inhibition of root growth. These results indicate that both loss and overexpression of UPL6 impair
normal ABA responses, pointing to a requirement for balanced UPL6 activity to maintain proper
root growth regulation. Importantly, these effects were specific to ABA treatment, as no significant
differences in root elongation were detected under mock conditions. Taken together, the data
suggest that UPL4 and UPL6 act through distinct but complementary mechanisms to regulate
ABA-mediated root growth, potentially by modulating the stability of transcription factors or
signalling intermediates within the pathway.

In addition to regulation, UPL4 also represses stomatal development in an ABA-dependent
manner. The up/4 mutants displayed an increased stomatal index (SI), whereas overexpression
lines showed reduced SI. These differences arose from altered stomatal density, while the total
number of epidermal cells remained unchanged, indicating that UPL4 specifically affects the
proportion of stomatal cells rather than overall epidermal cell proliferation. This suggests that
UPL4 primarily affects lineage entry or stomatal fate commitment, rather than global cell
proliferation. These findings support the established role of ABA as a developmental signal that
restricts stomatal formation during drought or stress conditions. Given UPL4’s dual functions in
roots and leaves, it likely acts at a convergence point of ABA signalling, potentially regulating
transcriptional modules or MAPK effectors through ubiquitin-mediated proteolysis.

Similarly, UPL6 overexpression suppressed stomatal formation, while up/6 mutants exhibited
increased SI and epidermal cell numbers. This indicates that UPL6 functions as a broader
suppressor of cell proliferation and differentiation in the epidermis. These effects were consistent
across cotyledons and true leaves, and at multiple developmental stages, reinforcing UPL6 as a
robust regulator of epidermal patterning. Unlike UPL4, which alters stomatal index with minimal
changes in overall epidermal cell numbers, UPL6 exerts broader control over epidermal cell

proliferation, pointing to a distinct mode of regulation within the ABA-mediated network.
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RNA-seq analysis revealed that UPL4 and UPL6 expressions are not significantly altered by ABA
in WT Col-0 (Table 16). This indicates that their basal transcription is ABA-independent, and that
dynamic regulation likely occurs post-transcriptionally or under specific genetic perturbations.
However, their expression was significantly elevated in abiltd and mkkk17-1 mutants under ABA
treatment. These patterns suggest that ABI/ and MAPKKK 17 suppress UPL4 and UPL6 expression
during ABA signalling. The de-repression observed in mutants indicate that both ligases are
regulated by upstream ABA components and may function downstream to reinforce ABA outputs.
The additional induction of UPL4, but not UPL6, in mkkkl§-1 suggests a broader regulatory
integration for UPL4 within ABA-MAPK paths. This broader responsiveness implies that UPL4
may act as a convergence node within the ABA-MAPK network, integrating inputs from multiple
upstream regulators to modulate developmental outcomes.

The similar root and stomatal phenotypic results of UPL4 and MAPKKKI1S, along with the
findings of Tajdel-Zielinska et al., 2024 , suggest that UPL4 function upstream of MAPKKKI8 in
MAPK signalling. Given that MAPK cascades are often prime factors for proteasomal degradation
through phosphorylation, these E3 ligases may confer substrate specificity, targeting
phosphorylated repressors or modulators for ubiquitination. In this way, UPL4 and UPL6 could
help sharpen or reset ABA signalling outputs. UPL4s induction by all three mutants (abiltd,
mkkk17-1, and mkkk18-1) and its involvement in both root and shoot development position as a
key regulatory node for ABA-dependent developmental plasticity. This convergence suggests
UPL4 may serve as a signal integration point, responding to diverse upstream cues to modulate
organ development under stress. Future work should determine whether UPL4 directly targets
MAPK cascade repressors for proteasomal degradation.

Despite phenotypic and transcriptional evidence, the direct substrates of UPL4 and UPL6 remain
unknown. Identifying these substrates will be essential for deciphering how UPL ligases confer
selectivity within ABA-MAPK pathways and how proteolysis reshapes developmental plasticity
under stress. Future studies using ubiquitin remnant profiling, co-IP mass spectrometry, or targeted
interactome screens will be necessary to identify their targets and confirm their integration with
ABA-MAPK modules. Furthermore, ABA responses often operate within broader hormonal and
environmental networks. Investigating UPL4/6 functions under combined stress conditions (e.g.,
drought, salinity) or interactions with other hormones (e.g., auxin, ethylene) could reveal

additional layers of cross-regulation and potential agronomic relevance
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The regulation of primary root elongation by UPL4 and UPL6 is reminiscent of other E3 ubiquitin
ligases and ABA signalling regulators that fine-tune root growth under stress. For example, the
RING-type ligase KEG controls ABIS stability, and keg mutants exhibit hypersensitive root growth
inhibition under ABA (Stone et al., 2006;. Similarly, RGLG1/2 and AIRP3 have been implicated
in ABA-mediated growth regulation through modulation of signalling intermediates Pan., et al
2020; Wu et al., 2016; Yu et al., 2021;. Beyond the ubiquitin pathway, transcription factors such
as ABI3/ABIS and kinases like SnRK2s and MAPKKK 18 have also been shown to suppress root
elongation in response to ABA Carles et al., 2002; Lopez-Molina et al., 2003; Nakashima et al.,
2006; Zhao et al., 2023). The similarity of phenotypes between up/ mutants and these known ABA
regulators suggests that UPL4 and UPL6 participate in a broader network of proteolytic and
transcriptional control mechanisms that integrate hormonal and stress signals to modulate root
development.

Overall, the results establish UPL4 and UPL6 as modulators of ABA-responsive development,
with UPL4 promotes ABA-dependent root growth but suppresses stomatal formation. In contrast,
UPLG6 overexpression lines retained root lengths are greater than WT Col-0 under ABA Treatment,
indicating partial resistance to ABA inhibition, whereas upl6 mutant lines displayed
hypersensitivity. Together, these findings identify UPL6 as a regulator of ABA sensitivity in roots
and stomatal development , but their precise mechanistic roles remain to be studied.
Transcriptomic evidence further supports their regulation downstream of key ABA pathway
components (AB11, MAPKKK17, and MAPKKK18 for UPL4). These findings highlight a novel
proteolytic dimension to ABA signalling and provide potential targets for manipulating plant stress
tolerance and developmental outcomes. By linking ubiquitin-mediated turnover to hormonal signal
integration, this study opens new avenues for optimizing plant growth-defence balances through
targeted manipulation of UPL ligase activity. Moreover, the use of ubiquitin profiling and
interactome mapping could identify context-specific substrates of UPL4/6 under different
hormonal combinations, providing tools for precision breeding or genetic engineering of stress-

resilient crops.
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6. Summary

Mitogen-activated protein kinase kinase kinases (MAPKKKSs) play pivotal roles in integrating
ABA signalling to regulate plant stress responses and developmental processes. Their functional
specialization and interplay contribute to the dynamic balance between growth and adaptation

under abiotic stress conditions.

o Functional divergence and redundancy of MAPKKKI7 and MAPKKKI1S8:

o MAPKKKI7 may contribute to post-transcriptional regulation by influencing RNA

processing and metabolism pathways during ABA-mediated stress responses.

o MAPKKKI8 may govern developmental plasticity, affecting organ growth, cell
proliferation, and stomatal density, thereby linking stress signalling with morphogenetic

adaptation.

o Both kinases share a subset of differentially expressed genes involved in ion transport,
jasmonic acid signalling, and calcium-mediated stomatal regulation, demonstrating
overlapping roles within the ABA signalling network. This overlap reflects a built-in
redundancy that likely enhances the robustness of ABA-mediated stress adaptation, while

their divergence enables modular regulation of distinct physiological processes.
e ABA-auxin crosstalk mediated by ABI1 and MAPKKKI8:

o ABIl and MAPKKK18 coordinate to repress auxin-induced growth signals under ABA
stress. Transcriptomic data indicates suppression of auxin-responsive genes including
SAURs, TAAs, and PIN transporters. This transcriptional antagonism provides
mechanistic insight into hormone prioritization under stress, where ABA suppresses cell

expansion and division pathways to conserve resources.
e Role of UPL4 and UPL6 E3 ubiquitin ligases in ABA-dependent development:

o UPL4 functions as an important regulator of ABA sensitivity, controlling primary root
elongation and stomatal development through ubiquitin-mediated proteolysis of

signalling components.
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o UPLG acts as a key regulator of stomatal development by constraining epidermal cell

proliferation, while also contributing to ABA-mediated regulation of root growth.

o Both UPL4 and UPL6 are transcriptionally regulated in abil and mkkkl7 mutants,
indicating that their activity is integrated with core ABA signalling modules to fine-tune

developmental and stress responses.
o Integration of hormonal and signalling networks:

o The findings highlight a multi-layered regulatory architecture wherein MAP kinase
signalling, hormonal antagonism, and ubiquitin-dependent proteolysis converge to

balance growth and stress adaptation in plants.

Together, these findings propose a multilayered model in which MAPKKK17/18 and ABI1 define
transcriptional responses, while UPL4/6 enforce proteasome-level control to refine output
dynamics. This hierarchy enables ABA to fine-tune growth-stress balances through spatially and
temporally distributed modules. Targeting these nodes could allow the development of crop

varieties with optimized resilience and adaptability under abiotic stress conditions.
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7. Conclusions

1. MAPKKK17 and MAPKKK 18 exhibit both overlapping and redundant roles in the regulation
of cellular processes. MAPKKK17 primarily influences post-transcriptional regulation, particularly
RNA processing and metabolism, during ABA-mediated stress responses. In contrast, MAPKKK18
governs developmental plasticity, affecting organ growth, cell proliferation, and stomatal density.
Both kinases co-regulate genes involved in ion transport, jasmonic acid signalling, and calcium-

dependent stomatal control, highlighting their shared functions within the ABA signalling network.

2. UPL4 and UPL6 fine-tune ABA-mediated developmental and stress responses by acting
downstream of core signalling elements and modulating root growth and stomatal development

through targeted protein degradation.

125

125:5914165770



8. List of figures

Figure 1. MAPK cascade and ABA-regulated MAPKKK17/18 signalling pathway in plants..... 17
Figure 2. Ubiquitin-Proteasome System and UPS-mediated degradation of MAPKKK17/18..... 30
Figure 3. Integration of the Ubiquitin-Proteasome System with ABA signalling pathways. ...... 37
Figure 4. Crosstalk between ABA and Auxin signalling pathways in plant development........... 40
Figure 5. Bioinformatics pipeline for RNA sequencing analysis..........ccooceeverieneenenieneenennenn. 50
Figure 6. Principal component analysis of gene expression levels in response to ABA treatment.
....................................................................................................................................................... 58
Figure 7. Comparison of DEGs in WT Col-0 and knockouts after ABA treatment..................... 60
Figure 8. Heatmap of the Top 100 Differentially expressed genes. ........c.ccecevveveevienieneeniennene. 61
Figure 9. Rank-Rank Hypergeometric Overlap analysis of Differential gene expression between
WT Col-0 and KNOCKOULS. .....c.eeiiiiiiiiitiniieitetetetee sttt 62
Figure 10. Rank-Rank Hypergeometric Overlap analysis of Differential gene expression
DBEtWEEN MAP KINASES. ...cuviiiiiiiriiitieieeieet ettt sttt sttt et 63
Figure 11. Rank-Rank Hypergeometric Overlap analysis of Differential gene expression between
ABITHA AN MKKRISE-1 . ..ottt 63
Figure 12. Genotype-specific and shared transcriptional responses to ABA in WT Col-0 and
TIKRIL 71 ..ottt ettt b ettt ettt 64
Figure 13. KEGG pathway enrichment from Gene Ontology analysis of unique DEGs in
TIKRIL 71 oottt ettt b ettt ettt a et 65
Figure 14. Biological Process enrichment from Gene Ontology analysis of unique DEGs in
TIKRIL 71 oottt ettt b ettt ettt 67
Figure 15. KEGG pathway enrichment from Gene Ontology analysis of overlapping DEGs in
mkKKI7-1 and WT COl-0. .c.oouiiiiiiiiiie ettt 70
Figure 16. Biological Process enrichment from Gene Ontology analysis of overlapping DEGs in
mkKK17-1 and WT COL-0. .c.eouiiiiiiiiniie ettt 71
Figure 17. Molecular Function enrichment from Gene Ontology analysis of unique upregulated
S S 0o o L USRS 74
Figure 18. Genotype-specific and shared transcriptional responses to ABA in WT Col-0 and
KKK S=1. ..ottt sttt ettt 75
Figure 19. KEGG pathway enrichment from Gene Ontology analysis of unique DEGs in
KKK S1 . ..ottt sttt ettt et 76
Figure 20. Biological Process enrichment from Gene Ontology analysis of unique DEGs in
TIKRIL 1. ..ottt ettt ettt ettt 77
Figure 21. KEGG pathway enrichment from Gene Ontology analysis of overlapping DEGs in
MKKKIS8-1 and WT COl-0. .c.oouiiiiiiiiiiie ettt 80
Figure 22. Biological Process enrichment from Gene Ontology analysis of overlapping DEGs in
MKKKIS8-1 and WT COl-0. ..ottt 81
Figure 23. Genotype-specific and common transcriptional responses in WT Col-0, mkkk17-1,
ANA KKK LE-1. ...ttt ettt 84
Figure 24. Biological Process enrichment from Gene Ontology analysis of mkkkl7-1 specific
DEGs following ABA treatment. ........c.eeviiieiiiiieiiie e esieeesiee et eeeeeesaeeesveeesaveeesnaeesnseeens 85
Figure 25. Biological Process enrichment from Gene Ontology analysis of mkkkl8-1 specific
DEGs following ABA treatment. ........ccceeeiiieiiiieeiieeciieeeieeeeiee e eireeeaeeeeaeeesbeeesaaeeesaeesnaeeens 86
126

126:1601773676



Figure 26. Biological Process enrichment from Gene Ontology analysis of overlapping DEGs

between mkkkl7-1 and mkkkl8-1 but not WT Col-0.....cccooviiiiiiiiniiiiiiiieeeeeeeee 87
Figure 27. Genotype-specific and common transcriptional responses in WT Col-0 and abiltd. 89
Figure 28. Biological Process enrichment from Gene Ontology analysis of overlapping DEGs in

ADT11d ANA WT COL-0...iiiee ettt ettt e st e st e et e saeeebeens 90
Figure 29. T-DNA insertion sites and transcript expression analysis of UPL4 and UPLG .......... 96
Figure 30. Primary root lengths of UPL4, UPL6 mutants and overexpression lines under mock
AN ABA tTEAtMENL. ....c..eiiiiitiiiiiieitieteete ettt sttt sttt et sb ettt st e bt et nes 98
Figure 31. UPL4 modulates stomatal development in Arabidopsis cotyledons.............ccceeuneenne 99
Figure 32. Stomatal development and epidermal cell analysis in UPL6 Lines ...........c.ccccucu.... 102
127

127:1018262684



9. List of tables

Table 1. Summary of major MAPK cascades in ArabidOpsis ........cceeevveriieriienieeiiienieeieesieeieens 27
Table 2. List Of Primer SEQUEINCES. ....ccuvvieiiieeiieeeiieeeieeeiteeetteeeteeesteeesreeessbeeessseeesaseeesseesnsseeeas 54
Table 3. Differentially expressed genes in WT Col-0 and knockouts (abiltd, mkkk17-1, mkkkiS§-
1) In 1eSponse t0 ABA tr@AtMENT. ........eiiiiiieeiieeciie ettt e e e e reeeaaeeesaeeennes 59
Table 4. Selected GO Terms from 562 upregulated unique genes of mkkkl7-1 ...........c.cccuuennie.. 67
Table 5. Selected GO Terms from 701 downregulated unique genes of mkkkl7-1. .................... 69
Table 6. Selected GO Terms from 249 upregulated overlapping genes of mkkkl7-1 .................. 72
Table 7. Selected GO Terms from 139 downregulated overlapping genes of mkkkl7-1. ............ 73
Table 8. Selected GO Terms from 593 upregulated unique genes of mkkkl8-1. ..........ccccuunn.... 78
Table 9. Selected GO Terms from 644 downregulated unique genes of mkkki§-1 ..................... 79
Table 10. Selected GO Terms from 271 upregulated overlapping genes of mkkki8-1 ................ 82
Table 11. Selected GO Terms from 152 downregulated overlapping genes of mkkki8-1 ........... 83
Table 12. Selected Biological Process from 706 unique DEGs of mkkk17-1. .........cccccveuenceee. 85
Table 13. Selected Biological Process from 680 unique DEGs of mkkkI18-1. ..........cccceeveneee. 86
Table 14. Selected GO Terms from 557 overlapping DEGs in mkkk17-1 and mkkki8-1 ............ 88
Table 15. List of Differentially expressed genes with ubiquitin—protein transferase activity...... 91
Table 16. Differential expression of UPL Ligases in response to ABA treatment........................ 94
128

128:3055744175



10. References

Aerts, N., Pereira Mendes, M., & Van Wees, S. C. M. (2021). Multiple levels of crosstalk in
hormone networks regulating plant defense. Plant Journal, 105(2), 489-504.
https://doi.org/10.1111/tpj. 15124

Aleman, F., Yazaki, J., Lee, M., Takahashi, Y., Kim, A. Y., Li, Z., Kinoshita, T., Ecker, J. R., &
Schroeder, J. I. (2016). An ABA-increased interaction of the PYL6 ABA receptor with MYC2
Transcription Factor: A putative link of ABA and JA signaling. Scientific Reports, 6, 28941.
https://doi.org/10.1038/srep2894 1

Ali, A., Chu, N., Ma, P, Javed, T., Zaheer, U., Huang, M. T., Fu, H. Y., & Gao, S. J. (2021).
Genome-wide analysis of mitogen-activated protein (MAP) kinase gene family expression in
response to biotic and abiotic stresses in sugarcane. Physiologia Plantarum, 171(1), 86—107.
https://doi.org/10.1111/ppl.13208

Ali, A., Kim, J. K., Jan, M., Khan, H. A., Khan, I. U., Shen, M., Park, J., Lim, C. J., Hussain, S.,
Baek, D., Wang, K., Chung, W. S., Rubio, V,, Lee, S. Y., Gong, Z., Kim, W. Y., Bressan, R.
A., Pardo, J. M., & Yun, D. J. (2019). Rheostatic Control of ABA Signaling through HOS15-
Mediated OST1 Degradation. Molecular  Plant, 12(11), 1447-1462.
https://doi.org/10.1016/j.molp.2019.08.005

Ali, A., & Yun, D. J. (2020). HOS15: A missing link that fine-tunes ABA signaling and drought
tolerance in  Arabidopsis. Plant  Signaling &  Behavior, 15(7), 1770964.
https://doi.org/10.1080/15592324.2020.1770964

Allen, J., Guo, K., Zhang, D., Ince, M., & Jammes, F. (2019). ABA-glucose ester hydrolyzing
enzyme ATBG1 and PHYB antagonistically regulate stomatal development. PLoS ONE,
14(6). https://doi.org/10.1371/journal.pone.0218605

Alzwiy, 1. A., & Morris, P. C. (2007). A mutation in the Arabidopsis MAP kinase kinase 9 gene
results in enhanced seedling stress tolerance. Plant Science, 173(3), 302-308.
https://doi.org/10.1016/j.plantsc1.2007.06.007

Asai, T., Tena, G., Plotnikova, J., Willmann, M. R., Chiu, W.-L., Gomez-Gomez?, L., Boller’, T.,
Ausubel, F. M., & Sheen, J. (2002). MAP kinase signalling cascade in Arabidopsis innate
immunity. In NATURE (Vol. 415). www.nature.com

Asano, T., Nguyen, T. H. N., Yasuda, M., Sidiq, Y., Nishimura, K., Nakashita, H., & Nishiuchi, T.
(2020). Arabidopsis MAPKKK 6-1 is required for full immunity against bacterial and fungal
infection. Journal of Experimental Botany, 71(6), 2085-2097.
https://doi.org/10.1093/jxb/erz556

Baek, W., Lim, C. W., Luan, S., & Lee, S. C. (2019). The RING finger E3 ligases PIR1 and PIR2
mediate PP2CA degradation to enhance abscisic acid response in Arabidopsis. Plant Journal,
100(3), 473-486. https://doi.org/10.1111/tpj.14507

Bai, F., & Matton, D. P. (2018). The Arabidopsis Mitogen-Activated Protein Kinase Kinase Kinase
20 (MKKK20) C-terminal domain interacts with MKK3 and harbors a typical DEF
mammalian MAP kinase docking site. Plant Signaling & Behavior, 13(8), €1503498.
https://doi.org/10.1080/15592324.2018.1503498

Banerjee, A., & Roychoudhury, A. (2017). Epigenetic regulation during salinity and drought stress
in plants: Histone modifications and DNA methylation. Plant Gene, 11, 199-204.
https://doi.org/10.1016/j.plgene.2017.05.011

129

129:2018040807



Banerjee, G., Singh, D., & Sinha, A. K. (2020). Plant cell cycle regulators: Mitogen-activated
protein kinase, a new regulating switch? In Plant Science (Vol. 301). Elsevier Ireland Ltd.
https://doi.org/10.1016/j.plantsci.2020.110660

Bao, Y., Song, W.-M., Jin, Y.-L., Jiang, C.-M., Yang, Y., Li, B., Huang, W.-J., Liu, H., & Zhang,
H.-X. (2014). Characterization of Arabidopsis Tubby-like proteins and redundant function of
AtTLP3 and AtTLP9 in plant response to ABA and osmotic stress. Plant Molecular Biology,
86(4-5), 471-483. https://doi.org/10.1007/s11103-014-0241-6

Bard, J. A. M., Goodall, E. A., Greene, E. R., Jonsson, E., Dong, K. C., & Martin, A. (2018).
Structure and Function of the 26S Proteasome. In Annual Review of Biochemistry (Vol. 87,
pp. 697-724). Annual Reviews Inc. https://doi.org/10.1146/annurev-biochem-062917-
011931

Bassil, E., Tajima, H., Liang, Y.-C., Ohto, M.-A., Ushijima, K., Nakano, R., Esumi, T., Coku, A.,
Belmonte, M., & Blumwald, E. (2011). The Arabidopsis Na+/H+ antiporters NHX1 and
NHX2 control vacuolar pH and K+ homeostasis to regulate growth, flower development, and
reproduction. The Plant Cell, 23(9), 3482-3497. https://doi.org/10.1105/tpc.111.089581

Bates, G. W., Rosenthal, D. M., Sun, J., Chattopadhyay, M., Peffer, E., Yang, J., Ort, D. R, &
Jones, A. M. (2012). A comparative study of the Arabidopsis thaliana guard-cell
transcriptome and its modulation by sucrose. PloS Omne, 7(11), e49641.
https://doi.org/10.1371/journal.pone.0049641

Belda-Palazon, B., Rodriguez, L., Fernandez, M. A., Castillo, M. C., Anderson, E. M., Gao, C.,
Gonzalez-Guzman, M., Peirats-Llobet, M., Zhao, Q., De Winne, N., Gevaert, K., De Jaeger,
G., Jiang, L., Le6n, J., Mullen, R. T., & Rodriguez, P. L. (2016). FYVE1/FREEI interacts
with the PYL4 ABA receptor and mediates its delivery to the vacuolar degradation pathway.
Plant Cell, 28(9), 2291-2311. https://doi.org/10.1105/tpc.16.00178

Belin, C., Megies, C., Hauserova, E., & Lopez-Molina, L. (2009). Abscisic acid represses growth
of the arabidopsis embryonic axis after germination by enhancing auxin signalings. Plant
Cell, 21(8), 2253-2268. https://doi.org/10.1105/tpc.109.067702

Benhamman, R., Bai, F., Drory, S. B., Loubert-Hudon, A., Ellis, B., & Matton, D. P. (2017). The
arabidopsis mitogen-activated protein kinase kinase kinase 20 (MKKK?20) acts upstream of
MKK3 and MPKI18 in two separate signaling pathways involved in root microtubule
functions. Frontiers in Plant Science, 8. https://doi.org/10.3389/fpls.2017.01352

Bentsink, L., & Koornneef, M. (2008). Seed Dormancy and Germination. The Arabidopsis Book,
6, €0119. https://doi.org/10.1199/tab.0119

Bergmann, D. C., Lukowitz, W., & Somerville, C. R. (2004). Stomatal development and pattern
controlled by a  MAPKK  kinase. Science, 304(5676), 1494-1497.
https://doi.org/10.1126/science.1096014

Bernhardt, A., Lechner, E., Hano, P., Schade, V., Dicterle, M., Anders, M., Dubin, M. J.,
Benvenuto, G., Bowler, C., Genschik, P., & Hellmann, H. (2006). CUL4 associates with
DDBI1 and DETI and its downregulation affects diverse aspects of development in
Arabidopsis thaliana. Plant Journal, 47(4), 591-603. https://doi.org/10.1111/.1365-
313X.2006.02810.x

Bhattacharyya, S., Yu, H., Mim, C., & Matouschek, A. (2014). Regulated protein turnover:
Snapshots of the proteasome in action. In Nature Reviews Molecular Cell Biology (Vol. 15,
Issue 2, pp. 122—-133). https://doi.org/10.1038/nrm374 1

Bigeard, J., & Hirt, H. (2018). Nuclear signaling of plant MAPKSs. In Frontiers in Plant Science
(Vol. 9). Frontiers Media S.A. https://doi.org/10.3389/1pls.2018.00469

130

130:1137705384



Blount, J. R., Johnson, S. L., & Todi, S. V. (2020). Unanchored Ubiquitin Chains, Revisited. In
Frontiers in Cell and Developmental Biology (Vol. 8). Frontiers Media S.A.
https://doi.org/10.3389/fcell.2020.582361

BrandtB,S. M.C. W.D.N.T.Y.P.G.Y.E.P.T.F. B.R. W.F. A. J. L. S. (2015). Calcium specificity
signaling mechanisms in abscisic acid signal transduction in Arabidopsis guard cells. In eLife.
eLife. https://doi.org/10.7554/eLife.03599.001

Brocard-Gifford, 1., Lynch, T. J., Garcia, M. E., Malhotra, B., & Finkelstein, R. R. (2004). The
Arabidopsis thaliana Abscisic Acid-Insensitive8 Locus Encodes a Novel Protein Mediating
Abscisic Acid and Sugar Responses Essential for Growth. Plant Cell, 16(2), 406—421.
https://doi.org/10.1105/tpc.018077

Brunetti, S. C., Arseneault, M. K. M., & Gulick, P. J. (2023). The caleosin RD20/CLO3 regulates
lateral root development in response to abscisic acid and regulates flowering time in
conjunction with the caleosin CLO7. Journal of Plant Physiology, 290, 154102.
https://doi.org/10.1016/j.jplph.2023.154102

Bueso, E., Rodriguez, L., Lorenzo-Orts, L., Gonzalez-Guzman, M., Sayas, E., Muioz-Bertomeu,
J., Ibafiez, C., Serrano, R., & Rodriguez, P. L. (2014). The single-subunit RING-type E3
ubiquitin ligase RSLI1 targets PYL4 and PYR1 ABA receptors in plasma membrane to
modulate  abscisic  acid  signaling.  Plant  Journal,  80(6),  1057-1071.
https://doi.org/10.1111/tpj. 12708

Burke, R., McCabe, A., Sonawane, N. R., Rathod, M. H., Whelan, C. V., McCabe, P. F., &
Kacprzyk, J. (2023). Arabidopsis cell suspension culture and RNA sequencing reveal
regulatory networks underlying plant-programmed cell death. The Plant Journal, 115(6),
1465—1485. https://doi.org/10.1111/tp;.16407

Burnette, R. N., Gunesekera, B. M., & Gillaspy, G. E. (2003). An Arabidopsis inositol 5-
phosphatase gain-of-function alters abscisic acid signaling. Plant Physiology, 132(2), 1011—
1019. https://doi.org/10.1104/pp.102.019000

Bushnell, B., Rood, J., & Singer, E. (2017). BBMerge — Accurate paired shotgun read merging via
overlap. PLOS ONE, 12(10), e0185056. https://doi.org/10.1371/journal.pone.0185056

Cackett, L., Cannistraci, C. V., Meier, S., Ferrandi, P., Péncik, A., Gehring, C., Novék, O., Ingle,
R. A., & Donaldson, L. (2022). Salt-Specific Gene Expression Reveals Elevated Auxin Levels
in Arabidopsis thaliana Plants Grown Under Saline Conditions. Frontiers in Plant Science,
13, 804716. https://doi.org/10.3389/{pls.2022.804716

Cahill, K. M., Huo, Z., Tseng, G. C., Logan, R. W., & Seney, M. L. (2018). Improved identification
of concordant and discordant gene expression signatures using an updated rank-rank
hypergeometric overlap approach. Scientific Reports, 8(1). https://doi.org/10.1038/s41598-
018-27903-2

Callis, J. (2014). The Ubiquitination Machinery of the Ubiquitin System. The Arabidopsis Book,
12, e0174. https://doi.org/10.1199/tab.0174

Caiibano, E., Rodriguez-Sanchez, N., Goémez-Soto, D., El Kendi, F. Z., Lozano-Juste, J.,
Kinoshita, T., Oliveros, J. C., Bourbousse, C., & Fonseca, S. (2025). A PIF-SAUR module
safeguards hypocotyl elongation from ABA inhibition in the dark. Science Advances, 11(26),
eadv0895. https://doi.org/10.1126/sciadv.adv0895

Cao, M.-J., Wang, Z., Zhao, Q., Mao, J.-L., Speiser, A., Wirtz, M., Hell, R., Zhu, J.-K., & Xiang,
C.-B. (2014). Sulfate availability affects ABA levels and germination response to ABA and
salt stress in Arabidopsis thaliana. The Plant Journal : For Cell and Molecular Biology, 77(4),
604—615. https://doi.org/10.1111/tp;j.12407

131

131:1151911102



Capron, A., Okrész, L., & Genschik, P. (2003). First glance at the plant APC/C, a highly conserved
ubiquitin-protein ligase. Trends in Plant Science, 8(2), 83—89. https://doi.org/10.1016/S1360-
1385(02)00028-6

Carles, C., Bies-Etheve, N., Aspart, L., Léon-Kloosterziel, K. M., Koornneef, M., Echeverria, M.,
& Delseny, M. (2002). Regulation of Arabidopsis thaliana Em genes: role of ABIS. The Plant
Journal, 30(3), 373-383. https://doi.org/10.1046/5.1365-313X.2002.01295.x

Casimiro, 1., Beeckman, T., Graham, N., Bhalerao, R., Zhang, H., Casero, P., Sandberg, G., &
Bennett, M. J. (2003). Dissecting Arabidopsis lateral root development. In Trends in Plant
Science (Vol. 8, Issue 4, pp. 165-171). Elsevier Ltd. https://doi.org/10.1016/S1360-
1385(03)00051-7

Chae, K., Isaacs, C. G., Reeves, P. H., Maloney, G. S., Muday, G. K., Nagpal, P., & Reed, J. W.
(2012). Arabidopsis SMALL AUXIN UP RNA63 promotes hypocotyl and stamen filament
elongation. The Plant Journal: For Cell and Molecular Biology, 71(4), 684—697.
https://doi.org/10.1111/1.1365-313X.2012.05024.x

Chaiwongsar, S., Strohm, A. K., Su, S. H., & Krysan, P. J. (2012). Genetic analysis of the
Arabidopsis protein kinases MAP3Kel and MAP3Ke2 indicates roles in cell expansion and
embryo development. Frontiers in Plant Science, 3(OCT).
https://doi.org/10.3389/fpls.2012.00228

Chen, L., & Hellmann, H. (2013). Plant E3 ligases: Flexible enzymes in a sessile world. In
Molecular Plant (Vol. 6, Issue 5, pp. 1388-1404). Oxford University Press.
https://doi.org/10.1093/mp/sst005

Chen, M.-K., Hsu, W.-H., Lee, P.-F., Thiruvengadam, M., Chen, H.-I., & Yang, C.-H. (2011). The
MADS box gene, FOREVER YOUNG FLOWER, acts as a repressor controlling floral organ
senescence and abscission in Arabidopsis. The Plant Journal : For Cell and Molecular
Biology, 68(1), 168—185. https://doi.org/10.1111/j.1365-313X.2011.04677.x

Chen, S., Zhang, N., Zhou, G., Hussain, S., Ahmed, S., Tian, H., & Wang, S. (2021). Knockout of
the entire family of AITR genes in Arabidopsis leads to enhanced drought and salinity
tolerance ~ without  fitness  costs.  BMC  Plant  Biology, 2I1(1), 137.
https://doi.org/10.1186/s12870-021-02907-9

Cheng, C., Wang, Z., Ren, Z., Zhi, L., Yao, B., Su, C., Liu, L., & Li, X. (2017). SCFAtPP2-
Bllmodulates ABA signaling by facilitating SnRK2.3 degradation in Arabidopsis thaliana.
PLoS Genetics, 13(8). https://doi.org/10.1371/journal.pgen.1006947

Cheng, Y., Dai, X., & Zhao, Y. (2006). Auxin biosynthesis by the YUCCA flavin monooxygenases
controls the formation of floral organs and vascular tissues in Arabidopsis. Genes and
Development, 20(13), 1790-1799. https://doi.org/10.1101/gad.1415106

Chot, J., Kim, H., & Suh, M. C. (2023). Disruption of the ABA1 encoding zeaxanthin epoxidase
caused defective suberin layers in Arabidopsis seed coats. Frontiers in Plant Science, 14.
https://doi.org/10.3389/1pls.2023.1156356

Choi, S. W, Lee, S. B, Na, Y. J., Jeung, S. G., & Kim, S. Y. (2017). Arabidopsis MAP3K16 and
other Salt-Inducible MAP3Ks regulate ABA response redundantly. Molecules and Cells,
40(3), 230-242. https://doi.org/10.14348/molcells.2017.0002

Christiansen, K. M., Gu, Y., Rodibaugh, N., & Innes, R. W. (2011). Negative regulation of defence
signalling pathways by the EDRI1 protein kinase. Molecular Plant Pathology, 12(8), T46—
758. https://doi.org/10.1111/j.1364-3703.2011.00708.x

Chun, H. J., Baek, D., Cho, H. M., Lee, S. H., Jin, B. J., Yun, D.-J., Hong, Y.-S., & Kim, M. C.
(2019). Lignin biosynthesis genes play critical roles in the adaptation of Arabidopsis plants

132

132:1049267867



to  high-salt  stress.  Plant  Signaling &  Behavior,  14(8), 1625697.
https://doi.org/10.1080/15592324.2019.1625697

Chun, H. J., Lim, L. H., Cheong, M. S., Baek, D., Park, M. S., Cho, H. M., Lee, S. H., Jin, B. J.,
No, D. H., Cha, Y. J,, Lee, Y. B., Hong, J. C., Yun, D.-J., & Kim, M. C. (2021). Arabidopsis
CCoAOMTI Plays a Role in Drought Stress Response via ROS- and ABA-Dependent
Manners. Plants (Basel, Switzerland), 10(5). https://doi.org/10.3390/plants1005083 1

Colcombet, J., & Hirt, H. (2008). Arabidopsis MAPKs: A complex signalling network involved in
multiple biological processes. In Biochemical Journal (Vol. 413, Issue 2, pp. 217-226).
Portland Press Ltd. https://doi.org/10.1042/BJ20080625

Collins, G. A., & Goldberg, A. L. (2017). The Logic of the 26S Proteasome. In Cell (Vol. 169,
Issue 5, pp. 792—-806). Cell Press. https://doi.org/10.1016/j.cell.2017.04.023

Corso, M., Doccula, F. G., de Melo, J. R. F., Costa, A., & Verbruggen, N. (2018). Endoplasmic
reticulum-localized CCX2 is required for osmotolerance by regulating ER and cytosolic Ca2+
dynamics in Arabidopsis. Proceedings of the National Academy of Sciences of the United
States of America, 115(15), 3966-3971. https://doi.org/10.1073/pnas.1720422115

Cristina, M., Petersen, M., & Mundy, J. (2010). Mitogen-activated protein kinase signaling in
plants. Annual Review of Plant Biology, 61, 621-649. https://doi.org/10.1146/annurev-
arplant-042809-112252

Dai, Y., Wang, H., Li, B., Huang, J., Liu, X., Zhou, Y., Mou, Z., & Li, J. (2006). Increased
expression of MAP KINASE KINASE?7 causes deficiency in polar auxin transport and leads
to plant architectural abnormality in Arabidopsis. Plant Cell, 18(2), 308-320.
https://doi.org/10.1105/tpc.105.037846

Danquah, A., De Zélicourt, A., Boudsocq, M., Neubauer, J., Frei Dit Frey, N., Leonhardt, N.,
Pateyron, S., Gwinner, F., Tamby, J. P., Ortiz-Masia, D., Marcote, M. J., Hirt, H., &
Colcombet, J. (2015). Identification and characterization of an ABA-activated MAP kinase
cascade in Arabidopsis thaliana. Plant Journal, 82(2), 232-244.
https://doi.org/10.1111/tpj. 12808

Danquah, A., de Zelicourt, A., Colcombet, J., & Hirt, H. (2014). The role of ABA and MAPK
signaling pathways in plant abiotic stress responses. In Biotechnology Advances (Vol. 32,
Issue 1, pp. 40-52). https://doi.org/10.1016/j.biotechadv.2013.09.006

De Angeli, A., Zhang, J., Meyer, S., & Martinoia, E. (2013). AtALMT9 is a malate-activated
vacuolar chloride channel required for stomatal opening in Arabidopsis. Nature
Communications, 4, 1804. https://doi.org/10.1038/ncomms2815

De Smet, 1., Signora, L., Beeckman, T., Inz¢, D., Foyer, C. H., & Zhang, H. (2003). An abscisic
acid-sensitive checkpoint in lateral root development of Arabidopsis. The Plant Journal,
33(3), 543-555. https://doi.org/10.1046/j.1365-313X.2003.01652.x

De Torres-Zabala, M., Truman, W., Bennett, M. H., Lafforgue, G., Mansfield, J. W., Rodriguez
Egea, P., Bogre, L., & Grant, M. (2007). Pseudomonas syringae pv. tomato hijacks the
Arabidopsis abscisic acid signalling pathway to cause disease. EMBO Journal, 26(5), 1434—
1443. https://doi.org/10.1038/sj.emboj. 7601575

Denekamp, M., & Smeekens, S. C. (2003). Integration of wounding and osmotic stress signals
determines the expression of the AtMYB102 transcription factor gene. Plant Physiology,
132(3), 1415-1423. https://doi.org/10.1104/pp.102.019273

Deshaies, R. J., & Joazeiro, C. A. P. (2009). RING domain E3 ubiquitin ligases. In Annual Review
of  Biochemistry (Vol. 78, pp- 399-434).  Annual Reviews Inc.
https://doi.org/10.1146/annurev.biochem.78.101807.093809

133

133:1074380133



Ding, H., Lai, J., Wu, Q., Zhang, S., Chen, L., Dai, Y.-S., Wang, C., Du, J., Xiao, S., & Yang, C.
(2016). Jasmonate complements the function of Arabidopsis lipoxygenase3 in salinity stress
response. Plant Science : An International Journal of Experimental Plant Biology, 244, 1-7.
https://doi.org/10.1016/j.plantsci.2015.11.009

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, M.,
& Gingeras, T. R. (2013). STAR: Ultrafast universal RNA-seq aligner. Bioinformatics, 29(1),
15-21. https://doi.org/10.1093/bioinformatics/bts635

Doczi, R., Brader, G., Pettkd-Szandtner, A., Rajh, 1., Djamei, A., Pitzschke, A., Teige, M., & Hirt,
H. (2007). The Arabidopsis mitogen-activated protein kinase kinase MKK3 is upstream of
group C mitogen-activated protein kinases and participates in pathogen signaling. Plant Cell,
19(10), 3266-3279. https://doi.org/10.1105/tpc.106.050039

Dou, L., He, K., Peng, J., Wang, X., & Mao, T. (2021). The E3 ligase MREL57 modulates
microtubule stability and stomatal closure in response to ABA. Nature Communications,
12(1). https://doi.org/10.1038/s41467-021-22455-y

Downes, B. P., Stupar, R. M., Gingerich, D. J., & Vierstra, R. D. (2003). The HECT ubiquitin-
protein ligase (UPL) family in Arabidopsis: UPL3 has a specific role in trichome
development.  Plant  Journal, 35(6), 729-742.  https://doi.org/10.1046/j.1365-
313X.2003.01844.x

Dragwidge, J. M., Ford, B. A., Ashnest, J. R., Das, P., & Gendall, A. R. (2018). Two Endosomal
NHX-Type Nat+/H+ Antiporters are Involved in Auxin-Mediated Development in
Arabidopsis  thaliana. Plant & Cell  Physiology, 59(8), 1660—1669.
https://doi.org/10.1093/pcp/pcy090

Dreher, K., & Callis, J. (2007). Ubiquitin, hormones and biotic stress in plants. In Annals of Botany
(Vol. 99, Issue 5, pp. 787—822). https://doi.org/10.1093/aob/mcl255

Du, C., & Zhang, Z. (2025). Precision tuning of ABA signaling by ubiquitination of ABA
receptors: modulating protein activity and localization. Journal of Experimental Botany.
https://doi.org/10.1093/jxb/eraf104

Dubiella, U., & Serrano, 1. (2021). The ubiquitin proteasome system as a double agent in plant-
virus interactions. In  Plants (Vol. 10, Issue 5). MDPI  AG.
https://doi.org/10.3390/plants 10050928

Earley, K. W., Haag, J. R., Pontes, O., Opper, K., Juehne, T., Song, K., & Pikaard, C. S. (2006).
Gateway-compatible vectors for plant functional genomics and proteomics. In Plant Journal
(Vol. 45, Issue 4, pp. 616—629). https://doi.org/10.1111/5.1365-313X.2005.02617.x

Eckstein, A., Grzyb, J., Hermanowicz, P., Zgtobicki, P., Labuz, J., Strzatka, W., Dziga, D., &
Banas, A. K. (2021). Arabidopsis phototropins participate in the regulation of darkinduced
leaf senescence. [International Journal of Molecular Sciences, 22(4), 1-13.
https://doi.org/10.3390/ijms22041836

El Refy, A., Perazza, D., Zekraoui, L., Valay, J. G., Bechtold, N., Brown, S., Hiilskamp, M.,
Herzog, M., & Bonneville, J. M. (2004). The Arabidopsis KAKTUS gene encodes a HECT
protein and controls the number of endoreduplication cycles. Molecular Genetics and
Genomics, 270(5), 403—414. https://doi.org/10.1007/s00438-003-0932-1

Emenecker, R. J., & Strader, L. C. (2020). Auxin-abscisic acid interactions in plant growth and
development. In Biomolecules (Vol. 10, Issue 2). MDPI  AG.
https://doi.org/10.3390/biom10020281

134

134:3251509589



Enders, T. A., Frick, E. M., & Strader, L. C. (2017). An Arabidopsis kinase cascade influences
auxin-responsive cell expansion. Plant Journal, 92(1), 68-81.
https://doi.org/10.1111/tpj.13635

Figueroa, P., Gusmaroli, G., Serino, G., Habashi, J., Ma, L., Shen, Y., Feng, S., Bostick, M., Callis,
J., Hellmann, H., & Xing, W. D. (2005). Arabidopsis has two redundant cullin3 proteins that
are essential for embryo development and that interact with RBX1 and BTB proteins to form
multisubunit E3 ubiquitin ligase complexes in vivo. Plant Cell, 17(4), 1180—-1195.
https://doi.org/10.1105/tpc.105.031989

Finkelstein, R. (2013). Abscisic Acid Synthesis and Response. The Arabidopsis Book, 11, e0166.
https://doi.org/10.1199/tab.0166

Finley, D., & Prado, M. A. (2020). The proteasome and its network: Engineering for adaptability.
Cold Spring Harbor Perspectives in Biology, 12(1).
https://doi.org/10.1101/cshperspect.a033985

Fliitsch, S., Nigro, A., Conci, F., Fajkus, J., Thalmann, M., Trtilek, M., Panzarova, K., & Santelia,
D. (2020). Glucose uptake to guard cells via STP transporters provides carbon sources for
stomatal opening and plant growth. EMBO  Reports, 21(8), e49719.
https://doi.org/10.15252/embr.201949719

Forzani, C., Carreri, A., De La Fuente Van Bentem, S., Lecourieux, D., Lecourieux, F., & Hirt, H.
(2011). The Arabidopsis protein kinase Pto-interacting 1-4 is a common target of the oxidative
signal-inducible 1 and mitogen-activated protein kinases. FEBS Journal, 278(7), 1126—1136.
https://doi.org/10.1111/j.1742-4658.2011.08033.x

Freemont, P. S. (2000). Ubiquitination: RING for destruction? Ubiquitination targets proteins for
degradation and is a potent regulator of cellular protein function. Recent results implicate the
RING finger domain in specific ubiquitination events; it is possible that all RING proteins act
as E3 ubiquitin protein ligases, with implications for a variety of biological areas. In Current
Biology (Vol. 10).

French, M. E., Koehler, C. F., & Hunter, T. (2021). Emerging functions of branched ubiquitin
chains. In Cell Discovery (Vol. 7, Issue 1). Springer Nature. https://doi.org/10.1038/s41421-
020-00237-y

Frerigmann, H., & Gigolashvili, T. (2014). MYB34, MYB51, and MYB122 Distinctly Regulate
Indolic Glucosinolate Biosynthesis in Arabidopsis thaliana. Molecular Plant, 7(5), 814—828.
https://doi.org/10.1093/mp/ssu004

Frye, C. A, Tang, D., & Innes, R. W. (2001). Negative regulation of defense responses in plants
by a conserved MAPKK kinase. In PLANT BIOLOGY (Vol. 98, Issue 1).
www.pnas.orgcgidoil0.1073pnas.011405198

Fujita, Y., Nakashima, K., Yoshida, T., Katagiri, T., Kidokoro, S., Kanamori, N., Umezawa, T.,
Fujita, M., Maruyama, K., Ishiyama, K., Kobayashi, M., Nakasone, S., Yamada, K., Ito, T.,
Shinozaki, K., & Yamaguchi-Shinozaki, K. (2009). Three SnRK2 protein kinases are the main
positive regulators of abscisic acid signaling in response to water stress in arabidopsis. Plant
and Cell Physiology, 50(12), 2123-2132. https://doi.org/10.1093/pcp/pcp147

Fujita, Y., Yoshida, T., & Yamaguchi-Shinozaki, K. (2013). Pivotal role of the AREB/ABF-SnRK2
pathway in ABRE-mediated transcription in response to osmotic stress in plants. In
Physiologia Plantarum (Vol. 147, Issue 1, pp. 15-27). https://doi.org/10.1111/5.1399-
3054.2012.01635.x

135

135:2497575430



Furniss, J. J., Grey, H., Wang, Z., Nomoto, M., Jackson, L., Tada, Y., & Spoel, S. H. (2018).
Proteasome-associated HECT-type ubiquitin ligase activity is required for plant immunity.
PLoS Pathogens, 14(11). https://doi.org/10.1371/journal.ppat.1007447

Gao, L., Lv, Q., Wang, L., Han, S., Wang, J., Chen, Y., Zhu, W., Zhang, X., Bao, F., Hu, Y., Li, L.,
& He, Y. (2024). Abscisic acid-mediated autoregulation of the MYB41-BRAHMA module
enhances drought tolerance in Arabidopsis. Plant Physiology, 196(2), 1608—1626.
https://doi.org/10.1093/plphys/kiae383

Gao, M., Liu, J., Bi, D., Zhang, Z., Cheng, F., Chen, S., & Zhang, Y. (2008). MEKKI,
MKK1/MKK2 and MPK4 function together in a mitogen-activated protein kinase cascade to
regulate innate immunity in plants. Cell Research, 18(12), 1190-1198.
https://doi.org/10.1038/cr.2008.300

Geiger, D., Nke Scherzer, S., Mumm, P., Stange, A., Marten, 1., Bauer, H., Ache, P., Matschi, S.,
Liese, A., Al-Rasheid, K. A. S., Romeis, T., & Hedrich, R. (2009). Activity of guard cell anion
channel SLACI is controlled by drought-stress signaling kinase-phosphatase pair.

Giordano, L., Schimmerling, M., Panabiéres, F., Allasia, V., & Keller, H. (2022). The exodomain
of the impaired oomycete susceptibility 1 receptor mediates both endoplasmic reticulum
stress responses and abscisic acid signalling during downy mildew infection of Arabidopsis.
Molecular Plant Pathology, 23(12), 1783—1791. https://doi.org/10.1111/mpp.13265

Gou, J.-Y,, Yu, X.-H., & Liu, C.-J. (2009). A hydroxycinnamoyltransferase responsible for
synthesizing suberin aromatics in Arabidopsis. Proceedings of the National Academy of
Sciences, 106(44), 18855—18860. https://doi.org/10.1073/pnas.0905555106

Gray, W. M., Carlos Del Pozo, J., Walker, L., Hobbie, L., Risseeuw, E., Banks, T., Crosby, W. L.,
Yang, M., Ma, H., & Estelle, M. (1999). Identification of an SCF ubiquitin-ligase complex
required for auxin response in Arabidopsis thaliana. www.genesdev.org

Greene, E. R., Dong, K. C., & Martin, A. (2020). Understanding the 26S proteasome molecular
machine from a structural and conformational dynamics perspective. In Current Opinion in
Structural Biology (Vol. 61, pp- 33-41). Elsevier Ltd.
https://doi.org/10.1016/j.sbi.2019.10.004

Guan, R, Su, J., Meng, X., Li, S., Liu, Y., Xu, J., & Zhang, S. (2015). Multilayered regulation of
ethylene induction plays a positive role in arabidopsis resistance against Pseudomonas
syringae. Plant Physiology, 169(1), 299-312. https://doi.org/10.1104/pp.15.00659

Guo, R., & Sun, W. (2017). Sumoylation stabilizes RACK1B and enhance its interaction with
RAP2.6 in the abscisic acid response. Scientific Reports, 7(1), 44090.
https://doi.org/10.1038/srep44090

Hamel, L., Nicole, M., & Sritubtim, S. (2006). Ancient signals comparative genomics of plant
MAPK and MAPKK gene families. Trends in Plant  Science.
https://doi.org/https://doi.org/10.1016/].tplants.2006.02.007

Han, L., Li, G. J., Yang, K. Y., Mao, G., Wang, R., Liu, Y., & Zhang, S. (2010). Mitogen-activated
protein kinase 3 and 6 regulate Botrytis cinerea-induced ethylene production in Arabidopsis.
Plant Journal, 64(1), 114—127. https://doi.org/10.1111/j.1365-313X.2010.04318.x

Han, S. K., Herrmann, A., Yang, J., Iwasaki, R., Sakamoto, T., Desvoyes, B., Kimura, S., Gutierrez,
C., Kim, E. D., & Torii, K. U. (2022). Deceleration of the cell cycle underpins a switch from
proliferative to terminal divisions in plant stomatal lineage. Developmental Cell, 57(5), 569-
582.¢e6. https://doi.org/10.1016/j.devcel.2022.01.014

Han, X., Li, S., Zhang, M., Yang, L., Liu, Y., Xu, J., & Zhang, S. (2019). Regulation of GDSL
lipase gene expression by the MPK3/MPK6 cascade and its downstream WRKY transcription

136

136:9389395278



factors in Arabidopsis immunity. Molecular Plant-Microbe Interactions, 32(6), 673—684.
https://doi.org/10.1094/MPMI-06-18-0171-R

Hann, C. T., Ramage, S. F., Negi, H., Bequette, C. J., Vasquez, P. A., & Stratmann, J. W. (2024).
Dephosphorylation of the MAP kinases MPK6 and MPK3 fine-tunes responses to wounding
and herbivory in Arabidopsis. Plant Science, 339, 111962.
https://doi.org/10.1016/j.plantsci.2023.111962

He, D., Damaris, R. N., Li, M., Khan, I., & Yang, P. (2020). Advances on plant ubiquitylome-from
mechanism to application. In International Journal of Molecular Sciences (Vol. 21, Issue 21,
pp. 1-18). MDPI AG. https://doi.org/10.3390/ijms21217909

He, J., Duan, Y., Hua, D., Fan, G., Wang, L., Liu, Y., Chen, Z., Han, L., Qu, L.-J., & Gong, Z.
(2012). DEXH box RNA helicase-mediated mitochondrial reactive oxygen species
production in Arabidopsis mediates crosstalk between abscisic acid and auxin signaling. The
Plant Cell, 24(5), 1815-1833. https://doi.org/10.1105/tpc.112.098707

He, W., Wei, L., & Zou, Q. (2019). Research progress in protein posttranslational modification site
prediction. Briefings in Functional Genomics, 18(4), 220-229.
https://doi.org/10.1093/bfgp/ely039

He, Y., & Meng, X. (2020). MAPK Signaling: Emerging Roles in Lateral Root Formation. In
Trends in Plant Science (Vol. 25, Issue 2, pp. 126-129). Elsevier Ltd.
https://doi.org/10.1016/j.tplants.2019.11.006

Hershko, A. (2005). The ubiquitin system for protein degradation and some of its roles in the
control of the cell division cycle. In Cell Death and Differentiation (Vol. 12, Issue 9, pp.
1191-1197). https://doi.org/10.1038/sj.cdd.4401702

Hershko, A., & Ciechanover, A. (1998). THE UBIQUITIN SYSTEM. In Annu. Rev. Biochem (Vol.
67). www.annualreviews.org

Hoth, S., Morgante, M., Sanchez, J. P., Hanafey, M. K., Tingey, S. V., & Chua, N. H. (2002).
Genome-wide gene expression profiling in Arabidopsis thaliana reveals new targets of
abscisic acid and largerly impaired gene regulation in the abil-1 mutant. Journal of Cell
Science, 115(24), 4891-4900. https://doi.org/10.1242/jcs.00175

Hou, Y.J., Zhu, Y., Wang, P., Zhao, Y., Xie, S., Batelli, G., Wang, B., Duan, C. G., Wang, X., Xing,
L., Let, M., Yan, J., Zhu, X., & Zhu, J. K. (2016). Type One Protein Phosphatase 1 and Its
Regulatory Protein Inhibitor 2 Negatively Regulate ABA Signaling. PLoS Genetics, 12(3).
https://doi.org/10.1371/journal.pgen.1005835

Hsiao, Y.-C., Hsu, Y.-F., Chen, Y.-C., Chang, Y.-L., & Wang, C.-S. (2016). A WD40 protein,
AtGHS40, negatively modulates abscisic acid degrading and signaling genes during seedling
growth under high glucose conditions. Journal of Plant Research, 129(6), 1127-1140.
https://doi.org/10.1007/s10265-016-0849-5

Huang, C., Yu, J., Cai, Q., Chen, Y., L1, Y., Ren, Y., & Miao, Y. (2020). Triple-localized WHIRLY2
influences leaf senescence and silique development via carbon allocation. Plant Physiology,
184(3), 1348—1362. https://doi.org/10.1104/pp.20.00832

Huang, H., Yang, X., Zheng, M., Chen, Z., Yang, Z., Wu, P., Jenks, M. A., Wang, G., Feng, T., Liu,
L., Yang, P, Lii, S., & Zhao, H. (2023). An ancestral role for 3-KETOACYL-COA
SYNTHASES3 as a negative regulator of plant cuticular wax synthesis. The Plant Cell, 35(6),
2251-2270. https://doi.org/10.1093/plcell/koad051

Huang, R., Zheng, R., He, J., Zhou, Z., Wang, J., Xiong, Y., & Xu, T. (2019). Noncanonical auxin
signaling regulates cell division pattern during lateral root development. Proceedings of the

137

137:5259635505



National Academy of Sciences of the United States of America, 116(42), 21285-21290.
https://doi.org/10.1073/pnas. 1910916116

Hussain, S., Kim, S. H., Bahk, S., Ali, A., Nguyen, X. C., Yun, D. J., & Chung, W. S. (2020). The
Auxin Signaling Repressor IAA8 Promotes Seed Germination Through Down-Regulation of
ABI3  Transcription in  Arabidopsis.  Frontiers in  Plant  Science, 1l.
https://doi.org/10.3389/1pls.2020.00111

Hussain, S., Suda, H., Nguyen, C. H., Yan, D., Toyota, M., Yoshioka, K., & Nambara, E. (2024).
Calcium signaling triggers early high humidity responses in Arabidopsis thaliana.
Proceedings of the National Academy of Sciences of the United States of America, 121(51),
€2416270121. https://doi.org/10.1073/pnas.2416270121

Ichimura, K., Shinozaki, K., Tena, G., & Sheen, J. (2002). Mitogen-activated protein kinase
cascades in plants a new nomenclature. Trends in Plant Science.

Imes, D., Mumm, P., Bohm, J., Al-Rasheid, K. A. S., Marten, 1., Geiger, D., & Hedrich, R. (2013).
Open stomata 1 (OST1) kinase controls R-type anion channel QUACI in Arabidopsis guard
cells. Plant Journal, 74(3), 372—-382. https://doi.org/10.1111/tpj.12133

Irigoyen, M. L., Iniesto, E., Rodriguez, L., Puga, M. 1., Yanagawa, Y., Pick, E., Strickland, E., Paz-
Ares, J., Wei, N., De Jaeger, G., Rodriguez, P. L., Deng, X. W., & Rubio, V. (2014). Targeted
degradation of abscisic acid receptors is mediated by the ubiquitin ligase substrate adaptor
DDAI in Arabidopsis. Plant Cell, 26(2), 712—728. https://doi.org/10.1105/tpc.113.122234

Iuchi, S., Kobayashi, M., Taji, T., Naramoto, M., Seki, M., Kato, T., Tabata, S., Kakubari, Y.,
Yamaguchi-Shinozaki, K., & Shinozaki, K. (2001). Regulation of drought tolerance by gene
manipulation of 9-cis-epoxycarotenoid dioxygenase, a key enzyme in abscisic acid
biosynthesis in Arabidopsis. The Plant Journal : For Cell and Molecular Biology, 27(4), 325—
333. https://doi.org/10.1046/.1365-313x.2001.01096.x

Jagodzik, P., Tajdel-Zielinska, M., Ciesla, A., Marczak, M., & Ludwikow, A. (2018). Mitogen-
activated protein kinase cascades in plant hormone signaling. In Frontiers in Plant Science
(Vol. 9). Frontiers Media S.A. https://doi.org/10.3389/fpls.2018.01387

Jaslan, J., Marten, 1., Jakobson, L., Arjus, T., Deeken, R., Sarmiento, C., De Angeli, A., Broschg,
M., Kollist, H., & Hedrich, R. (2023). ALMT-independent guard cell R-type anion currents.
New Phytologist, 239(6), 2225-2234. https://doi.org/10.1111/nph.19124

Jeon, Y., Park, Y.-J., Cho, H. K., Jung, H. J., Ahn, T.-K., Kang, H., & Pai, H.-S. (2015). The
nucleolar GTPase nucleostemin-like 1 plays a role in plant growth and senescence by
modulating ribosome biogenesis. Journal of Experimental Botany, 66(20), 6297-6310.
https://doi.org/10.1093/jxb/erv337

Jia, W., Li, B., Li, S., Liang, Y., Wu, X., Ma, M., Wang, J., Gao, J., Cai, Y., Zhang, Y., Wang, Y.,
Li, J., & Wang, Y. (2016). Mitogen-Activated Protein Kinase Cascade MKK7-MPK6 Plays
Important Roles in Plant Development and Regulates Shoot Branching by Phosphorylating
PINT1 in Arabidopsis. PLoS Biology, 14(9). https://doi.org/10.1371/journal.pbio.1002550

Jiao, Q., Chen, T., Niu, G., Zhang, H., Zhou, C., & Hong, Z. (2020). N-glycosylation is involved
in stomatal development by modulating the release of active abscisic acid and auxin in
Arabidopsis. Journal of  Experimental Botany, 71(19), 5865-5879.
https://doi.org/10.1093/jxb/eraa321

Jiménez-Lopez, D., Mundz-Belman, F., Gonzéalez-Prieto, J. M., Aguilar-Hernandez, V., &
Guzman, P. (2018). Repertoire of plant RING E3 ubiquitin ligases revisited: New groups
counting gene families and single genes. In PLoS ONE (Vol. 13, Issue 8). Public Library of
Science. https://doi.org/10.1371/journal.pone.0203442

138

138:2583559742



Jonak, C., Okrész, L., Bogre, L., & Hirt, H. (2002). Complexity, cross talk and integration of plant
MAP kinase signalling. In Current Opinion in Plant Biology (Vol. 5, Issue 5, pp. 415-424).
Elsevier Ltd. https://doi.org/10.1016/S1369-5266(02)00285-6

Ju, C., Yoon, G. M., Shemansky, J. M., Lin, D. Y., Ying, Z. 1., Chang, J., Garrett, W. M.,
Kessenbrock, M., Groth, G., Tucker, M. L., Cooper, B., Kieber, J. J., & Chang, C. (2012).
CTR1 phosphorylates the central regulator EIN2 to control ethylene hormone signaling from
the ER membrane to the nucleus in Arabidopsis. Proceedings of the National Academy of
Sciences  of the  United  States of  America, 109(47), 19486—19491.
https://doi.org/10.1073/pnas.1214848109

Ju, L., Jing, Y., Shi, P,, Liu, J., Chen, J., Yan, J., Chu, J., Chen, K., & Sun, J. (2019). JAZ proteins
modulate seed germination through interaction with ABI5 in bread wheat and Arabidopsis.
New Phytologist, 223(1), 246-260. https://doi.org/10.1111/nph.15757

Julian, J., Coego, A., Lozano-Juste, J., Lechner, E., Wu, Q., Zhang, X., Merilo, E., Belda-Palazon,
B., Park, S. Y., Cutler, S. R., An, C., Genschik, P., & Rodriguez, P. L. (2019). The MATH-
BTB BPM3 and BPMS subunits of Cullin3-RING E3 ubiquitin ligases target PP2CA and
other clade A PP2Cs for degradation. Proceedings of the National Academy of Sciences of the
United States of America, 116(31), 15725-15734. https://doi.org/10.1073/pnas.1908677116

Kajino, T., Yamaguchi, M., Oshima, Y., Nakamura, A., Narushima, J., Yaguchi, Y., Yotsui, L.,
Sakata, Y., & Taji, T. (2022). KLU/CYP78AS5, a Cytochrome P450 Monooxygenase Identified
via Fox Hunting, Contributes to Cuticle Biosynthesis and Improves Various Abiotic Stress
Tolerances. Frontiers in Plant Science, 13,904121. https://doi.org/10.3389/fpls.2022.904121

Kamiyama, Y., Hirotani, M., Ishikawa, S., Minegishi, F., Katagiri, S., Rogan, C. J., Takahashi, F.,
Nomoto, M., Ishikawa, K., Kodama, Y., Tada, Y., Takezawa, D., Anderson, J. C., Peck, S. C.,
Shinozaki, K., & Umezawa, T. (2021). Arabidopsis group C Raf-like protein kinases
negatively regulate abscisic acid signaling and are direct substrates of SnRK2. Proceedings
of the National Academy of Sciences, 118(30). https://doi.org/10.1073/pnas.2100073118

Kamiyama, Y., Katagiri, S., & Umezawa, T. (2021). Growth promotion or osmotic stress response:
How SNF1-related protein kinase 2 (SnRK2) kinases are activated and manage intracellular
signaling in  plants. In  Plants (Vol. 10, Issue 7). MDPI AG.
https://doi.org/10.3390/plants10071443

Katsuta, S., Masuda, G., Bak, H., Shinozawa, A., Kamiyama, Y., Umezawa, T., Takezawa, D.,
Yotsui, 1., Taji, T., & Sakata, Y. (2020). Arabidopsis Raf-like kinases act as positive regulators
of subclass III SnRK2 in osmostress signaling. Plant Journal, 103(2), 634-644.
https://doi.org/10.1111/tp;.14756

Kerscher, O., Felberbaum, R., & Hochstrasser, M. (2006). Modification of proteins by ubiquitin
and ubiquitin-like proteins. In Annual Review of Cell and Developmental Biology (Vol. 22,
pp- 159-180). https://doi.org/10.1146/annurev.cellbio.22.010605.093503

Kersey, P. J., Allen, J. E., Allot, A., Barba, M., Boddu, S., Bolt, B. J., Carvalho-Silva, D.,
Christensen, M., Davis, P., Grabmueller, C., Kumar, N., Liu, Z., Maurel, T., Moore, B.,
McDowall, M. D., Maheswari, U., Naamati, G., Newman, V., Ong, C. K., ... Yates, A. (2018).
Ensembl Genomes 2018: An integrated omics infrastructure for non-vertebrate species.
Nucleic Acids Research, 46(D1), D802-D808. https://doi.org/10.1093/nar/gkx1011

Kim, C., & Apel, K. (2012). Arabidopsis light-dependent NADPH: protochlorophyllide
oxidoreductase A (PORA) is essential for normal plant growth and development: an
addendum. Plant Molecular Biology, 80(2), 237-240. https://doi.org/10.1007/s11103-012-
9944-8

139

139:8598015023



Kim, D., Jeon, S. J., Yanders, S., Park, S.-C., Kim, H. S., & Kim, S. (2022). MYB3 plays an
important role in lignin and anthocyanin biosynthesis under salt stress condition in
Arabidopsis. Plant Cell Reports, 41(7), 1549—1560. https://doi.org/10.1007/s00299-022-
02878-7

Kim, H. J., Joo, H. J., Kim, Y. H., Ahn, S., Chang, J., Hwang, K. B., Lee, D. H., & Lee, K. J.
(2011). Systemic analysis of Heat Shock response induced by Heat Shock and a Proteasome
inhibitor MG132. PLoS ONE, 6(6). https://doi.org/10.1371/journal.pone.0020252

Kim, J. H., Nguyen, N. H., Jeong, C. Y., Nguyen, N. T., Hong, S.-W., & Lee, H. (2013). Loss of
the R2R3 MYB, AtMyb73, causes hyper-induction of the SOS1 and SOS3 genes in response
to high salinity in Arabidopsis. Journal of Plant Physiology, 170(16), 1461-1465.
https://doi.org/10.1016/;.jplph.2013.05.011

Kim, J. S., Kim, K. A., Oh, T. R, Park, C. M., & Kang, H. (2008). Functional Characterization of
DEAD-Box RNA Helicases in Arabidopsis thaliana under Abiotic Stress Conditions. Plant
and Cell Physiology, 49(10), 1563—1571. https://doi.org/10.1093/pcp/pcn125

Kirisako, T., Kamei, K., Murata, S., Kato, M., Fukumoto, H., Kanie, M., Sano, S., Tokunaga, F.,
Tanaka, K., & Iwai, K. (2006). A ubiquitin ligase complex assembles linear polyubiquitin
chains. EMBO Journal, 25(20), 4877—-4887. https://doi.org/10.1038/sj.emboj.7601360

Komis, G., Olgasamajova, O., Ovecka, M., & JozefSamaj, J. J. (2018). Cell and Developmental
Biology of Plant Mitogen-Activated Protein Kinases. https://doi.org/10.1146/annurev-
arplant-042817

Kong, L., Cheng, J., Zhu, Y., Ding, Y., Meng, J., Chen, Z., Xie, Q., Guo, Y., Li, J., Yang, S., &
Gong, Z. (2015). Degradation of the ABA co-receptor ABI1 by PUB12/13 U-box E3 ligases.
Nature Communications, 6. https://doi.org/10.1038/ncomms9630

Kong, Y., Zhu, Y., Gao, C., She, W., Lin, W., Chen, Y., Han, N., Bian, H., Zhu, M., & Wang, J.
(2013). Tissue-specific expression of SMALL AUXIN UP RNA41 differentially regulates
cell expansion and root meristem patterning in arabidopsis. Plant and Cell Physiology, 54(4),
609—621. https://doi.org/10.1093/pcp/pct028

Kovtun, Y., Chiu, W.-L., Tena, G., & Sheen, J. (1999). Functional analysis of oxidative stress-
activated mitogen-activated protein kinase cascade in plants. In Harvard Medical School.
WWW.pnas.org

Krishnamurthy, P., Vishal, B., Bhal, A., & Kumar, P. P. (2021). WRKY9 transcription factor
regulates cytochrome P450 genes CYP94B3 and CYP86BI, leading to increased root suberin
and salt tolerance in Arabidopsis. Physiologia Plantarum, 172(3), 1673-1687.
https://doi.org/10.1111/ppl.13371

Krysan, P. J., Jester, P. J., Gottwald, J. R., & Sussman, M. R. (2002). An Arabidopsis mitogen-
activated protein kinase kinase kinase gene family encodes essential positive regulators of
cytokinesis. Plant Cell, 14(5), 1109-1120. https://doi.org/10.1105/tpc.001164

Krzywinska, E., Bucholc, M., Kulik, A., Ciesielski, A., Lichocka, M., Debski, J., Ludwikow, A.,
Dadlez, M., Rodriguez, P. L., & Dobrowolska, G. (2016). Phosphatase ABI1 and okadaic
acid-sensitive phosphoprotein phosphatases inhibit salt stress-activated SnRK2.4 kinase.
BMC Plant Biology, 16(1). https://doi.org/10.1186/s12870-016-0817-1

Kuluev, B., Mikhaylova, E., Ermoshin, A., Veselova, S., Tugbaeva, A., Gumerova, G., Gainullina,
K., & Zaikina, E. (2019). The ARGOS-LIKE genes of Arabidopsis and tobacco as targets for
improving plant productivity and stress tolerance. Journal of Plant Physiology, 242, 153033.
https://doi.org/10.1016/j.jplph.2019.153033

140

140:8202128193



Lamesch, P., Berardini, T. Z., Li, D., Swarbreck, D., Wilks, C., Sasidharan, R., Muller, R., Dreher,
K., Alexander, D. L., Garcia-Hernandez, M., Karthikeyan, A. S., Lee, C. H., Nelson, W. D.,
Ploetz, L., Singh, S., Wensel, A., & Huala, E. (2012). The Arabidopsis Information Resource
(TAIR): Improved gene annotation and new tools. Nucleic Acids Research, 40(D1).
https://doi.org/10.1093/nar/gkr1090

Lampard, G. R., Lukowitz, W., Ellis, B. E., & Bergmann, D. C. (2009). Novel and Expanded Roles
for MAPK Signaling in Arabidopsis Stomatal Cell Fate Revealed by Cell Type-Specific
Manipulations. In Source: The Plant Cell (Vol. 21, Issue 11).

Lan, W., & Miao, Y. (2019). New aspects of HECT-E3 ligases in cell senescence and cell death of
plants. In Plants (Vol. 8, Issue 11). MDPI AG. https://doi.org/10.3390/plants8110483

Lan, W., Zheng, S., Yang, P., Qiu, Y., Xu, Y., & Miao, Y. (2022). Establishment of a Landscape of
UPLS5-Ubiquitinated on Multiple Subcellular Components of Leaf Senescence Cell in
Arabidopsis. International Journal of  Molecular Sciences, 23(10).
https://doi.org/10.3390/ijms23105754

Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2. Nature
Methods, 9(4), 357-359. https://doi.org/10.1038/nmeth.1923

Lechner, E., Leonhardt, N., Eisler, H., Parmentier, Y., Alioua, M., Jacquet, H., Leung, J., &
Genschik, P. (2011). MATH/BTB CRL3 receptors target the homeodomain-leucine zipper
ATHB6 to modulate abscisic acid signaling. Developmental Cell, 21(6), 1116-1128.
https://doi.org/10.1016/j.devcel.2011.10.018

Lee,J. S., Wang, S., Sritubtim, S., Chen, J. G., & Ellis, B. E. (2009). Arabidopsis mitogen-activated
protein kinase MPK12 interacts with the MAPK phosphatase IBR5 and regulates auxin
signaling. Plant Journal, 57(6), 975-985. https://doi.org/10.1111/5.1365-313X.2008.03741.x

Lee, K. A., Hammerle, L. P., Andrews, P. S., Stokes, M. P., Mustelin, T., Silva, J. C., Black, R. A.,
& Doedens, J. R. (2011). Ubiquitin ligase substrate identification through quantitative
proteomics at both the protein and peptide levels. Journal of Biological Chemistry, 286(48),
41530-41538. https://doi.org/10.1074/jbc.M111.248856

Lee, K., Park, S. J., Park, Y. Il, & Kang, H. (2019). CFM9, a Mitochondrial CRM Protein, Is
Crucial for Mitochondrial Intron Splicing, Mitochondria Function and Arabidopsis Growth
and Stress Responses. Plant and Cell Physiology, 60(11), 2538-2548.
https://doi.org/10.1093/pcp/pcz147

Lee, S. C., Lan, W., Buchanan, B. B., & Luan, S. (2009). 4 protein kinase-phosphatase pair
interacts with an ion channel to regulate ABA signaling in plant guard cells.
www.pnas.orgcgidoil0.1073pnas.0910601106

Lee SJ, Kyung, W. H., Bhargava, A., & Ellis, B. E. (2008). Comprehensive analysis of protein-
protein interactions between Arabidopsis MAPKs and MAPK kinases helps define potential
MAPK signalling modules. Plant Signaling and Behavior, 3(12), 1037-1041.
https://doi.org/10.4161/psb.3.12.6848

Lee SJ, Lee MH, Kim JI, & Kim SY. (2015). Arabidopsis putative MAP kinase kinase kinases
Raf10 and Rafl1 are positive regulators of seed dormancy and ABA response. In Plant and
Cell Physiology Advance Access. http://pcp.oxfordjournals.org/

Lehmann, T., & Pollmann, S. (2009). Gene expression and characterization of a stress-induced
tyrosine decarboxylase from Arabidopsis thaliana. FEBS Letters, 583(12), 1895-1900.
https://doi.org/10.1016/j.febslet.2009.05.017

Lei, G. J., Zhu, X. F., Wang, Z. W., Dong, F., Dong, N. Y., & Zheng, S. J. (2014). Abscisic acid
alleviates iron deficiency by promoting root iron reutilization and transport from root to shoot

141

141:1064831663



in Arabidopsis. Plant, Cell & Environment, 37(4), 852-863.
https://doi.org/10.1111/pce.12203

Leonhardt, N., Kwak, J. M., Robert, N., Waner, D., Leonhardt, G., & Schroeder, J. 1. (2004).
Microarray expression analyses of Arabidopsis guard cells and isolation of a recessive
abscisic acid hypersensitive protein phosphatase 2C mutant. Plant Cell, 16(3), 596—615.
https://doi.org/10.1105/tpc.019000

Li, D., Zhang, L., Li, X., Kong, X., Wang, X., Li, Y., Liu, Z., Wang, J., Li, X., & Yang, Y. (2018).
AtRAE] is involved in degradation of ABA receptor RCAR1 and negatively regulates ABA
signalling in Arabidopsis. Plant Cell and Environment, 41(1), 231-244.
https://doi.org/10.1111/pce.13086

Li, J., Besseau, S., Toronen, P., Sipari, N., Kollist, H., Holm, L., & Palva, E. T. (2013). Defense-
related transcription factors WRKY70 and WRKY 54 modulate osmotic stress tolerance by
regulating stomatal aperture in Arabidopsis. New Phytologist, 200(2), 457-472.
https://doi.org/10.1111/nph.12378

Li, J., Han, Y., Zhao, Q., Li, C., Xie, Q., Chong, K., & Xu, Y. (2013). The E3 Ligase AtRDUF1
Positively Regulates Salt Stress Responses in Arabidopsis thaliana. PLoS ONE, &(8).
https://doi.org/10.1371/journal.pone.0071078

Li, K., Yang, F., Zhang, G., Song, S., Li, Y., Ren, D., Miao, Y., & Song, C. P. (2017). AIK1, a
mitogen-activated protein Kinase, modulates abscisic acid responses through the MKKS5-
MPK6 kinase cascade. Plant Physiology, 173(2), 1391-1408.
https://doi.org/10.1104/pp.16.01386

Li, N., Bo, C., Zhang, Y., & Wang, L. (2021). PHYTOCHROME INTERACTING FACTORS
PIF4 and PIF5 promote heat stress induced leaf senescence in Arabidopsis. Journal of
Experimental Botany, 72(12), 4577-4589. https://doi.org/10.1093/jxb/erab158

Li, X., Chen, L., Forde, B. G., & Davies, W. J. (2017). The biphasic root growth response to
abscisic acid in arabidopsis involves interaction with ethylene and auxin signalling pathways.
Frontiers in Plant Science, 8. https://doi.org/10.3389/fpls.2017.01493

L1, Y., Cai, H., Liu, P., Wang, C., Gao, H., Wu, C., Yan, K., Zhang, S., Huang, J., & Zheng, C.
(2017). Arabidopsis MAPKKKI18 positively regulates drought stress resistance via
downstream MAPKK3. Biochemical and Biophysical Research Communications, 484(2),
292-297. https://doi.org/10.1016/j.bbrc.2017.01.104

Ly, Y, LY., Liu, Y., Wu, Y., & Xie, Q. (2018). The sHSP22 heat shock protein requires the ABI1
protein phosphatase to modulate polar auxin transport and downstream responses. Plant
Physiology, 176(3), 2406-2425. https://doi.org/10.1104/pp.17.01206

Li, Y., Zhang, L., Li, D., Liu, Z., Wang, J., Li, X., & Yang, Y. (2016). The Arabidopsis F-box E3
ligase RIFP1 plays a negative role in abscisic acid signalling by facilitating ABA receptor
RCAR3 degradation.  Plant  Cell and  Environment,  39(3), 571-582.
https://doi.org/10.1111/pce.12639

Liang, W., Yang, B., Yu, B. J., Zhou, Z., Li, C., Jia, M., Sun, Y., Zhang, Y., Wu, F., Zhang, H.,
Wang, B., Deyholos, M. K., & Jiang, Y. Q. (2013). Identification and analysis of MKK and
MPK gene families in canola (Brassica napus L.). BMC Genomics, 14(1).
https://doi.org/10.1186/1471-2164-14-392

Lin, G., Zhang, L., Han, Z., Yang, X., Liu, W,, Li, E., Chang, J., Qi, Y., Shpak, E. D., & Chai, J.
(2017). A receptor-like protein acts as a specificity switch for the regulation of stomatal
development. Genes and Development, 31(9), 927-938.
https://doi.org/10.1101/gad.297580.117

142

142:8061428343



Lin, L., Wu, J., Jiang, M., & Wang, Y. (2021). Plant mitogen-activated protein kinase cascades in
environmental stresses. In International Journal of Molecular Sciences (Vol. 22, Issue 4, pp.
1-24). MDPI AG. https://doi.org/10.3390/ijms22041543

Lin, Q., Wang, S., Dao, Y., Wang, J., & Wang, K. (2020). Arabidopsis thaliana trehalose-6-
phosphate phosphatase gene TPPI enhances drought tolerance by regulating stomatal
apertures. Journal of Experimental Botany, 71(14), 4285-4297.
https://doi.org/10.1093/jxb/eraal 73

Lin, Z., Li, Y., Wang, Y., Liu, X., Ma, L., Zhang, Z., Mu, C., Zhang, Y., Peng, L., Xie, S., Song, C.
P., Shi, H., Zhu, J. K., & Wang, P. (2021). Initiation and amplification of SnRK2 activation in
abscisic acid signaling. Nature Communications, 12(1). https://doi.org/10.1038/s41467-021-
22812-x

Lin, Z., Li, Y., Zhang, Z., Liu, X., Hsu, C. C., Du, Y., Sang, T., Zhu, C., Wang, Y., Satheesh, V.,
Pratibha, P., Zhao, Y., Song, C. P., Tao, W. A., Zhu, J. K., & Wang, P. (2020). A RAF-SnRK2
kinase cascade mediates early osmotic stress signaling in higher plants. Nature
Communications, 11(1). https://doi.org/10.1038/s41467-020-14477-9

Liu, H., & Stone, S. L. (2014). Regulation of ABI5 turnover by reversiblepost-translational
modifications. Plant Signaling and Behavior, 9(JAN). https://doi.org/10.4161/psb.27577

Liu, J., Moore, S., Chen, C., & Lindsey, K. (2017). Crosstalk Complexities between Auxin,
Cytokinin, and Ethylene in Arabidopsis Root Development: From Experiments to Systems
Modeling, and Back Again. In Molecular Plant (Vol. 10, Issue 12, pp. 1480—1496). Cell Press.
https://doi.org/10.1016/j.molp.2017.11.002

Liu, R, Xia, R., Xie, Q., & Wu, Y. (2021). Endoplasmic reticulum-related E3 ubiquitin ligases:
Key regulators of plant growth and stress responses. In Plant Communications (Vol. 2, Issue
3). Cell Press. https://doi.org/10.1016/j.xplc.2021.100186

Liu, S.,Lv, Z., Liu, Y., Li, L., & Zhang, L. (2018). Network analysis of ABA-dependent and ABA-
independent drought responsive genes in Arabidopsis thaliana. Genetics and Molecular
Biology, 41(3), 624—637. https://doi.org/10.1590/1678-4685-gmb-2017-0229

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using Real-
Time Quantitative PCR and the 2-AACT Method. Methods, 25(4), 402-408.
https://doi.org/10.1006/meth.2001.1262

Lopez-Molina, L., Mongrand, S., Kinoshita, N., & Chua, N. H. (2003). AFP is a novel negative
regulator of ABA signaling that promotes ABIS protein degradation. Genes and Development,
17(3), 410—418. https://doi.org/10.1101/gad.1055803

Lopez-Molina, L., Mongrand, S., McLachlin, D. T., Chait, B. T., & Chua, N. H. (2002). ABIS5 acts
downstream of ABI3 to execute an ABA-dependent growth arrest during germination. Plant
Journal, 32(3), 317-328. https://doi.org/10.1046/j.1365-313X.2002.01430.x

Love, M. L., Huber, W., & Anders, S. (2014). Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biology, 15(12). https://doi.org/10.1186/s13059-
014-0550-8

Lu, X.Y., & Huang, X. L. (2008). Plant miRNAs and abiotic stress responses. In Biochemical and
Biophysical Research ~ Communications (Vol. 368, Issue 3, pp. 458-462).
https://doi.org/10.1016/;.bbrc.2008.02.007

Ludwikéw, A., Kierzek, D., Gallois, P., Zeef, L., & Sadowski, J. (2009). Gene expression profiling
of ozone-treated Arabidopsis abiltd insertional mutant: Protein phosphatase 2C ABII
modulates biosynthesis ratio of ABA and ethylene. Planta, 230(5), 1003-1017.
https://doi.org/10.1007/s00425-009-1001-8

143

143:9750427344



Marczak, M., Cies$la, A., Janicki, M., Mehdi, S. M. M., Kubiak, P., & Ludwikow, A. (2025). The
HECT ubiquitin-protein ligases UPL1 and UPL2 are involved in degradation of Arabidopsis
thaliana ~ ACC synthase 7. Physiologia  Plantarum, 177(1), €70030.
https://doi.org/10.1111/ppl.70030

Marin, I. (2013). Evolution of Plant HECT Ubiquitin Ligases. PLoS ONE, &8(7).
https://doi.org/10.1371/journal.pone.0068536

Marshall, R. S., & Vierstra, R. D. (2019). Dynamic regulation of the 26S proteasome: From
synthesis to degradation. In Frontiers in Molecular Biosciences (Vol. 6, Issue JUN). Frontiers
Media S.A. https://doi.org/10.3389/fmolb.2019.00040

Marshall, R. S., & Vierstra, R. D. (2022). A trio of ubiquitin ligases sequentially drives
ubiquitylation and autophagic degradation of dysfunctional yeast proteasomes. Cell Reports,
38(11). https://doi.org/10.1016/j.celrep.2022.110535

Maszkowska, J., Szymanska, K. P., Kasztelan, A., Krzywinska, E., Sztatelman, O., &
Dobrowolska, G. (2021). The multifaceted regulation of SnRK?2 kinases. In Cells (Vol. 10,
Issue 9). MDPL. https://doi.org/10.3390/cells 10092180

Matsuoka, D., Soga, K., Yasufuku, T., & Nanmori, T. (2018). Control of plant growth and
development by overexpressing MAP3K17, an ABA-inducible MAP3K, in Arabidopsis. In
Plant Biotechnology (Vol. 35, Issue 2, pp. 171-176). Japanese Society for Plant Cell and
Molecular Biology. https://doi.org/10.5511/plantbiotechnology.18.0412a

Matsuoka, D., Yasufuku, T., Furuya, T., & Nanmori, T. (2015). An abscisic acid inducible
Arabidopsis MAPKKK, MAPKKK18 regulates leaf senescence via its kinase activity. Plant
Molecular Biology, 87(6), 565-575. https://doi.org/10.1007/s11103-015-0295-0

Maymon, T., Eisner, N., & Bar-Zvi, D. (2022). The ABCISIC ACID INSENSITIVE (ABI) 4
Transcription Factor Is Stabilized by Stress, ABA and Phosphorylation. Plants, 11(16).
https://doi.org/10.3390/plants11162179

Mazzoni-Putman, S. M., Brumos, J., Zhao, C., Alonso, J. M., & Stepanova, A. N. (2021). Auxin
interactions with other hormones in plant development. Cold Spring Harbor Perspectives in
Biology, 13(10). https://doi.org/10.1101/cshperspect.a039990

Mazzucotelli, E., Belloni, S., Marone, D., De Leonardis, A. M., Guerra, D., Fonzo, N. Di,
Cattivelli, L., & Mastrangelo, A. M. (2006). The E3 Ubiquitin Ligase Gene Family in Plants:
Regulation by Degradation. In Current Genomics (Vol. 7).

Melikant, B., Giuliani, C., Halbmayer-Watzina, S., Limmongkon, A., Heberle-Bors, E., & Wilson,
C. (2004). The Arabidopsis thaliana MEK AtMKK®6 activates the MAP kinase AtMPK13.
FEBS Letters, 576(1-2), 5-8. https://doi.org/10.1016/j.febslet.2004.08.051

Meng, X., Wang, C., Ur Rahman, S., Wang, Y., Wang, A., & Tao, S. (2015). Genome-wide
identification and evolution of HECT genes in soybean. International Journal of Molecular
Sciences, 16(4), 8517-8535. https://doi.org/10.3390/ijms16048517

Meng, X., Wang, H., He, Y., Liu, Y., Walker, J. C., Torii, K. U., & Zhang, S. (2012). A MAPK
cascade downstream of ERECTA receptor-like protein kinase regulates Arabidopsis
inflorescence architecture by promoting localized cell proliferation. Plant Cell, 24(12), 4948—
4960. https://doi.org/10.1105/tpc.112.104695

Meng, X., Yang, T., Liu, J., Zhao, M., & Wang, J. (2020). Genome-wide identification and
evolution of HECT genes in wheat. PeerJ, 8. https://doi.org/10.7717/peerj.10457

Meng, X., & Zhang, S. (2013). MAPK cascades in plant disease resistance signaling. Annual
Review of Phytopathology, 51, 245-266. https://doi.org/10.1146/annurev-phyto-082712-
102314

144

144:4973473299



Meng, Y., Huang, J., Jing, H., Wu, Q., Shen, R., & Zhu, X. (2022). Exogenous abscisic acid
alleviates Cd toxicity in Arabidopsis thaliana by inhibiting Cd uptake, translocation and
accumulation, and promoting Cd chelation and efflux. Plant Science, 325, 111464.
https://doi.org/10.1016/j.plantsci.2022.111464

Mészaros, T., Helfer, A., Hatzimasoura, E., Magyar, Z., Serazetdinova, L., Rios, G., Bardoczy, V.,
Teige, M., Koncz, C., Peck, S., & Bogre, L. (2006). The Arabidopsis MAP kinase kinase
MKKI1 participates in defence responses to the bacterial elicitor flagellin. Plant Journal,
48(4), 485-498. https://doi.org/10.1111/j.1365-313X.2006.02888.x

Miao, Y., Laun, T., Zimmermann, P., & Zentgraf, U. (2004). Targets of the WRKY53 transcription
factor and its role during leaf senescence in Arabidopsis. Plant Molecular Biology, 55(6),
853-867. https://doi.org/10.1007/s11103-004-2142-6

Miao, Y., & Zentgraf, U. (2010). AHECT E3 ubiquitin ligase negatively regulates Arabidopsis leaf
senescence through degradation of the transcription factor WRKY53. Plant Journal, 63(2),
179-188. https://doi.org/10.1111/1.1365-313X.2010.04233.x

Miller, C., Wells, R., McKenzie, N., Trick, M., Ball, J., Fatihi, A., Dubreucq, B., Chardot, T.,
Lepiniec, L., & Bevan, M. W. (2019). Variation in expression of the HECT E3 ligase UPL3
modulates LEC2 levels, seed size, and crop yields in brassica napus. Plant Cell, 31(10),2370—
2385. https://doi.org/10.1105/tpc.18.00577

Mitula, F., Tajdel, M., Ciesla, A., Kasprowicz-Maluski, A., Kulik, A., Babula-Skowronska, D.,
Michalak, M., Dobrowolska, G., Sadowski, J., & Ludwikow, A. (2015). Arabidopsis ABA-
Activated Kinase MAPKKKI18 is Regulated by Protein Phosphatase 2C ABII and the
Ubiquitin-Proteasome Pathway. Plant and Cell Physiology, 56(12), 2351-2367.
https://doi.org/10.1093/pcp/pcv146

Mohanta, T. K., Mohanta, N., Parida, P., & Bae, H. (2015). Mitogen Activated Protein Kinase
(MPK) Interacts With Auxin Influx Carrier (OsAux/LAX1) Involved in Auxin Signaling in
Plant. Biological Procedures Online, 17(1). https://doi.org/10.1186/s12575-015-0025-7

Monroe-Augustus, M., Zolman, B. K., & Bartel, B. (2003). IBRS, a Dual-Specificity Phosphatase-
Like Protein Modulating Auxin and Abscisic Acid Responsiveness in Arabidopsis. Plant Cell,
15(12),2979-2991. https://doi.org/10.1105/tpc.017046

Moon, J., Parry, G., & Estelle, M. (2004). The ubiquitin-proteasome pathway and plant
development. In Plant Cell (Vol. 16, Issue 12, pp. 3181-3195). American Society of Plant
Biologists. https://doi.org/10.1105/tpc.104.161220

Miiller, L., & Hoppe, T. (2024). UPS-dependent strategies of protein quality control degradation.
In Trends in Biochemical Sciences (Vol. 49, Issue 10, pp. 859-874). Elsevier Ltd.
https://doi.org/10.1016/j.tibs.2024.06.006

Munguia-Rodriguez, A. G., Lopez-Bucio, J. S., Ruiz-Herrera, L. F., Ortiz-Castro, R., Guevara-
Garcia, A. A., Marsch-Martinez, N., Carreén-Abud, Y., Loépez-Bucio, J., & Martinez-Trujillo,
M. (2020). YUCCA4 overexpression modulates auxin biosynthesis and transport and
influences plant growth and development via crosstalk with abscisic acid in Arabidopsis
thaliana. Genetics and Molecular Biology, 43(1). https://doi.org/10.1590/1678-4685-GMB-
2019-0221

Murayama, M., Hayashi, S., Nishimura, N., Ishide, M., Kobayashi, K., Yagi, Y., Asami, T.,
Nakamura, T., Shinozaki, K., & Hirayama, T. (2012). Isolation of Arabidopsis ahgl1, a weak
ABA hypersensitive mutant defective in nad4 RNA editing. Journal of Experimental Botany,
63(14), 5301-5310. https://doi.org/10.1093/jxb/ers188

145

145:1104198915



Nakagami Hirofumi, P. A. H. H. (2005). Emerging MAP kinase pathways in plant stress signalling.
Trends Plant Sci. https://doi.org/https://doi.org/10.1016/j.tplants.2005.05.009

Nakashima, K., Fujita, Y., Katsura, K., Maruyama, K., Narusaka, Y., Seki, M., Shinozaki, K., &
Yamaguchi-Shinozaki, K. (2006). Transcriptional regulation of ABI3- and ABA-responsive
genes including RD29B and RD29A in seeds, germinating embryos, and seedlings of
Arabidopsis. Plant Molecular Biology, 60(1), 51-68. https://doi.org/10.1007/s11103-005-
2418-5

Nam, H., Han, S., Lee, S., Nam, H., Lim, H., Lee, G., Cho, H. S., Dang, T. V. T., Choi, S., Lee, M.
M., & Hwang, I. (2023). CPR5-mediated nucleo-cytoplasmic localization of IAA12 and
TIAA19 controls lateral root development during abiotic stress. Proceedings of the National
Academy of Sciences, 120(3). https://doi.org/10.1073/pnas.2209781120

Nelson, D. E., Repetti, P. P., Adams, T. R., Creelman, R. A., Wu, J., Warner, D. C., Anstrom, D. C.,
Bensen, R. J., Castiglioni, P. P., Donnarummo, M. G., Hinchey, B. S., Kumimoto, R. W,
Maszle, D. R., Canales, R. D., Krolikowski, K. A., Dotson, S. B., Gutterson, N., Ratcliffe, O.
J., & Heard, J. E. (2007). Plant nuclear factor Y (NF-Y) B subunits confer drought tolerance
and lead to improved corn yields on water-limited acres. Proceedings of the National
Academy of Sciences, 104(42), 16450—16455. https://doi.org/10.1073/pnas.0707193104

Neubauer, M., Serrano, 1., Rodibaugh, N., Bhandari, D. D., Bautor, J., Parker, J. E., & Innes, R.
W. (2020). Arabidopsis EDR1 protein kinase regulates the association of EDS1 and PAD4 to
inhibit cell death. Molecular  Plant-Microbe  Interactions, 33(4), 693-703.
https://doi.org/10.1094/MPMI-12-19-0339-R

Nishimura, N., Yoshida, T., Kitahata, N., Asami, T., Shinozaki, K., & Hirayama, T. (2007). ABA-
Hypersensitive Germinationl encodes a protein phosphatase 2C, an essential component of
abscisic acid signaling in Arabidopsis seed. Plant Journal, 50(6), 935-949.
https://doi.org/10.1111/j.1365-313X.2007.03107.x

Oh, T. R., Kim, J. H., Cho, S. K., Ryu, M. Y., Yang, S. W., & Kim, W. T. (2017). AtAIRP2 E3
Ligase Affects ABA and High-Salinity Responses by Stimulating Its ATP1/SDIRIPI
Substrate Turnover. Plant Physiology, 174(4), 2515-2531.
https://doi.org/10.1104/pp.17.00467

Okamoto, M., Kuwahara, A., Seo, M., Kushiro, T., Asami, T., Hirai, N., Kamiya, Y., Koshiba, T.,
& Nambara, E. (2006). CYP707A1 and CYP707A2, which encode abscisic acid 8'-
hydroxylases, are indispensable for proper control of seed dormancy and germination in
Arabidopsis. Plant Physiology, 141(1), 97-107. https://doi.org/10.1104/pp.106.079475

Orosa, B., Yates, G., Verma, V., Srivastava, A. K., Srivastava, M., Campanaro, A., De Vega, D.,
Fernandes, A., Zhang, C., Lee, J., Bennett, M. J., & Sadanandom, A. (2018). SUMO
conjugation to the pattern recognition receptor FLS2 triggers intracellular signalling in plant
innate immunity. Nature Communications, 9(1), 5185. https://doi.org/10.1038/s41467-018-
07696-8

Ortiz-Garcia, P., Gonzalez Ortega-Villaizdn, A., Onejeme, F. C., Miiller, M., & Pollmann, S.
(2023). Do Opposites Attract? Auxin-Abscisic Acid Crosstalk: New Perspectives. In
International  Journal of Molecular Sciences (Vol. 24, 1Issue 4). MDPL
https://doi.org/10.3390/ijms24043090

Ou, Y., Tao, B.,, Wu, Y., Cai, Z., Li, H., Li, M., He, K., Gou, X., & Li, J. (2022). Essential roles of
SERKSs in the ROOT MERISTEM GROWTH FACTOR-mediated signaling pathway. Plant
Physiology, 189(1), 165—177. https://doi.org/10.1093/plphys/kiac036

146

146:3039141663



Pan, W, Lin, B., Yang, X., Liu, L., Xia, R, Li, J., Wu, Y., & Xie, Q. (2020). The UBC27-AIRP3
ubiquitination complex modulates ABA signaling by promoting the degradation of ABI1 in
Arabidopsis. Proceedings of the National Academy of Sciences, 117(44), 27694-27702.
https://doi.org/10.1073/pnas.2007366117

Park, S. Y., Fung, P., Nishimura, N., Jensen, D. R., Fujii, H., Zhao, Y., Lumba, S., Santiago, J.,
Rodrigues, A., Chow, T. F. F., Alfred, S. E., Bonetta, D., Finkelstein, R., Provart, N. J.,
Desveaux, D., Rodriguez, P. L., McCourt, P., Zhu, J. K., Schroeder, J. L., ... Cutler, S. R.
(2009). Abscisic acid inhibits type 2C protein phosphatases via the PYR/PYL family of
START proteins. Science, 324(5930), 1068—1071. https://doi.org/10.1126/science.1173041

Patra, B., Pattanaik, S., & Yuan, L. (2013). Ubiquitin protein ligase 3 mediates the proteasomal
degradation of GLABROUS 3 and ENHANCER of GLABROUS 3, regulators of trichome
development and flavonoid biosynthesis in Arabidopsis. Plant Journal, 74(3), 435-447.
https://doi.org/10.1111/tpj. 12132

Patro, R., Duggal, G., Love, M. L, Irizarry, R. A., & Kingsford, C. (2017). Salmon provides fast
and bias-aware quantification of transcript expression. Nature Methods, 14(4), 417-419.
https://doi.org/10.1038/nmeth.4197

Peng, J., Schwartz, D., Elias, J. E., Thoreen, C. C., Cheng, D., Marsischky, G., Roelofs, J., Finley,
D., & Gygi, S. P. (2003). A proteomics approach to understanding protein ubiquitination. In
NATURE BIOTECHNOLOGY VOLUME (Vol. 21).
http://www.nature.com/naturebiotechnology

Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., & Salzberg, S. L. (2015).
StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nature
Biotechnology, 33(3), 290-295. https://doi.org/10.1038/nbt.3122

Peters, C., Kim, S.-C., Devaiah, S., Li, M., & Wang, X. (2014). Non-specific phospholipase C5
and diacylglycerol promote lateral root development under mild salt stress in Arabidopsis.
Plant, Cell & Environment, 37(9), 2002—-2013. https://doi.org/10.1111/pce.12334

Pickart, C. M., & Fushman, D. (2004). Polyubiquitin chains: Polymeric protein signals. In Current
Opinion  in  Chemical  Biology  (Vol. 8 Issue 6, pp. 610-616).
https://doi.org/10.1016/j.cbpa.2004.09.009

Piya, S., Shrestha, S. K., Binder, B., Neal Stewart, C., & Hewezi, T. (2014). Protein-protein
interaction and gene co-expression maps of ARFs and Aux/IAAs in Arabidopsis. Frontiers in
Plant Science, 5(DEC), 1-9. https://doi.org/10.3389/fpls.2014.00744

Plaisier, S. B., Taschereau, R., Wong, J. A., & Graeber, T. G. (2010). Rank-rank hypergeometric
overlap: Identification of statistically significant overlap between gene-expression signatures.
Nucleic Acids Research, 38(17). https://doi.org/10.1093/nar/gkq636

Popescu, S. C., Popescu, G. V., Bachan, S., Zhang, Z., Gerstein, M., Snyder, M., & Dinesh-Kumar,
S. P. (2009). MAPK target networks in Arabidopsis thaliana revealed using functional protein
microarrays. Genes and Development, 23(1), 80-92. https://doi.org/10.1101/gad.1740009

Qin, F., Sakuma, Y., Tran, L. S. P., Maruyama, K., Kidokoro, S., Fujita, Y., Fujita, M., Umezawa,
T., Sawano, Y., Miyazono, K. 1., Tanokura, M., Shinozaki, K., & Yamaguchi-Shinozaki, K.
(2008). Arabidopsis DREB2A-interacting proteins function as Ring E3 ligases and negatively
regulate plant drought stress-responsive gene expression. Plant Cell, 20(6), 1693—1707.
https://doi.org/10.1105/tpc.107.057380

Qin, H., Wang, J., Zhou, J., Qiao, J., Li, Y., Quan, R., & Huang, R. (2023). Abscisic acid promotes
auxin biosynthesis to inhibit primary root elongation in rice. Plant Physiology, 191(3), 1953—
1967. https://doi.org/10.1093/plphys/kiac586

147

147:7885501270



Raghuram, B., Sheikh, A. H., Rustagi, Y., & Sinha, A. K. (2015). MicroRNA biogenesis factor
DRBI is a phosphorylation target of mitogen activated protein kinase MPK3 in both rice and
Arabidopsis. FEBS Journal, 282(3), 521-536. https://doi.org/10.1111/febs.13159

Ramel, F., Birtic, S., Ginies, C., Soubigou-Taconnat, L., Triantaphylides, C., & Havaux, M. (2012).
Carotenoid oxidation products are stress signals that mediate gene responses to singlet oxygen
in plants. Proceedings of the National Academy of Sciences of the United States of America,
109(14), 5535-5540. https://doi.org/10.1073/pnas.1115982109

Remy, E., Cabrito, T. R., Baster, P., Batista, R. A., Teixeira, M. C., Friml, J., Sa-Correia, 1., &
Duque, P. (2013). A Major Facilitator Superfamily Transporter Plays a Dual Role in Polar
Auxin Transport and Drought Stress Tolerance in Arabidopsis . The Plant Cell, 25(3), 901—
926. https://doi.org/10.1105/tpc.113.110353

Riedinger, C., Boehringer, J., Trempe, J. F., Lowe, E. D., Brown, N. R., Gehring, K., Noble, M. E.
M., Gordon, C., & Endicott, J. A. (2010). Structure of Rpnl0 and its interactions with
polyubiquitin chains and the proteasome subunit Rpnl2. Journal of Biological Chemistry,
285(44), 33992-34003. https://doi.org/10.1074/jbc.M110.134510

Romero-Barrios, N., Monachello, D., Dolde, U., Wong, A., Clemente, H. S., Cayrel, A., Johnson,
A., Lurin, C., & Vert, G. (2020). Advanced Cataloging of Lysine-63 Polyubiquitin Networks
by Genomic, Interactome, and Sensor-Based Proteomic Analyses. Plant Cell, 32(1), 123—138.
https://doi.org/10.1105/tpc.19.00568

Rossig, C., Gray, J., Valdes, O., Springer, A., Rustgi, S., von Wettstein, D., Reinbothe, C., Rassow,
J., & Reinbothe, S. (2021). PRAT Proteins Operate in Organellar Protein Import and Export
in Arabidopsis thaliana. Plants (Basel, Switzerland), 10(5).
https://doi.org/10.3390/plants10050958

Rotin, D., & Kumar, S. (2009). Physiological functions of the HECT family of ubiquitin ligases.
In Nature Reviews Molecular Cell Biology (Vol. 10, Issue 6, pp. 398-409).
https://doi.org/10.1038/nrm2690

Rubio, S., Rodrigues, A., Saez, A., Dizon, M. B., Galle, A., Kim, T. H., Santiago, J., Flexas, J.,
Schroeder, J. 1., & Rodriguez, P. L. (2009). Triple loss of function of protein phosphatases
type 2C leads to partial constitutive response to endogenous abscisic acid. Plant Physiology,
150(3), 1345—1355. https://doi.org/10.1104/pp.109.137174

Salehin, M., Li, B., Tang, M., Katz, E., Song, L., Ecker, J. R., Kliebenstein, D. J., & Estelle, M.
(2019). Auxin-sensitive Aux/[AA proteins mediate drought tolerance in Arabidopsis by
regulating glucosinolate levels. Nature Communications, 10(1).
https://doi.org/10.1038/s41467-019-12002-1

Santiago, J., Rodrigues, A., Saez, A., Rubio, S., Antoni, R., Dupeux, F., Park, S. Y., Marquez, J.
A., Cutler, S. R., & Rodriguez, P. L. (2009). Modulation of drought resistance by the abscisic
acid receptor PYLS5 through inhibition of clade A PP2Cs. Plant Journal, 60(4), 575-588.
https://doi.org/10.1111/j.1365-313X.2009.03981.x

Saruhashi, M., Ghosh, T. K., Arai, K., Ishizaki, Y., Hagiwara, K., Komatsu, K., Shiwa, Y.,
Izumikawa, K., Yoshikawa, H., Umezawa, T., Sakata, Y., & Takezawa, D. (2015). Plant Raf-
like kinase integrates abscisic acid and hyperosmotic stress signaling upstream of SNF1-
related protein kinase2. Proceedings of the National Academy of Sciences of the United States
of America, 112(46), E6388—E6396. https://doi.org/10.1073/pnas. 1511238112

Schluter, U. (2003). Photosynthetic performance of an Arabidopsis mutant with elevated stomatal
density (sdd1-1) under different light regimes. Journal of Experimental Botany, 54(383),
867-874. https://doi.org/10.1093/jxb/erg087

148

148:8643176360



Schweighofer, A., Hirt, H., & Meskiene, 1. (2004). Plant PP2C phosphatases: Emerging functions
in stress signaling. In Trends in Plant Science (Vol. 9, Issue 5, pp. 236-243).
https://doi.org/10.1016/j.tplants.2004.03.007

Seifu, Y. W., PukySova, V., Rydza, N., Bilanovi¢ova, V., Zwiewka, M., Sedlacek, M., &
Nodzynski, T. (2024). Mapping the membrane orientation of auxin homeostasis regulators
PINS and PINS in Arabidopsis thaliana root cells reveals their divergent topology. Plant
Methods, 20(1), 84. https://doi.org/10.1186/s13007-024-01182-7

Seo, K. L., Lee, J. H., Nezames, C. D., Zhong, S., Song, E., Byun, M. O., & Deng, X. W. (2014).
ABDI is an Arabidopsis DCAF substrate receptor for CUL4-DDB1-based E3 ligases that acts
as a negative regulator of abscisic acid signaling. Plant Cell, 26(2), 695-711.
https://doi.org/10.1105/tpc.113.119974

Seok, H.-Y., Nguyen, L. V., Nguyen, D. Van, Lee, S.-Y., & Moon, Y.-H. (2020). Investigation of a
Novel Salt Stress-Responsive Pathway Mediated by Arabidopsis DEAD-Box RNA Helicase
Gene AtRH17 Using RNA-Seq Analysis. International Journal of Molecular Sciences, 21(5),
1595. https://doi.org/10.3390/ijms21051595

Shang, F., & Taylor, A. (2011). Ubiquitin-proteasome pathway and cellular responses to oxidative
stress. In Free Radical Biology and Medicine (Vol. 51, Issue 1, pp. 5-16). Elsevier Inc.
https://doi.org/10.1016/j.freeradbiomed.2011.03.031

Shani, E., Salehin, M., Zhang, Y., Sanchez, S. E., Doherty, C., Wang, R., Mangado, C. C., Song,
L., Tal, 1., Pisanty, O., Ecker, J. R., Kay, S. A., Pruneda-Paz, J., & Estelle, M. (2017). Plant
Stress Tolerance Requires Auxin-Sensitive Aux/IAA Transcriptional Repressors. Current
Biology, 27(3), 437-444. https://doi.org/10.1016/j.cub.2016.12.016

Sharma, B., Saxena, H., & Negi, H. (2021). Genome-wide analysis of HECT E3 ubiquitin ligase
gene family in Solanum lycopersicum. Scientific Reports, 11(1).
https://doi.org/10.1038/s41598-021-95436-2

Shen, L., Zhuang, B., Wu, Q., Zhang, H., Nie, J., Jing, W., Yang, L., & Zhang, W. (2019).
Phosphatidic acid promotes the activation and plasma membrane localization of MKK7 and
MKK9 n response to salt stress. Plant Science, 287.
https://doi.org/10.1016/j.plantsci.2019.110190

Shi, Y., Chen, X., Elsasser, S., Stocks, B. B., Tian, G., Lee, B. H., Shi, Y., Zhang, N., De Poot, S.
A. H., Tuebing, F., Sun, S., Vannoy, J., Tarasov, S. G., Engen, J. R., Finley, D., & Walters, K.
J. (2016). Rpnl provides adjacent receptor sites for substrate binding and deubiquitination by
the proteasome. Science, 351(6275). https://doi.org/10.1126/science.aad9421

Shkolnik-Inbar, D., & Bar-Zvi, D. (2010). ABI4 mediates abscisic acid and cytokinin inhibition of
lateral root formation by reducing polar auxin transport in arabidopsis. Plant Cell, 22(11),
3560-3573. https://doi.org/10.1105/tpc.110.074641

Shu, K., Chen, Q., Wu, Y., Liu, R., Zhang, H., Wang, S., Tang, S., Yang, W., & Xie, Q. (2016).
ABSCISIC ACID-INSENSITIVE 4 negatively regulates flowering through directly
promoting Arabidopsis FLOWERING LOCUS C transcription. Journal of Experimental
Botany, 67(1), 195-205. https://doi.org/10.1093/jxb/erv459

Shu, K., Liu, X. D., Xie, Q., & He, Z. H. (2016). Two Faces of One Seed: Hormonal Regulation
of Dormancy and Germination. In Molecular Plant (Vol. 9, Issue 1, pp. 34-45). Cell Press.
https://doi.org/10.1016/j.molp.2015.08.010

Shu, K., & Yang, W. (2017). E3 ubiquitin ligases: Ubiquitous actors in plant development and
abiotic stress responses. In Plant and Cell Physiology (Vol. 58, Issue 9, pp. 1461-1476).
Oxford University Press. https://doi.org/10.1093/pcp/pex071

149

149:3975205756



Shu, K., Zhang, H., Wang, S., Chen, M., Wu, Y., Tang, S., Liu, C., Feng, Y., Cao, X., & Xie, Q.
(2013). ABI4 Regulates Primary Seed Dormancy by Regulating the Biogenesis of Abscisic
Acid and Gibberellins in Arabidopsis. PLoS Genetics, 9(6).
https://doi.org/10.1371/journal.pgen.1003577

Shuai, H., Meng, Y., Luo, X., Chen, F., Zhou, W., Dai, Y., Qi, Y., Du, J., Yang, F., Liu, J., Yang,
W., & Shu, K. (2017). Exogenous auxin represses soybean seed germination through
decreasing the gibberellin/abscisic acid (GA/ABA) ratio. Scientific Reports, 7(1).
https://doi.org/10.1038/s41598-017-13093-w

Sinha, A. K., Jaggi, M., Raghuram, B., & Tuteja, N. (2011). Mitogen-activated protein kinase
signaling in plants under abiotic stress. In Plant Signaling and Behavior (Vol. 6, Issue 2, pp.
196-203). https://doi.org/10.4161/psb.6.2.14701

Slovak, R., Ogura, T., Satbhai, S. B., Ristova, D., & Busch, W. (2016). Genetic control of root
growth:  From genes to networks. Amnals of Botany, 117(1), 9-24.
https://doi.org/10.1093/aob/mcv160

Sluimer, J., & Distel, B. (2018). Regulating the human HECT E3 ligases. In Cellular and
Molecular Life Sciences (Vol. 75, Issue 17, pp. 3121-3141). Birkhauser Verlag AG.
https://doi.org/10.1007/s00018-018-2848-2

Smalle, J., & Vierstra, R. D. (2004). The ubiquitin 26S proteasome proteolytic pathway. In Annual
Review of Plant Biology (Vol. 55, pp- 555-590).
https://doi.org/10.1146/annurev.arplant.55.031903.141801

Smedley, D., Haider, S., Ballester, B., Holland, R., London, D., Thorisson, G., & Kasprzyk, A.
(2009). BioMart - Biological queries made easy. BMC Genomics, 10.
https://doi.org/10.1186/1471-2164-10-22

Soneson, C., Yao, Y., Bratus-Neuenschwander, A., Patrignani, A., Robinson, M. D., & Hussain, S.
(2019). A comprehensive examination of Nanopore native RNA sequencing for
characterization of complex transcriptomes. Nature Communications, 10(1).
https://doi.org/10.1038/s41467-019-11272-z

Song, L., Huang, S.-S. C., Wise, A., Castanon, R., Nery, J. R., Chen, H., Watanabe, M., Thomas,
J., Bar-Joseph, Z., & Ecker, J. R. (2016). A transcription factor hierarchy defines an
environmental stress response network Graphical Abstract.
https://doi.org/10.1126/science.aag1550

Soon, F. F., Ng, L. M., Zhou, X. E., West, G. M., Kovach, A., Tan, M. H. E., Suino-Powell, K. M.,
He, Y., Xu, Y., Chalmers, M. J., Brunzelle, J. S., Zhang, H., Yang, H., Jiang, H., Li, J., Yong,
E. L., Cutler, S., Zhu, J. K., Griffin, P. R, ... Xu, H. E. (2012). Molecular mimicry regulates
ABA signaling by SnRK2 kinases and PP2C phosphatases. Science, 335(6064), 85-88.
https://doi.org/10.1126/science.1215106

Spartz, A. K., Ren, H., Park, M. Y., Grandt, K. N., Lee, S. H., Murphy, A. S., Sussman, M. R,
Overvoorde, P. J., & Gray, W. M. (2014). SAUR Inhibition of PP2C-D Phosphatases
Activates Plasma Membrane H+-ATPases to Promote Cell Expansion in Arabidopsis. The
Plant Cell, 26(5), 2129-2142. https://doi.org/10.1105/tpc.114.126037

Stone, S. L. (2014). The role of ubiquitin and the 26S proteasome in plant abiotic stress signaling.
In Frontiers in Plant Science (Vol. 5, Issue APR). Frontiers Research Foundation.
https://doi.org/10.3389/fpls.2014.00135

Stone, S. L., Williams, L. A., Farmer, L. M., Vierstra, R. D., & Callis, J. (2006). KEEP ON GOING,
a RING E3 ligase essential for Arabidopsis growth and development, is involved in abscisic
acid signaling. Plant Cell, 18(12), 3415-3428. https://doi.org/10.1105/tpc.106.046532

150

150:9948468231



Strader, L. C., Monroe-Augustus, M., & Bartel, B. (2008). The IBR5 phosphatase promotes
Arabidopsis auxin responses through a novel mechanism distinct from TIRI1-mediated
repressor degradation. BMC Plant Biology, 8. https://doi.org/10.1186/1471-2229-8-41

Su, J,, Yang, L., Zhu, Q., Wu, H., He, Y., Liu, Y., Xu, J,, Jiang, D., & Zhang, S. (2018). Active
photosynthetic inhibition mediated by MPK3/MPK6 is critical to effector-triggered
immunity. PLoS Biology, 16(5). https://doi.org/10.1371/journal.pbio.2004122

Sun, G., Mei, Y., Deng, D., Xiong, L., Sun, L., Zhang, X., Wen, Z., Liu, S., You, X., Nasrullah,
Wang, D., & Wang, N. N. (2017). N-Terminus-Mediated Degradation of ACS7 Is Negatively
Regulated by Senescence Signaling to Allow Optimal Ethylene Production during Leaf
Development in Arabidopsis. Frontiers in Plant Science, 8.
https://doi.org/10.3389/1pls.2017.02066

Sun, L., Liu, L.-P., Wang, Y.-Z., Yang, L., Wang, M.-J., & Liu, J.-X. (2020). NAC103, a NAC
family transcription factor, regulates ABA response during seed germination and seedling
growth in Arabidopsis. Planta, 252(6), 95. https://doi.org/10.1007/s00425-020-03502-2

Sun, T., Nitta, Y., Zhang, Q., Wu, D., Tian, H., Lee, J. S., & Zhang, Y. (2018). Antagonistic
interactions between two MAP kinase cascades in plant development and immune signaling
. EMBO Reports, 19(7). https://doi.org/10.15252/embr.201745324

Tajdel, M., Mitula, F., & Ludwikow, A. (2016). Regulation of arabidopsis MAPKKK18 by ABI1
and SNRK2, components of the ABA signaling pathway. Plant Signaling and Behavior,
11(4). https://doi.org/10.1080/15592324.2016.1139277

Tajdel-Zielinska, M., Janicki, M., Marczak, M., & Ludwikéw, A. (2024). Arabidopsis HECT and
RING-type E3 Ligases Promote MAPKKKI18 Degradation to Regulate Abscisic Acid
Signaling. Plant and Cell Physiology, 65(3), 390-404. https://doi.org/10.1093/pcp/pcad165

Taki, N., Sasaki-Sekimoto, Y., Obayashi, T., Kikuta, A., Kobayashi, K., Ainai, T., Yagi, K., Sakurai,
N., Suzuki, H., Masuda, T., Takamiya, K. 1., Shibata, D., Kobayashi, Y., & Ohta, H. (2005).
12-Oxo-phytodienoic acid triggers expression of a distinct set of genes and plays a role in
wound-induced gene expression in Arabidopsis. Plant Physiology, 139(3), 1268-1283.
https://doi.org/10.1104/pp.105.067058

Tan, B., Lian, X., Cheng, J., Zeng, W., Zheng, X., Wang, W., Ye, X., Li, J., Li, Z., Zhang, L., &
Feng, J. (2019). Genome-wide identification and transcriptome profiling reveal that E3
ubiquitin ligase genes relevant to ethylene, auxin and abscisic acid are differentially expressed
in the fruits of melting flesh and stony hard peach varieties. BMC Genomics, 20(1).
https://doi.org/10.1186/s12864-019-6258-0

Tanaka, K. (2009). The proteasome: Overview of structure and functions. Proc Jpn Acad Ser B
Phys Biol Sci. https://doi.org/10.2183/pjab/85.12

Tanaka, Y., Nose, T., Jikumaru, Y., & Kamiya, Y. (2013). ABA inhibits entry into stomatal-lineage
development in  Arabidopsis  leaves.  Plant  Journal, 74(3),  448-457.
https://doi.org/10.1111/tp;.12136

Teige, M., Scheikl, E., Eulgem, T., Bert, R., Czi, D., Ichimura, K., & Shinozaki, K. (2004). The
MKK?2 Pathway Mediates Cold and Salt Stress Signaling in Arabidopsis lar metabolism to a
changing environment. In fact, due to their sessile life cycle, plants must respond and protect
themselves from all forms of environmental biotic and. In Molecular Cell (Vol. 15).
http://www.

Thole, J. M., Beisner, E. R., Liu, J., Venkova, S. V., & Strader, L. C. (2014). Abscisic acid regulates
root elongation through the activities of auxin and ethylene in Arabidopsis thaliana. G3:
Genes, Genomes, Genetics, 4(7), 1259-1274. https://doi.org/10.1534/g3.114.011080

151

151:6883945867



Tian, C. E., Muto, H., Higuchi, K., Matamura, T., Tatematsu, K., Koshiba, T., & Yamamoto, K. T.
(2004). Disruption and overexpression of auxin response factor 8 gene of Arabidopsis affect
hypocotyl elongation and root growth habit, indicating its possible involvement in auxin
homeostasis in light condition. Plant Journal, 40(3), 333-343. https://doi.org/10.1111/j.1365-
313X.2004.02220.x

Tian, H., Chen, S., Yang, W., Wang, T., Zheng, K., Wang, Y., Cheng, Y., Zhang, N., Liu, S., Li, D.,
Liu, B., & Wang, S. (2017). A novel family of transcription factors conserved in angiosperms
is required for ABA signalling. Plant, Cell & Environment, 40(12), 2958-2971.
https://doi.org/10.1111/pce.13058

Tomko, R. J., & Hochstrasser, M. (2011). Incorporation of the Rpn12 Subunit Couples Completion
of Proteasome Regulatory Particle Lid Assembly to Lid-Base Joining. Molecular Cell, 44(6),
907-917. https://doi.org/10.1016/j.molcel.2011.11.020

Tracz, M., & Bialek, W. (2021). Beyond K48 and K63: non-canonical protein ubiquitination.
Cellular and Molecular Biology Letters, 26(1). https://doi.org/10.1186/s11658-020-00245-6

Tu, Y. T.,, Chen, C. Y., Huang, Y. S., Chang, C. H., Yen, M. R., Hsieh, J. W. A, Chen, P. Y., & Wu,
K. (2022). HISTONE DEACETYLASE 15 and MOS4-associated complex subunits 3A/3B
coregulate intron retention of ABA-responsive genes. Plant Physiology, 190(1), 882—897.
https://doi.org/10.1093/plphys/kiac271

Umezawa, T., Okamoto, M., Kushiro, T., Nambara, E., Oono, Y., Seki, M., Kobayashi, M.,
Koshiba, T., Kamiya, Y., & Shinozaki, K. (2006). CYP707A3, a major ABA 8'-hydroxylase
involved in dehydration and rehydration response in Arabidopsis thaliana. The Plant Journal,
46(2), 171-182. https://doi.org/10.1111/j.1365-313X.2006.02683.x

Umezawa, T., Sugiyama, N., Mizoguchi, M., Hayashi, S., Myouga, F., Yamaguchi-Shinozaki, K.,
Ishihama, Y., Hirayama, T., & Shinozaki, K. (2009). Type 2C protein phosphatases directly
regulate abscisic acid-activated protein kinases in Arabidopsis. Proceedings of the National
Academy of Sciences of the United States of America, 106(41), 17588-17593.
https://doi.org/10.1073/pnas.0907095106

Uragami, T., Kiba, T., Kojima, M., Takebayashi, Y., Tozawa, Y., Hayashi, Y., Kinoshita, T., &
Sakakibara, H. (2024). The cytokinin efflux transporter ABCC4 participates in Arabidopsis
root system development. Plant Physiology, 197(1). https://doi.org/10.1093/plphys/kiae628

Vahisalu, T., Puzdrjova, 1., Brosché, M., Valk, E., Lepiku, M., Moldau, H., Pechter, P., Wang, Y.
S., Lindgren, O., Salojarvi, J., Loog, M., Kangasjarvi, J., & Kollist, H. (2010). Ozone-
triggered rapid stomatal response involves the production of reactive oxygen species, and is
controlled by SLAC1 and OSTIL. Plant Journal, 62(3), 442-453.
https://doi.org/10.1111/j.1365-313X.2010.04159.x

Vaidya, A. S., Helander, J. D. M., Peterson, F. C., Elzinga, D., Dejonghe, W., Kaundal, A., Park,
S.Y, Xing, Z., Mega, R., Takeuchi, J., Khanderahoo, B., Bishay, S., Volkman, B. F., Todoroki,
Y., Okamoto, M., & Cutler, S. R. (2019). Dynamic control of plant water use using designed
ABA receptor agonists. Science, 366(6464). https://doi.org/10.1126/science.aaw8848

Van Houtte, H., Vandesteene, L., Lopez-Galvis, L., Lemmens, L., Kissel, E., Carpentier, S., Feil,
R., Avonce, N., Beeckman, T., Lunn, J. E., & Van Dijck, P. (2013). Overexpression of the
Trehalase Gene A¢TREI Leads to Increased Drought Stress Tolerance in Arabidopsis and Is
Involved in Abscisic Acid-Induced Stomatal Closure . Plant Physiology, 161(3), 1158—
1171. https://doi.org/10.1104/pp.112.211391

152

152:6060612564



van Mourik, H., van Dijk, A. D. J., Stortenbeker, N., Angenent, G. C., & Bemer, M. (2017).
Divergent regulation of Arabidopsis SAUR genes: A focus on the SAUR10-clade. BMC Plant
Biology, 17(1). https://doi.org/10.1186/s12870-017-1210-4

Vicente, J., Cascon, T., Vicedo, B., Garcia-Agustin, P., Hamberg, M., & Castresana, C. (2012).
Role of 9-Lipoxygenase and a-Dioxygenase Oxylipin Pathways as Modulators of Local and
Systemic Defense. Molecular Plant, 5(4), 914-928. https://doi.org/10.1093/mp/ssr105

Vierstra, R. D. (2009). The ubiquitin-26S proteasome system at the nexus of plant biology. In
Nature Reviews Molecular Cell Biology (Vol. 10, Issue 6, pp. 385-397).
https://doi.org/10.1038/nrm2688

Vitart, V., Baxter, 1., Doerner, P., & Harper, J. F. (2001). Evidence for a role in growth and salt
resistance of a plasma membrane H ™ -ATPase in the root endodermis. The Plant Journal,
27(3), 191-201. https://doi.org/10.1046/j.1365-313x.2001.01081.x

Vlad, F., Rubio, S., Rodrigues, A., Sirichandra, C., Belin, C., Robert, N., Leung, J., Rodriguez, P.
L., Lauriére, C., & Merlot, S. (2009). Protein phosphatases 2C regulate the activation of the
Snfl-related kinase OST1 by abscisic acid in Arabidopsis. Plant Cell, 21(10), 3170-3184.
https://doi.org/10.1105/tpc.109.069179

Von Groll, U., Berger, D., & Altmann, T. (2002). The subtilisin-like serine protease SDD1 mediates
cell-to-cell signaling during Arabidopsis stomatal development. The Plant Cell, 14(7), 1527—
1539. https://doi.org/10.1105/tpc.001016

Waidmann, S., Sarkel, E., & Kleine-Vehn, J. (2020). Same same, but different: Growth responses
of primary and lateral roots. In Journal of Experimental Botany (Vol. 71, Issue 8, pp. 2397—
2411). Oxford University Press. https://doi.org/10.1093/JXB/ERAA027

Wang, F., Kong, W., Wong, G., Fu, L., Peng, R., Li, Z., & Yao, Q. (2016). AtMYB12 regulates
flavonoids accumulation and abiotic stress tolerance in transgenic Arabidopsis thaliana.
Molecular Genetics and Genomics : MGG, 291(4), 1545-1559.
https://doi.org/10.1007/s00438-016-1203-2

Wang, H. Q., Sun, L. P., Wang, L. X., Fang, X. W., Li, Z. Q., Zhang, F. F., Hu, X., Qi, C., & He, J.
M. (2020). Ethylene mediates salicylic-acid-induced stomatal closure by controlling reactive
oxygen species and nitric oxide production in Arabidopsis. Plant Science, 294.
https://doi.org/10.1016/j.plantsci.2020.110464

Wang, J., Pan, C., Wang, Y., Ye, L., Wu, J., Chen, L., Zou, T., & Lu, G. (2015). Genome-wide
identification of MAPK, MAPKK, and MAPKKK gene families and transcriptional profiling
analysis during development and stress response in cucumber. BMC Genomics, 16(1).
https://doi.org/10.1186/s12864-015-1621-2

Wang, J. W., Wang, L. J., Mao, Y. B., Cai, W. J., Xue, H. W., & Chen, X. Y. (2005). Control of root
cap formation by MicroRNA-targeted auxin response factors in Arabidopsis. Plant Cell,
17(8), 2204-2216. https://doi.org/10.1105/tpc.105.033076

Wang, L., Hua, D., He, J., Duan, Y., Chen, Z., Hong, X., & Gong, Z. (2011). Auxin response
Factor2 (ARF2) and its regulated homeodomain gene HB33 mediate abscisic acid response
in Arabidopsis. PLoS Genetics, 7(7). https://doi.org/10.1371/journal.pgen.1002172

Wang, M., Lee, J., Choi, B., Park, Y., Sim, H. J., Kim, H., & Hwang, 1. (2018). Physiological and
molecular processes associated with long duration of ABA treatment. Frontiers in Plant
Science, 9. https://doi.org/10.3389/1pls.2018.00176

Wang, Y., Wu, Y., Zhang, H., Wang, P., & Xia, Y. (2022). Arabidopsis MAPKK kinases YODA,
MAPKKK3, and MAPKKKS are functionally redundant in development and immunity. In

153

153:6821754494



Plant Physiology (Vol. 190, Issue 1, pp. 206-210). American Society of Plant Biologists.
https://doi.org/10.1093/plphys/kiac270

Wang, Z., & Gou, X. (2020). Receptor-like protein kinases function upstream of mapks in
regulating plant development. In International Journal of Molecular Sciences (Vol. 21, Issue
20, pp. 1-27). MDPI AG. https://doi.org/10.3390/ijms21207638

Wang, Z., Ji, H., Yuan, B., Wang, S., Su, C., Yao, B., Zhao, H., & Li, X. (2015). ABA signalling is
fine-tuned by antagonistic HAB1  variants.  Nature = Communications, 6.
https://doi.org/10.1038/ncomms9138

Wang, Z., Orosa-Puente, B., Nomoto, M., Grey, H., Potuschak, T., Matsuura, T., Mori, I. C., Tada,
Y., Genschik, P., & Spoel, S. H. (2022). Proteasome-associated ubiquitin ligase relays target
plant hormone-specific transcriptional activators. Science Advances, 8(42), eabn4466.
https://doi.org/10.1126/sciadv.abn4466

Wang, Z., & Spoel, S. H. (2022). HECT ubiquitin ligases as accessory proteins of the plant
proteasome. Essays in Biochemistry, 66(2), 135—145. https://doi.org/10.1042/EBC20210064

Wankhede, D. P., Misra, M., Singh, P., & Sinha, A. K. (2013). Rice Mitogen Activated Protein
Kinase Kinase and Mitogen Activated Protein Kinase Interaction Network Revealed by In-
Silico Docking and Yeast Two-Hybrid Approaches. PLoS ONE, 8(5).
https://doi.org/10.1371/journal.pone.0065011

Weber, J., Polo, S., & Maspero, E. (2019). HECT E3 ligases: A tale with multiple facets. In
Frontiers in  Physiology (Vol. 10, Issue APR). Frontiers Media S.A.
https://doi.org/10.3389/fphys.2019.00370

Wengier, D. L., Lampard, G. R., & Bergmann, D. C. (2018). Dissection of MAPK signaling
specificity through protein engineering in a developmental context. BMC Plant Biology,
18(1). https://doi.org/10.1186/s12870-018-1274-9

Wong, J. H., Klejchova, M., Snipes, S. A., Nagpal, P., Bak, G., Wang, B., Dunlap, S., Park, M. Y.,
Kunkel, E. N., Trinidad, B., Reed, J. W., Blatt, M. R., & Gray, W. M. (2021). SAUR proteins
and PP2C.D phosphatases regulate H+-ATPases and K+ channels to control stomatal
movements. Plant Physiology, 185(1), 256-273. https://doi.org/10.1093/plphys/kiaa023

Wong, J. H., Spartz, A. K., Park, M. Y., Du, M., & Gray, W. M. (2019). Mutation of a Conserved
Motif of PP2C.D Phosphatases Confers SAUR Immunity and Constitutive Activity. Plant
Physiology, 181(1), 353-366. https://doi.org/10.1104/pp.19.00496

Wu, J., Wang, Y., Chen, H., Xu, T., Yang, W., & Fang, X. (2025). Solid-like condensation of
MOREFS inhibits RNA editing under heat stress in Arabidopsis. Nature Communications,
16(1), 2789. https://doi.org/10.1038/s41467-025-58146-1

Wu, Q., Zhang, X., Peirats-Llobet, M., Belda-Palazon, B., Wang, X., Cui, S., Yu, X., Rodriguez,
P.L., & An, C. (2016). Ubiquitin ligases RGLG1 and RGLGS regulate abscisic acid signaling
by controlling the turnover of phosphatase PP2CA. Plant Cell, 28(9), 2178-2196.
https://doi.org/10.1105/tpc.16.00364

Wu, X., & Rapoport, T. A. (2018). Mechanistic insights into ER-associated protein degradation.
In  Current Opinion in Cell Biology (Vol. 53, pp. 22-28). Elsevier Ltd.
https://doi.org/10.1016/j.ceb.2018.04.004

Xie, C., Yang, L., & Gai, Y. (2023). MAPKKKSs in Plants: Multidimensional Regulators of Plant
Growth and Stress Responses. In International Journal of Molecular Sciences (Vol. 24, Issue
4). Multidisciplinary Digital Publishing Institute (MDPI).
https://doi.org/10.3390/ijms24044117

154

154:8974088269



Xie, Q., Essemine, J., Pang, X., Chen, H., Jin, J., & Cai, W. (2021). Abscisic Acid Regulates the
Root Growth Trajectory by Reducing Auxin Transporter PIN2 Protein Levels in Arabidopsis
thaliana. Frontiers in Plant Science, 12. https://doi.org/10.3389/fpls.2021.632676

Xijin Ge, S., Jung, D., & Yao, R. (2020). ShinyGO: a graphical gene-set enrichment tool for
animals and plants. Bioinformatics
https://doi.org/https://doi.org/10.1093/bioinformatics/btz93 1

Xin, X., Chen, W., Wang, B., Zhu, F., Li, Y., Yang, H., Li, J., & Ren, D. (2018). Arabidopsis
MKK10-MPK6 mediates red-light-regulated opening of seedling cotyledons through
phosphorylation of PIF3. Journal of Experimental Botany, 69(3), 423-439.
https://doi.org/10.1093/jxb/erx418

Xu, J., Li, Y., Wang, Y., Liu, H., Lei, L., Yang, H., Liu, G., & Ren, D. (2008). Activation of MAPK
kinase 9 induces ethylene and camalexin biosynthesis and enhances sensitivity to salt stress
in  Arabidopsis. Journal of Biological Chemistry, 283(40), 26996-27006.
https://doi.org/10.1074/jbc.M801392200

Xu, T., Lee, K., Gu, L., Kim, J.-I., & Kang, H. (2013). Functional characterization of a plastid-
specific ribosomal protein PSRP2 in Arabidopsis thaliana under abiotic stress conditions.
Plant Physiology and Biochemistry, 73, 405-411.
https://doi.org/10.1016/j.plaphy.2013.10.027

Yamaguchi-Shinozaki, K., & Shinozaki, K. (2006). Transcriptional regulatory networks in cellular
responses and tolerance to dehydration and cold stresses. In Annual Review of Plant Biology
(Vol. 57, pp. 781-803). https://doi.org/10.1146/annurev.arplant.57.032905.105444

Yan, J., Wang, P., Wang, B., Hsu, C. C., Tang, K., Zhang, H., Hou, Y. J., Zhao, Y., Wang, Q., Zhao,
C., Zhu, X., Tao, W. A., Li, J., & Zhu, J. K. (2017). The SnRK2 kinases modulate miRNA
accumulation in Arabidopsis. PLoS Genetics, 13(4).
https://doi.org/10.1371/journal.pgen.1006753

Yang, J., Worley, E., & Udvardi, M. (2014). A NAP-AAO3 regulatory module promotes
chlorophyll degradation via ABA biosynthesis in Arabidopsis leaves. The Plant Cell, 26(12),
4862—4874. https://doi.org/10.1105/tpc.114.133769

Yang, L., Zhang, J., He, J., Qin, Y., Hua, D., Duan, Y., Chen, Z., & Gong, Z. (2014). ABA-mediated
ROS in mitochondria regulate root meristem activity by controlling PLETHORA expression
in Arabidopsis. PLoS Genetics, 10(12), e1004791.
https://doi.org/10.1371/journal.pgen.1004791

Yang, Z., Zhang, X., Ye, S., Zheng, J., Huang, X., Yu, F., Chen, Z., Cai, S., & Zhang, P. (2023).
Molecular mechanism underlying regulation of Arabidopsis CLCa transporter by nucleotides
and phospholipids. Nature Communications, 14(1), 4879. https://doi.org/10.1038/s41467-
023-40624-z

Yee, D., & Goring, D. R. (2009). The diversity of plant U-box E3 ubiquitin ligases: From upstream
activators to downstream target substrates. Journal of Experimental Botany, 60(4), 1109—
1121. https://doi.org/10.1093/jxb/ern369

Yoo, S. D., Cho, Y. H., Tena, G., Xiong, Y., & Sheen, J. (2008). Dual control of nuclear EIN3 by
bifurcate MAPK cascades in C 2H4 signalling. Nature, 451(7180), 789-795.
https://doi.org/10.1038/nature06543

Yoshida, R., Mori, I. C., Kamizono, N., Shichiri, Y., Shimatani, T., Miyata, F., Honda, K., & Iwai,
S. (2016). Glutamate functions in stomatal closure in Arabidopsis and fava bean. Journal of
Plant Research, 129(1), 39—49. https://doi.org/10.1007/s10265-015-0757-0

155

155:5984240088



Yoshida, T., Fujita, Y., Maruyama, K., Mogami, J., Todaka, D., Shinozaki, K., & Yamaguchi-
Shinozaki, K. (2015). Four Arabidopsis AREB/ABF transcription factors function
predominantly in gene expression downstream of SnRK?2 kinases in abscisic acid signalling
in response to osmotic stress. Plant, Cell and Environment, 38(1), 35-49.
https://doi.org/10.1111/pce.12351

Yoshida, T., Fujita, Y., Sayama, H., Kidokoro, S., Maruyama, K., Mizoi, J., Shinozaki, K., &
Yamaguchi-Shinozaki, K. (2010). AREB1, AREB2, and ABF3 are master transcription
factors that cooperatively regulate ABRE-dependent ABA signaling involved in drought
stress tolerance and require ABA for full activation. Plant Journal, 61(4), 672—685.
https://doi.org/10.1111/1.1365-313X.2009.04092.x

Yoshida, Y., Mizushima, T., & Tanaka, K. (2019). Sugar-recognizing ubiquitin ligases: Action
mechanisms and physiology. In Frontiers in Physiology (Vol. 10, Issue FEB). Frontiers Media
S.A. https://doi.org/10.3389/fphys.2019.00104

Yu, H., Yan, J., Du, X., & Hua, J. (2018). Overlapping and differential roles of plasma membrane
calcium ATPases in Arabidopsis growth and environmental responses. Journal of
Experimental Botany, 69(10), 2693-2703. https://doi.org/10.1093/jxb/ery073

Yu, J., Kang, L., Li, Y., Wu, C.,, Zheng, C., Liu, P., & Huang, J. (2021). RING finger protein
RGLG1 and RGLG2 negatively modulate MAPKKK 18 mediated drought stress tolerance in
Arabidopsis.  Journal  of  Integrative = Plant  Biology,  63(3), 484-493.
https://doi.org/10.1111/jipb.13019

Yu, L. H., Wu, J., Zhang, Z. S., Miao, Z. Q., Zhao, P. X., Wang, Z., & Xiang, C. Bin. (2017).
Arabidopsis MADS-Box Transcription Factor AGL21 Acts as Environmental Surveillance of
Seed Germination by Regulating ABIS Expression. Molecular Plant, 10(6), 834-845.
https://doi.org/10.1016/j.molp.2017.04.004

Yu, Q., Hua, X., Yao, H., Zhang, Q., He, J., Peng, L., Li, D., Yang, Y., & Li, X. (2021). Abscisic
acid receptors are involves in the Jasmonate signaling in Arabidopsis. Plant Signaling and
Behavior, 16(10). https://doi.org/10.1080/15592324.2021.1948243

Yue, M., Izabela, S., Arthur, K., Dani¢le, M., Yi, Y., Alexander, C., & Erwin, G. (2009). Regulators
of PP2CPhosphatase Activity Functionas Abscisic Acid Sensors. Science, 324(5930), 1061—
1064. https://doi.org/10.1126/science. 1171155

Zhang, H., Zhou, C., Mohammad, Z., & Zhao, J. (2024). Structural basis of human 20S proteasome
biogenesis. Nature Communications , 15(1). https://doi.org/10.1038/s41467-024-52513-0

Zhang, J., Zhao, P., Chen, S., Sun, L., Mao, J., Tan, S., & Xiang, C. (2023). The ABI3-ERFI
module mediates ABA-auxin crosstalk to regulate lateral root emergence. Cell Reports, 42(7).
https://doi.org/10.1016/j.celrep.2023.112809

Zhang, L., Li, X., Li, D., Sun, Y., L1, Y., Luo, Q., Liu, Z., Wang, J., Li, X., Zhang, H., Lou, Z., &
Yang, Y. (2018). CARK 1 mediates ABA signaling by phosphorylation of ABA receptors. Cell
Discovery, 4(1). https://doi.org/10.1038/s41421-018-0029-y

Zhang, M., & Zhang, S. (2022). Mitogen-activated protein kinase cascades in plant signaling. In
Journal of Integrative Plant Biology (Vol. 64, Issue 2, pp. 301-341). John Wiley and Sons
Inc. https://doi.org/10.1111/jipb.13215

Zhang, X., Dai, Y., Xiong, Y., DeFraia, C., Li, J., Dong, X., & Mou, Z. (2007). Overexpression of
Arabidopsis MAP kinase kinase 7 leads to activation of plant basal and systemic acquired
resistance.  Plant  Journal,  52(6), 1066-1079.  https://doi.org/10.1111/1.1365-
313X.2007.03294.x

156

156:5861588755



Zhao, C., Nie, H., Shen, Q., Zhang, S., Lukowitz, W., & Tang, D. (2014). EDR1 Physically
Interacts with MKK4/MKKS5 and Negatively Regulates a MAP Kinase Cascade to Modulate
Plant Innate Immunity. PLoS Genetics, 10(5). https://doi.org/10.1371/journal.pgen.1004389

Zhao, C., Wang, P., Si, T., Hsu, C. C., Wang, L., Zayed, O., Yu, Z., Zhu, Y., Dong, J., Tao, W. A.,
& Zhu, J. K. (2017). MAP Kinase Cascades Regulate the Cold Response by Modulating ICE1
Protein Stability. Developmental Cell, 43(5), 618-629.¢5.
https://doi.org/10.1016/j.devcel.2017.09.024

Zhao, G., Cheng, Q., Zhao, Y., Wu, F., Mu, B., Gao, J., Yang, L., Yan, J., Zhang, H., Cui, X., Chen,
Q.,Lu, F., Ao, Q.,Amdouni, A., Jiang, Y. Q., & Yang, B. (2023). The abscisic acid-responsive
element binding factors MAPKKKI18 module regulates abscisic acid—induced leaf
senescence  in  Arabidopsis.  Journal of  Biological  Chemistry,  299(4).
https://doi.org/10.1016/j.jbc.2023.103060

Zhao, J. Y., Lu, Z. W., Sun, Y., Fang, Z. W., Chen, J., Zhou, Y. Bin, Chen, M., Ma, Y. Z., Xu, Z. S.,
& Min, D. H. (2020). The Ankyrin-Repeat Gene GmANK114 Confers Drought and Salt
Tolerance in Arabidopsis and Soybean. Frontiers in Plant Science, 11.
https://doi.org/10.3389/1pls.2020.584167

Zhao, J., Zhao, L., Zhang, M., Zafar, S. A., Fang, J., Li, M., Zhang, W., & Li, X. (2017).
Arabidopsis E3 ubiquitin ligases PUB22 and PUB23 negatively regulate drought tolerance
by targeting ABA receptor PYL9 for degradation. International Journal of Molecular
Sciences, 18(9). https://doi.org/10.3390/ijms18091841

Zheng, N., & Shabek, N. (2025). Ubiquitin Ligases: Structure, Function, and Regulation. Annu
Rev Biochem., 33, 10. https://doi.org/10.1146/annurev-biochem

Zheng, Y., Chen, Z., Ma, L., & Liao, C. (2018). The ubiquitin E3 ligase RHA2b promotes
degradation of MYB30 in abscisic acid signaling. Plant Physiology, 178(1), 428—440.
https://doi.org/10.1104/pp.18.00683

Zhou, M., Zhang, J., Shen, J., Zhou, H., Zhao, D., Gotor, C., Romero, L. C., Fu, L., Li, Z., Yang,
J., Shen, W., Yuan, X., & Xie, Y. (2021). Hydrogen sulfide-linked persulfidation of ABI4
controls ABA responses through the transactivation of MAPKKKI8 in Arabidopsis.
Molecular Plant, 14(6), 921-936. https://doi.org/10.1016/j.molp.2021.03.007

Zhu, J. K. (2016). Abiotic Stress Signaling and Responses in Plants. In Cell (Vol. 167, Issue 2, pp.
313-324). Cell Press. https://doi.org/10.1016/j.cell.2016.08.029

Zhu, Q., Dugardeyn, J., Zhang, C., Miihlenbock, P., Eastmond, P. J., Valcke, R., De Coninck, B.,
Oden, S., Karampelias, M., Cammue, B. P. A., Prinsen, E., & Van Der Straeten, D. (2014).
The Arabidopsis thaliana RNA editing factor SLO2, which affects the mitochondrial electron
transport chain, participates in multiple stress and hormone responses. Molecular Plant, 7(2),
290-310. https://doi.org/10.1093/mp/sst102

Zhu, X., Pan, T., Zhang, X., Fan, L., Quintero, F. J., Zhao, H., Su, X., Li, X., Villalta, 1., Mendoza,
L., Shen, J., Jiang, L., Pardo, J. M., & Qiu, Q.-S. (2018). K+ Efflux Antiporters 4, 5, and 6
Mediate pH and K+ Homeostasis in Endomembrane Compartments. Plant Physiology,
178(4), 1657-1678. https://doi.org/10.1104/pp.18.01053

Zhu, Y., Wang, B., Tang, K., Hsu, C. C., Xie, S., Du, H., Yang, Y., Tao, W. A., & Zhu, J. K. (2017).
An Arabidopsis Nucleoporin NUP85 modulates plant responses to ABA and salt stress. PLoS
Genetics, 13(12). https://doi.org/10.1371/journal.pgen.1007124

157

157:8956042542



