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ABSTRACT

The Ubiquitin Proteasome System (UPS) is a key molecular mechanism plants utilize to
facilitate changes to the proteome. The UPS encompasses ubiquitination, the attachment of
ubiquitin (Ub) molecule(s) to a target substrate, followed by the degradation of the modified
substrate by the 26S proteasome. Ubiquitin ligases, or E3s, are central to the UPS as they govern
specificity of substrate selection, interacting with the substrate directly and mediating
ubiquitination. The UPS has emerged as an important regulator of the uptake and translocation of
nutrients through mediating the degradation of enzymes, transporters, ion channels, signalling
proteins, and transcription regulators in response to fluctuating nutrient levels. Inability to maintain
nutrient homeostasis is detrimental due to suboptimal nutrient levels impacting processes vital to
plant growth and development, such as carbon fixation, hormonal signalling, and synthesis of
nucleic acids and amino acids. In addition, the effects of other abiotic stresses, such as drought,
can be minimized by optimizing nutrition, which influences photosynthetic and physiological
processes, and promotes water circulation. As the frequency and duration of stress conditions
increases with climate change, plants rely more heavily on the UPS to maintain homeostasis of all
essential nutrients, including the macronutrients nitrogen (N) and phosphorus (P), and the
micronutrient iron (Fe). In this thesis I analyze the role of eight RING-type E3s in facilitating
responses to excess and deficient levels of N, P, and Fe, using the model species Arabidopsis
thaliana (Arabidopsis). I carried out in depth analyses of the role of three of these E3s,
ARABIDOPSIS TOXICOS EN LEVADURA 12 (ATL12), ARIADNE 12 (ARI12), and WAVY
GROWTH 3 (WAV3) Homolog 1 (WAVHI1). I present evidence for the involvement of ATL12
in the Iron Deficiency Response (IDR) and discuss a model in which ATL12 participates in a
feedback loop with FIT to promote Fe uptake under Fe deficiency. Under Fe deficiency, ATLI2
loss-of-function mutants exhibit lower FIT transcript levels, as well as lower /RT1 transcript levels
and IRT1 protein abundance, while simultaneously demonstrating longer roots and higher survival
rates compared to WT. I also show that the E3 ARI12 is involved in the response to Fe stress.
ARI 12 loss-of-function mutants exhibit a higher Fe content after exposure to excess Fe levels and
exhibit significantly longer roots under Fe deficient and excess conditions when compared to WT.
Results suggest that ARI12 regulates the abundance of an unknown IDR protein, and that AR/I2
expression is suppressed under Fe deficiency to allow its target protein to accumulate as part of
the IDR. In this work I also propose a model where WAVH]1 is involved in brassinosteroid (BR)
signalling to regulate root growth. Results suggest that proper WAVHI function is required for
proper primary root (PR) growth and root gravitropic abilities under severe N limitation, with
WAVHI loss-of-function mutants exhibiting a significantly shorter PR length and larger root reflex
angle in response to a 90° rotation compared to WT under severe N limitation. Mutants also
exhibited significantly lower lateral root (LR) emergence suggesting that WAVH function is also
needed for this process, especially under severe N limitation. These significant differences are
removed when seedlings are treated with brassinazole (BRZ), a BR biosynthesis inhibitor. This
thesis attempts to fill in some of the many gaps in current knowledge of nutrient stress response in
plants. The UPS is a highly conserved eukaryotic system, and therefore this knowledge will be of
interest to researchers in other fields of research beyond the plant sciences.
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CHAPTER 1: INTRODUCTION

1.1 The Ubiquitin Proteasome System

The Ubiquitin Proteasome System (UPS) is an ATP-dependent protein degradation
pathway that plants use to alter their proteome content, triggering the appropriate cellular changes
to promote stress tolerance (Stone and Callis, 2007; Vierstra, 2009; Callis, 2014). The UPS
involves the ubiquitination of a selected substrate followed by proteasomal degradation of the
modified protein (Figure 1). Ubiquitination is a post-translational modification where ubiquitin
(Ub), a small, highly conserved 76-amino acid eukaryotic protein, is covalently attached to a
substrate (Callis, 2014). Ubiquitination requires the sequential actions of three types of enzymes:
ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme (E2), and ubiquitin ligase (E3).
The EI initiates the enzymatic cascade, hydrolysing ATP and binding to the Ub protein. The El
and E2 interact to promote the transfer of the Ub from the EI to the E2, forming an E2-Ub
intermediate. The E3 interacts with the E2-Ub intermediate and facilitates the transfer of Ub to the
substrate protein.

There are three possible outcomes of this enzymatic cascade: 1) monoubiquitination
(attachment of one Ub); 2) polyubiquitination (attachment of two to more Ub proteins in a
polyubiquitin chain); or 3) or multi- monoubiquitination (attachment of multiple Ub proteins at
different sites) of the substrate (Figure 1) (Pickart and Eddins, 2004; Sadowski and Sarcevic,
2010). There is a degree of structural plasticity in polyubiquitination due to the flexibility of chain
conformations which is caused by different linkages used to generate Ub chains. Ub-Ub linkages
can be created using eight different sites, including seven lysine residues (K6, K11, K27, K29,

K33, K48, and K63) and the N-terminal methionine (Metl) (Miricescu et al., 2018; Dittmar and



Winklhofer, 2019;). These different chain conformations are theorized to have distinct influence
over the fate of the modified substrate. For example, a K63 linked chain is associated with non-
proteasomal outcomes such as endocytosis, while a K48 linked chain is considered a signal for
degradation by the 26S proteasome, a large multi-catalytic multi-subunit protease (Thrower et al.,
2000; Varadan et al., 2002; Duncan et al., 2006). The attachment of Ub is reversible via the actions
of deubiquitylating enzymes (DUBs) which cleave the isopeptide bond between Ub molecules to
dismantle chains and remove ubiquitin from substrate proteins, acting as alternate regulators of
ubiquitination (Komander, 2010).

The most well-understood function of ubiquitination is flagging proteins for degradation
via the 26S proteasome, a compartmentalized complex composed of a hollow cylindrical 20S Core
Protease (CP) capped at one or both ends by a 19S Regulatory Particle (RP) (Figure 1) (Bard et
al., 2018). Protease activity is located on the  subunits of the two inner rings of the CPs four
stacked heptameric rings. The polyubiquitin chains on the substrate are recognized by the RP,
which unfolds the protein and directs it into the CP for proteolysis. The resulting peptides are

expelled by the 26S proteasome and the Ub molecules are recycled.
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Figure 1. The ubiquitin proteasome system (UPS). The E1, E2, and E3 enzymes facilitate
attachment of one or more ubiquitin (Ub) molecules to the target substate. Ubiquitination of the
target occurs through transfer of Ub from the E2 to the E3 prior to attachment to the substrate
(i) or direct transfer of Ub to the substrate (ii). The enzymatic cascade results in the
monoubiquitination (one Ub at one site), multi-monoubiquitination (multiple Ubs at different
sites), or polyubiquitination (multiple Ubs forming a chain) of the substrate. Substrates destined
for degradation are recognized and degraded by the 26S proteasome. The Ub is removed and
recycled.

1.1.1. Ubiquitin ligases
E3s mediate the transfer of Ub from the E2 to the target substrate through the formation of
an isopeptide bond between the C-terminal carboxyl group of the Ub and the amino group of a

residue on the target substrate. Specificity of the ubiquitination pathway can be attributed to the



extensive and diverse collection of E3s. For example, the Arabidopsis thaliana (Arabidopsis)
genome is estimated to encode for over 1500 single subunit ubiquitin ligases or components of E3
complexes (Vierstra, 2012; Callis 2014). To interact with the E2-Ub intermediate, single subunit
E3s will employ a Really Interesting New gene (RING), Homologous to E6AP C-terminus
(HECT) or U-box domain (Figure 2). Complex E3s will utilize a scaffold Cullin (Cul) protein
interacting with a substrate-recognition component, with or without an adaptor subunit, and an E2-
binding RING domain protein (Figure 2). Most ubiquitin ligases facilitate the transfer of Ub from
the E2 directly to the substrate, with the exceptions being the single subunit HECT-type and RING-
between-RING (RBR)-type E3s that accepts Ub from the E2 prior to transferring the Ub to the
substrate (Figure 2). The ability of a single E3 to regulate the abundance of multiple substrates
contributes to the pervasiveness of ubiquitin-dependent regulation in cellular function.
Furthermore, multiple E3s may target one specific substrate for ubiquitination, depending on the

environment.

Single subunit E3s E3 complexes
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HECT .::‘:d’f;:" Substrate E2 RING1 IIBRI RING2 l
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Figure 2. Schematics representation of different E3 types. E3s utilize a RING (Really Interesting
New gene), HECT (Homologous to EGAP C-terminus), or U-box domain to interact with the E2.
Single subunit HECT and RING-in-between-RING (RBR) type E3s accept the Ub from the E2 then
transfers the Ub to the substrate. Other E3s interact with the Ub-E2 intermediate to mediate
transfer of the Ub directly from the E2 to the target substrate. Complex E3 Cullin (Cul)-RING
ubiquitin ligases (CRLs) utilize different subunits to interact with the E2 and substrate.

1.1.2. RING-type E3s

This thesis will focus on the E3s which contain a RING domain, which are characterized
by the presence of an 8-ligand cysteine-rich domain that coordinates two zinc (Zn) atoms (Figure
3). These E3s include RING-type E3s and the RBR-type E3 complexes. There are approximately
500 RING-type E3s predicted to be encoded in the Arabidopsis genome, comprised of seven
different classes: RING-HC, RING-H2, RING-V, RING-C2, RING-D, RING-S/T and RING-G;
these seven classes differ very minimally in structure and can be distinguished by the amino acids
in positions 2, 4, 5, and 6 within the domain, as well as the number of amino acids in between them
(Figure 3) (Kosarev et al., 2002; Stone et al., 2005; Jiménez-Lopez et al., 2018). For example,
RING-H2 contains a Histidine (His) residue at position 5, whereas RING-D has and aspartate
(Asp) residue (Stone et al., 2005). There are approximately 42 genes that encode for RBR-type
proteins in the Arabidopsis genome, these 42 genes are divided into four subgroups: ARA54 (1),
ARIADNE (ARI) (16), Plant I (3), and Plant II (22) (Marin, 2010). RBR-type E3 complexes are
more structurally elusive than single subunit RING-type E3s and are characterized by the presence
of three consecutive RING domains: RING1-IN BETWEEN RING (IBR)-RING2 (Marin, 2010).
RING-type E3s interact with the E2-Ub intermediate to facilitate the transfer of Ub directly to the
substrate, whereas the RBR-type E3s interact with the E2-Ub intermediate and mediate the transfer

of Ub from the E2 to the RING?2 and then to the substrate.
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Figure 3. Schematics of the structure of prototypical RING domain (RING-HC type). The metal-
ligand pairs 1 (1 and 2) and 3 (5 and 6) coordinate one zinc ion, while pairs 2 (3 and 4) and 4 (7
and 8) coordinate a second zinc atom in a cross-brace arrangement. There are seven different
RING domain classes: RING-HC, RING-H2, RING-V, RING-C2, RING-D, RING-S/T and RING-G. These
classes differ very minimally in structure and can be distinguished by which amino acids are in
positions 2, 4, 5, and 6, as well as the number of amino acids in between them.

1.2 The UPS and Abiotic Stress

The UPS has been established as an important regulator of plant response to many abiotic
stresses including drought/flooding, extreme heat, and high salinity (Stone, 2019; Melo et al.,
2021). The UPS allows plants to efficiently regulate many aspects of cellular function via the
degradation of numerous proteins including enzymes, transporters, ion channels, signalling
proteins (e.g., kinases and receptors), and transcription regulators (e.g., transcription factors, co-
activators, and repressors) (Trujillo and Shirasu, 2010; Sadanandom et al., 2012; Adams and Spoel,
2018; Stone, 2019). In response to internal/external cues, ubiquitination of a substrate can be

promoted or inhibited, causing increased protein degradation or stabilization, respectively. The



UPS allows inhibition of a cellular response via degradation of a positive regulator or promotion
of a response through the degradation of a negative regulator. For example, in the absence of
drought stress, the RING-type E3s RING Domain Ligase 1 and 2 (RGLG1/2) ubiquitinate
Ethylene Response Factor 53 (ERF53), a drought-induced transcription factor that regulates the
expression of a plethora of drought-response genes (Cheng et al., 2016). Ubiquitination prevents
the accumulation of ERF53, which inhibits the promotion of the drought stress response under
favourable conditions. During exposure to drought stress, RGLG2 is translocated out of the
nucleus, allowing ERF53 to accumulate and activate the expression of downstream targets and
increasing stress tolerance (Hsieh et al., 2013; Cheng et al., 2016).

As climate change intensifies it is increasing the abiotic stresses that plants must tolerate,
such as drought, flooding, and extreme temperatures (Eckardt et al., 2023). In addition to directly
affecting plant growth, these climatic shifts also influence plant health through the alteration of
soil properties such as temperature, moisture, salinity, and pH, which, among other issues, impacts
the acquisition of essential nutrients (Haynes and Swift, 1986; Pregitzer and King, 2005; Brown
et al., 2006; Jiang et al., 2017; Gelybo et al., 2018; Niena, 2019). Decreased nutrient availability
and uptake is detrimental, as the effects of other abiotic stresses can be minimized by optimizing
nutrition, which influences water circulation, photosynthesis, and other physiological processes
(Ahanger and Ahmad, 2019). As the frequency and duration of stress conditions increases, plants
rely heavily on the UPS to maintain nutrient homeostasis.

Nutrients in the soil are essential for plant growth and development, as well as crop yield.
Plants require many different mineral elements for proper growth and development, and these
essential macro and micronutrients are either bound to a soil particle or soluble in the soil water.

The primary macronutrients, nitrogen (N), phosphorus (P), and potassium (K), are required in large



amounts relative to secondary macronutrients, calcium (Ca), magnesium (Mg) and sulphur (S),
and micronutrients. Micronutrients are required in low levels, but extremely low levels will cause
deficiencies, and excess levels will induce toxicity. Therefore, maintaining optimal levels of the
essential micronutrients, which includes chlorine (Cl), boron (B), iron (Fe), manganese (Mn),
copper (Cu), Zn, nickel (N1) and molybdenum (Mo), are critical for plant success. The success of
a plant largely depends on the ability to maintain homeostasis of all these essential nutrients, which
relies on availability in the soil as well as absorption from the rhizosphere and transport throughout
their intricate system of xylem and phloem to the tissues in need. Ub-dependent proteolysis is
emerging as an important regulator of the absorption of nutrients from the rhizosphere and
translocation from the root to shoot (Zelazny et al., 2011; Yates and Sadanandom, 2013). Failure
to properly regulate the uptake and transport of nutrients results in deficient or excess stress
conditions, which inhibit plant growth and development, decrease immunity, and ultimately reduce
yield (Smith et al., 2022; Tripathi et al., 2022). This thesis will focus on the homeostasis of N, P,

and Fe, three essential nutrients with strictly regulated uptake.

1.3 Iron

Fe is an essential micronutrient for all plants and its uptake, as a heavy metal, is strictly
regulated through the actions of various molecular mechanisms. The UPS is quickly emerging as
a significant regulator of Fe uptake in multiple plant species including Arabidopsis and Oryza
sativa (rice). Adequate Fe levels are essential for N fixation, DNA replication and repair, because
it functions as a cofactor to multiple DNA repair enzymes (including helicases, nucleases,
glycosylases, demethylases), and the electron transport chain (Pushnik et al., 2008; Zhang, 2014).

Fe is also vital to chlorophyll biosynthesis since it is a major component of chlorophyll, and low



levels of Fe will induce chlorosis due to insufficient chlorophyll production (Li et al., 2021).
However, high Fe levels will inhibit proper function of the chloroplast and thylakoids because high
levels are toxic. Fe toxicity stunts plant growth due to the formation of reactive oxygen species
(ROS) that inhibit root development, which in turn impacts the uptake of other nutrients, causing
the deficiency of other essential nutrients (Zahra et al., 2021; Harish et al., 2023). The uptake of
Fe is facilitated by different strategies involving enzymes, specialized channels, and transporter
proteins, which are present in the plasma membrane (PM). The main transporters of Fe in non-
grass plants are the Natural Resistance-Associated Macrophage Proteins (NRAMPs), specifically
AtNRAMPI, and the Zn-Regulated Transporter (ZRT)- Iron-Regulated Transporter (IRT)-like
Proteins (ZIP). There are 15 ZIP proteins encoded by the Arabidopsis genome, with the most well-
studied being IRT1 and 2 (Grotz et al., 1998). IRT1/2 are heavily involved in the uptake of Fe
under deficient conditions (Vert et al., 2001; Vert et al., 2002). Studies report the AINRAMP
family of transporters are mostly involved in the intracellular mobilization of Fe (Thomine et al.,
2003; Lanquar et al., 2005; Li et al., 2019). However, there is one member of this family,
AtNRAMPI1, which was found to cooperate with IRT1 to increase Fe uptake under Fe deficiency
(Castaings et al., 2016; Agorio et al., 2017). Curie et al. (2000) suggests that the AINRAMP
transporters are not present in the PM. However, more recent studies suggest that AtNRAMP1
although found in cytoplasmic granular structures are located at the PM in epidermal cells (Agorio
etal., 2017).

There are two main forms of Fe available to plants in soil: ferric iron (Fe*"), and the more
readily available form, ferrous iron (Fe?"). And although Fe is abundant in most well-aerated soils,
the activity of Fe is relatively low because it primarily forms insoluble ferric oxides and hydroxide

minerals, such as goethite (FEOOH) and hematite (Fe2O3) at neutral pH levels (Kobayashi and



Nishizawa, 2012). To compensate for this, dicots utilize a reduction-based strategy (Strategy I) to
increase Fe solubility through the sequential actions of multiple proteins (Figure 4A). First, the
PM-localized complex H* -ATPase 2 (AHA2) pumps protons into the soil to decrease the pH of
the rhizosphere (Connolly et al., 2003; Santi and Schmidt 2009; Martin-Barranco et al., 2020).
Low Fe also activates the FER-like Fe-deficiency Induced Transcription factor (FIT) which
promotes the expression of Ferric Reduction Oxidase 2 (FRO2), and IRTI. Rhizosphere
acidification mobilizes immobile Fe**, which is then reduced to Fe** by FRO2. Fe?* is then
imported by IRT1 and other Fe transporters. There are other, more elusive, regulators and
mechanisms, including the bHLH transcription factor POPEYE (PYE), another major regulator of
Fe deficiency response which negatively regulates the expression of hHLH [bs (Pu and Liang,
2023). A second strategy (Strategy II-like) is coming to light in non-grass plants involving PM-
localized protein ATP-binding cassette g37 ABCG37/PDR9 secreting Fe mobilizing coumarins
(FMCs) into the rhizosphere and chelating Fe3*, and evidence suggests that Fe3*-FMC complexes
are up taken via an unknown ATP-dependent mechanism (Figure 4B) (Fourcroy et al., 2014; Li et
al., 2023). These two strategies allow for the solubilization of insoluble Fe. Under Fe sufficient or
excess conditions, the Fe deficiency response genes are deactivated to decrease Fe uptake. Excess
Fe is a problem increased by anaerobic and acidic soil conditions and is a major threat to plant
growth and development, inhibiting root growth, which further impacts the uptake of other
essential nutrients (Becker and Asch, 2005). To mitigate the negative effects of both excessively
low and high Fe levels, plants utilize the UPS to target repressors of the Fe deficiency response to
promote uptake when levels in the rhizosphere are low, and to target components of the Fe
deficiency response genes when sufficient levels are detected. The UPS is required to maintain the

vital homeostasis of Fe.
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Figure 4. Simplification of rhizosphere acidification strategies utilized by dicots to increase iron
(Fe) uptake when low Fe levels are detected in the rhizosphere. (A) Strategy | involves PM-
localized protein AHA2 excreting protons into the rhizosphere, causing acidification, and
mobilizing immobile Fe3*. Insoluble Fe3*is then reduced to soluble Fe?* by FRO2, and Fe?*is then
transported across the PM by IRT1 and other metal transporters, like AtANRAMP1. (B) Strategy Il
involves ATP-binding cassette g37 ABCG37/PDR9 secreting Fe mobilizing coumarins (FMC) into
the rhizosphere and chelating Fe3*, and an unknown ATP-dependent mechanism up-taking the
Fe3*-FMC complexes.

Fe deficiency activates FIT, which is a major regulator among a group of basic helix-loop-
helix (bHLH) transcription factors that control the expression of hundreds of Iron Deficiency
Response Genes (IDRGs) (Colangelo and Guerinot, 2004; Mai et al., 2016). Approximately 500

FIT-regulated genes are encoded by the Arabidopsis genome (Kosarev et al., 2002; Stone et al.,
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2005). FIT is a major regulator among a group of basic helix-loop-helix (bHLH) transcription
factors that control the expression of multiple IDRGs (Colangelo and Guerinot, 2004; Mai et al.,
2016). Upregulation of /RT] via FIT under Fe deficiency promotes Fe uptake (Figure 5A); IRT1
also transports other essential cations, including Zn, Mn, cadmium (Cd) and cobalt (Co) (Vert et
al., 2002). Under Fe sufficient and excess conditions, IRT1 is ubiquitinated by the RING E3 IRT1
Degradation Factor 1 (IDF1), to limit uptake of the micronutrient (Figure 5B) (Barberon et al.,
2011; Shin et al., 2013; Dubeaux et al., 2018). Sufficient Fe also promotes the ubiquitination of
FIT by the RING E3s BRUTUS (BTS)-Like 1 and 2 (BTSL1/2) to prohibit nutrient uptake
(Rodriguez-Celma et al., 2019). Higher concentrations of other metals, including Zn, Mn, and Co,
also promotes the monoubiquitination of IRT1 prior to IDFI-mediated polyubiquitination to
generate a 63-lysine chain (Barberon et al., 2011; Dubeaux et al., 2018). Monoubiquitination and
polyubiquitination both decrease the levels of IRTI in the PM via increasing degradation and
internalization in the vacuole. High levels of non-iron metals also promote the Calcineurin B-Like
(CBL) Interacting Protein Kinase 23 (CIPK23)-dependent phosphorylation of IRT1, triggering the
IDF1-mediated ubiquitination of IRT1 (Dubeaux et al., 2018). AHA2 and FRO2 are also
ubiquitinated, however the modification does not promote degradation and is suggested to regulate
enzyme function (Martin-Barranco et al., 2020). Low iron in the rhizosphere activates a cascade
of bHLH regulators which causes the expression and activation of FIT. In the absence of low Fe
stress bHLH105 and bHLH115, two bHLH transcription factors involved in FIT activation, are
targeted for Ub-mediated proteasomal degradation by the RING-type E3 BTS; this inhibits the
activation of the Fe deficiency response (Selote et al., 2015). When low Fe is detected, the
interaction with bHLH105 and bHLH115 is disrupted by IRON MAN (IMA) peptides that bind to

BTS, which ultimately promote accumulation of the bHLHs and activation of the Fe deficiency
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response (Grillet et al., 2018; Li et al., 2021). In rice there are two E3s like BTSL1 and BTSL2
which function as negative regulators of the Fe-deficiency response: Hemerythrin motif-
containing RING- and Zinc-finger protein 1 (OsHRZ1) and OsHRZ2 (Kobayashi et al., 2013;
Rodriguez-Celma et al., 2019). BTSL1/2 and OsHRZ1/2 have been shown to bind Fe and Zn,
which suggests that these Ub ligases also function as metal sensors (Kobayashi et al., 2013; Selote
et al., 2015; Rodriguez-Celma et al., 2019). Evidence shows OsHRZ1/2 are also vital for limiting
the uptake of non-iron metals under excess Fe; this further suggests that these E3s have a role in

Fe sensing (Aung et al., 2018).
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Figure 5. Simplified representation of the role of select E3s from Arabidopsis in regulating iron
(Fe) uptake. (A) When Fe levels are low a cascade of bHLH transcription factors activates the FER-
Like Iron Deficiency-Induced Transcription Factor (FIT) enters the nucleus and promotes the
transcription of multiple Fe deficiency response genes including the Iron-regulated Transporter
1 (IRT1), Reduction Oxidase 2 (FRO2), and AHA2. (B) When exposed to high or sufficient Fe, FIT is
ubiquitinated by BRUTUS-LIKE 1 or 2 (BTSL1/2), which prevents the transcription of IRT1 and
other Fe deficiency response genes to limit Fe uptake. The E3 BTS targets bHLH IVc genes
bHLH105 and bHLH115, which work upstream of FIT. In addition, IRT1 proteins are ubiquitinated
by the IRT1 Degradation Factor 1 (IDF1) another RING-type E3 to further limit Fe uptake.
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1.4 Nitrogen

N is the macronutrient required in the largest amount by plants. It is a major component of
amino acids, nucleotides, and chlorophyll, therefore heavily contributing to photosynthetic
processes and fruiting success. N is also essential for the metabolism of sugar, controlling sugar
levels which regulate the expression of genes vital for various developmental and physiological
processes (Sato et al., 2009; Zhang et al. 2020). Leaf N content and photosynthetic capacity are
positively correlated, with N deficiency stress causing decreased photosynthetic rates (Hikosaka
et al., 2004; Sage and Pearcy, 1987; Khamis et al., 1990). N levels too high or low inhibit total
biomass production and overall plant success (Costa et al., 2002). Whenever adequate levels of N
are not available it will limit growth, development, and crop yield. Plants uptake both inorganic
forms of N, as nitrate (NO3°) and ammonium (NH4"), and organic forms of N, as the amino acids
in the soil (Zhang et al., 2020). There are four groups involved in nitrate uptake and translocation
in Arabidopsis; the Nitrate Transporter 1 (NRT1)/ Peptide Transporter (PTR), NRT2, Chloride
Channel (CLC), and Slow Anion Channel-Associated 1 (SLAC1)/ SLAC1 Homolog (SLAH)
transporter families (Krapp et al., 2014). The NRT1/PTR (NPF) transporter family is one of the
most extensive collections of transporters in the plant kingdom. The NPF family contains 53
transporters which are predominantly low-affinity transporters involved in sensing, uptake, and
translocation of NO3™ and dipeptides (Almagro et al., 2008; Krapp et al., 2014). The SLAC1/SLAH
family contains seven slow-type anion channels, which exhibit a strong preference for transporting
nitrate (Schroeder and Keller, 1992; Schmidt and Schroeder, 2014; Krapp et al., 2014). The NRT2
family contains seven high-affinity nitrate transporters, four of which (NRT2;1, NRT2;2, NRT2;4;
NRT2;5) are expressed in Arabidopsis roots under Nitrogen limitation (Kiba and Krapp, 2016).

Research shows that upwards of 95% of high affinity nitrate influx can be attributed to these NRT2
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transporters (Kiba et al., 2012; Lezhneva et al., 2014). The CLC family contains seven chloride
channels which facilitate NOs™ transport and vacuole storage, contributing to N use efficiency
(NUE) (He et al., 2022; Liao et al., 2018). The ammonium transporters (AMT) mediate the
acquisition of ammonium from the rhizosphere and are essential to plants growing in flooded or
acidic soils where ammonium is the dominant form of N available (Ludewig et al., 2007). There
are six members of the AMT family in Arabidopsis, all encoding ammonium transporters of
different affinities and transport capacities (Yuan et al., 2007; Kiba and Krapp, 2016). N limitation
de-represses the expression of AMTI1;1, AMTI1;2, AMT1;3, AMTI;5, and AMT2;1 (Kiba and
Krapp, 2016; Yuan et al., 2007).

There are multiple E3s which have been identified as regulators of N uptake in Arabidopsis
and rice. For example, the RING-type E3 Nitrogen Limitation Adaptation (NLA) is a major
component in regulating the molecular response to N deficiency (Peng et al., 2007; Kant et al.,
2011; Liu et al., 2017). NLA is predominantly localized to the PM, and during exposure to high N
levels it mediates the ubiquitin-dependent degradation of the N transporter NRT1.7 (Figure 6) (Liu
et al.,, 2017; Hannam et al., 2018). NRT1.7 is a low-affinity nitrate transporter expressed in the
phloem where it is heavily involved in source-to-sink remobilization of nitrate (Fan et al., 2009).
Abnormally high levels of NO3™ exhibited in senescent leaves of nrt/.7 mutants indicates that
NRT1.7 is a significant facilitator of phloem loading to remobilize nitrate (Sakuraba, 2022). Under
N deficiency, NLA protein levels decrease via microRNA (miRNA)-dependent translational
repression, which diminishes negative regulation of NRT1.7 and promotes N mobilization through
increased NRT1.7 levels (Liu et al., 2017). Peng et al. (2007) demonstrates that when exposed to
N deficiency, NLA mutants displayed premature senescence which suggests hypersensitivity to N

stress. The RING-type E3 NRT1.1B interacting protein 1 (OsNBIP1) in rice targets the repressor

15



protein SPX4 for degradation via the 26S proteasome, alleviating the inhibition of Nin-Like
Protein 3 (NLP3) which promotes the expression of multiple N-responsive genes (Figure 6) (Hu

etal., 2019).
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Figure 6. Simplified representation of the role of select E3s from Arabidopsis thaliana
(Arabidopsis) and Oryza sativa (rice) in regulating nitrogen (N) uptake. In Arabidopsis thaliana,
under high N, the Nitrogen Limitation Adaptation (NLA), an E3, mediates ubiquitin-dependent
degradation of Nitrate Transporter 1.7 (NRT1.7) to avoid N overaccumulation. In rice the
transreceptor NRT1.1B recruits the E3 NRT1.1B interacting proteinl (NBIP1), which ubiquitinates
SPX4 allowing the transcription factor NIN-Like Protein 3 (NLP3) to enter the nucleus and
promote expression of N-responsive genes.

The UPS is also an established regulator of maintaining ideal carbon (C) to N ratio. The
calculated coordination of C to N levels is vital to plant success, since under high C/low N stress
conditions the C/N response inhibits post-germinative growth (Sato et al., 2009). An ideal C/N

ratio is also necessary to optimize the utilization of COz in plants, which is vital for the success of

an ecosystem (Zheng, 2009). Two RING-type E3s in Arabidopsis, Arabidopsis toxicos en levadura
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(ATL) 6 and 31, are negative regulators of the C/N response, which plants utilize to balance C and
N levels during early growth (Sato et al., 2009; Sato et al., 2011). When exposed to high C/N
stress, 14-3-3y protein levels increase, which promotes the arrest of early seedling growth (Sato et
al., 2011). ATL31 is an established mediator of the Ub-dependent degradation of 14-3-3y, with
ATL31-mediated degradation of 14-3-3y increasing under normal C/N levels (Sato et al., 2011;
Yasuda et al., 2014; Yasuda et al., 2017). This prevents 14-3-3y from accumulating, attenuating
the C/N stress response (Sato et al., 2011). Upon detection of C/N stress, CIPK 14, mediates the
phosphorylation of ATL31; this stabilizes ATL31 levels, allowing 14-3-3y to accumulate to

promote the response to C/N stress (Yasuda 2017).

1.5 Phosphorus

P is the macronutrient required in the second largest amount by plants. It is a key
component of macromolecules, such as proteins, nucleic acids and the energy units ATP and ADP.
Optimal levels are essential to support photosynthetic processes, metabolism of nitrogen,
carbohydrates, and fat, and other ATP-dependent pathways (Lopez-Arredondo et al., 2014). P
deficiency also decreases leaf surface area, in turn decreasing CO, acquisition (Hegh-Jensen et al.,
2002). The main forms of P available are the inorganic orthophosphates: H2POs™ and HPO4>.
Maintaining P homeostasis is important as low P levels greatly reduces root growth and net
photosynthesis, and levels too high causes P toxicity. In Arabidopsis, there are four families of
Phosphate Transporters (PHTs), PHT1-PHT4. Intracellular transport and uptake of inorganic
phosphate (P1) from soil are dependent on these transporters (Mtodzinska and Zboinska, 2016).
The PHT1 family comprises nine high affinity Pi transporters. Of the nine members, PM localized

PHTI;1, PHT1;2, PHT1;3 and PHT1;4 transporters are primarily involved in the acquisition of Pi
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from the rhizosphere (Shin et al., 2004; Ayadi et al., 2015). Translocation of Pi from source to sink
is dependent on PHT1;5 transporters, and PHT1;8 and PHT1;9 work to mediate the acquisition of
Pi during phosphorus starvation (Nagarajan et al., 2011).

In rice and Arabidopsis, the expression of Pi-starvation induced (PSI) genes including
PHT1s are regulated by a family of Phosphate Starvation Response (PHR) transcription factors
(Bustos et al., 2010). In Oryza sativa, OsSPX4 interacts with OsPHR2 when exposed to excess or
sufficient Pi levels, inhibiting the transcription of many PSI genes (Figure 7A) (Lv et al., 2014).
Under Pi-starvation, the repressor SPX4 is ubiquitinated by the RING-type ubiquitin ligases SPX4
degradation E3 ligases 1 (SDEL1) and SDEL2 (Ruan et al., 2019). SPX4 is then degraded by the
26S proteasome, allowing OsPHR2 to enter the nucleus, increasing the expression of PSI genes
(Figure 7b) (Ruan et al., 2019). The ubiquitination of SPX4 also promotes to the activation of
OsPHR?2, the homolog of AtPHRI1, and upregulating PSI genes under P deficiency (Hu et al.,
2019). The N-stress responsive E3 NLA also plays a role in regulating P homeostasis, regulating
the abundance of PHT1 proteins at the PM to limit or increase uptake under P excess or deficiency,
respectively (Kant et al., 2011; Lin et al., 2013). Under P excess or sufficient conditions, loss of
NLA function caused toxicity, due to the accumulation of PHT1s at the PM (Lin et al., 2013). The
E3 NLA works with the E2 Phosphate 2 (PHO2) to mediate the Ub-dependent proteasomal
degradation of the transporter PHT1;4 to limit Pi uptake when exposed to excess Pi (Figure 7A)
(Lin et al., 2013; Park et al., 2014). P deficiency induced miRNAs modulate NLA and PHO2
levels, allowing for the accumulation of PHTs under low Pi or the increased ubiquitination of PHTs
under Pi excess (Bari et al., 2006; Kant 2011; Lin et al., 2013). This increase in miRNA levels
under Pi deficiency requires PHR1 (Bari et al., 2006). The homeostasis of P is also maintained by

the F-Box E3 Phosphate Response Ubiquitin E3 Ligase 1 (PRUI) promoting the ubiquitin-
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dependent degradation of WRKY®6, a transcription factor that inhibits the transcription of
Phosphate 1 (PHOI) (Chen et al. 2009; Lin et al., 2013; Ye et al., 2018). When exposed to low P,
PHOI is expressed, increasing the root-to-shoot loading of P (Hamburger, 2002). The proteasomal
degradation of WRKY6 via ubiquitination by PRUI increases the abundance of PHO1, which

increases the movement of P into root xylem (Figure 7B).
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Figure 7. Simplified representation of the role of select E3s from Arabidopsis thaliana and Oryza
sativa in regulating phosphorus (P) uptake. (A) Under Pi sufficient conditions, E3 Nitrogen
Limitation Adaptation (NLA) ubiquitinates Phosphate Transporter 1 (PHT1) inorganic phosphate
transporters facilitating degradation by the 26S proteasome to reduce uptake and prevent Pi
overaccumulation. (B) Under P limiting stress conditions, E3s SDEL1 and SDEL2 mediate the
degradation of SPX4, which allows the transcription factor Phosphate Starvation Response 1
(PHR1/2) to activate the expression of PSI genes such as Phosphate Transporter 1 (PHT1). Also,
the Phosphate Response Ubiquitin E3 Ligase 1 (PRU1) mediates degradation of the repressor
WRKY6, which relives inhibition of Phosphate 1 (PHO1) transcription. Increase in PHO1
transporter abundance promotes loading of Pi into the root xylem.
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1.6 Objectives

This thesis will explore the role of the UPS in regulating the uptake of N, P and Fe, as well
as plant response to limited and excess nutrient conditions using Arabidopsis thaliana as a model
species. The overall objective is to identify novel Arabidopsis RING-type and RBR-type E3s,
which are involved in uptake and response to these nutrient stresses. To complete this objective,
there were five main aims, 1: Select candidate RING-type E3s that show indication of involvement
in responding to Fe, P, and/or N stress; 2: Determine if disrupting transcription of selected RING-
type E3s cause differential growth under the deficiency or excess of Fe, P, and/or N; 3: Determine
if the expression of selected RING-type E3s changes under the deficiency or excess of Fe, P, and/or
N; 4: Find out if the decreased expression of three RING-type E3s of interest interferes with any
major Fe, P, and/or N uptake or stress response mechanisms; and 5: Identify the possible roles that
the three E3s of interest play in Fe, P, and/or N stress response.

This research aims to advance our understanding of the mechanisms which regulate ubiquitin
ligase activity and engagement with substrates under varying levels of nutrient availability. When
considering the rapidly changing status of the Earth’s climate, greater knowledge of the role of the
UPS in nutrient acquisition may assist with understanding how nutrient homeostasis can be
maintained to mitigate the negative impact of abiotic stresses intensified by climate change. The
UPS is a system that is highly conserved among eukaryotes. Therefore, knowledge gained maybe
applied to crop species and will also be of interest to researchers in other areas of research beyond

the plant sciences.
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CHAPTER 2: Arabidopsis E3s ATL12 and ARI12 are involved in regulating the response

to Fe stress
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Arabidopsis E3s ATL12 and ARI12 are involved in regulating the response to Fe stress

Erin MacKinnon and Sophia L. Stone

ABSTRACT

In eukaryotic cells, ubiquitin ligases (E3s) play an essential role in promoting stress
tolerance through governing the ubiquitin (Ub) dependent degradation of signalling/regulatory
proteins in response to environmental stimuli. Ub-mediated degradation via the 26S proteasome,
or the Ubiquitin Proteasome System (UPS), is utilized by plants to alter the proteome in response
to stress and is emerging as a significant regulator in iron (Fe) stress response pathways. Fe is an
essential micronutrient and its uptake, as a heavy metal, is strictly regulated. In Arabidopsis
thaliana the regulation of Fe uptake when exposed to toxic Fe levels (++Fe) can be partially
attributed to the RING-type E3s BTSL1/2 and IDF1, which mediate the degradation of the major
transcriptional regulator of Fe starvation responsive genes, FIT, and the high affinity Fe
transporter, IRT1, respectively. Here we analyze the roles of two other RING-type E3s, ATL12
and ARI12, in the Fe stress response. Results show that FIT-regulated ATL12 is involved in
regulating FIT expression via interfering with jasmonic acid (JA) signalling under Fe deficiency
(-Fe). ATL12 loss-of-function mutants expressed lower levels of FIT and IRTI transcript levels, as
well as IRT1 protein levels, under -Fe. ARI12 is likely involved in attenuating the IDR under
sufficient and excess Fe levels (++Fe), with AR/12 loss-of-function mutants having a higher
tolerance to -Fe and having a higher tissue Fe content than WT under ++Fe. Both ATL/2 and
ARI12 mutants exhibited decreased sensitivity under -Fe and AR//2 mutants exhibited decreased

sensitivity on ++Fe, suggesting that ATL12 and ARI12 are regulators of the Fe stress response.
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INTRODUCTION

Iron (Fe) is an essential micronutrient for all plants and its uptake, as a heavy metal, is strictly
regulated. Optimal Fe levels are essential for a variety of processes including chlorophyll
biosynthesis, nitrogen (N) fixation, DNA replication and repair, and the electron transport chain
(Pushnik et al., 2008; Zhang, 2014). However, exposure to high Fe levels will cause toxic Fe
accumulation inside the plant cells, increasing cell death and stunting plant growth due to the
formation of reactive oxygen species (ROS), inhibiting growth and the development of sufficient
root architecture, which impacts the uptake of other essential nutrients (Becker and Asch, 2005;
Sachdev et al., 2021). There are two main forms of Fe available to plants in soil: ferric iron (Fe**),
and the more readily available form, ferrous iron (Fe?"). And although the micronutrient is
abundant in most well-aerated soils, the bioavailability of Fe is relatively low because it primarily
forms insoluble ferric oxides and hydroxide minerals, such as goethite (FeOOH) and hematite
(Fe20s3) at neutral pH levels (Kobayashi and Nishizawa, 2012). To compensate for this, non-grass
plants utilize a reduction-based strategy (Strategy I) to increase Fe solubility by decreasing the pH
of the rhizosphere and reducing Fe** to its more soluble form Fe?*. This is achieved through the
sequential actions of multiple proteins in the root epidermal cell. In Arabidopsis, low Fe activates
the FER-like iron deficiency induced transcription factor (FIT), a major regulator among a group
of basic helix-loop-helix (PHLH) transcription factors that control the expression of approximately
500 Fe-deficiency responsive genes (Colangelo and Guerinot, 2004; Mai et al., 2016). FIT
promotes the expression of Ferric Reduction Oxidase 2 (FROZ2), and Iron-Regulated Transporter
1 (IRT1), a high-affinity iron transporter. IRT1 forms a plasma membrane (PM)-localized complex

with H" -ATPase 2 (AHA2), which mediates the excretion of protons to decrease rhizosphere pH
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(Connolly et al., 2003; Santi and Schmidt 2009; Martin-Barranco et al., 2020). These two processes
allow for the solubilization and chelation of insoluble Fe3'; the Fe3+ is then reduced to Fe* by
FRO2, and the Fe?" can then be imported by IRT1. There are other, more elusive, regulators and
mechanisms, including the bHLH transcription factor POPEYE (PYE), another major regulator of
Fe deficiency response which negatively regulating the expression of AHLH Ibs (Pu and Liang,
2023). A second strategy (Strategy Il-like) is coming to light in dicots involving PM-localized
protein ATP-binding cassette g37 ABCG37/PDR9Y secreting Fe mobilizing coumarins (FMC) into
the rhizosphere and chelating Fe*", and evidence suggests that Fe3*-FMC complexes are up taken
via an unknown ATP-dependent mechanism (Fourcroy et al., 2014; Li et al., 2023).

When Fe levels are sufficient or high, a problem increased by anaerobic and acidic soil
conditions, these responses must be supressed to limit Fe uptake. The activation and deactivation
of these Fe stress response mechanisms are coordinated by an intricate network of hormones and
signalling molecules. Research shows that Fe deficiency increases production of the hormone
ethylene in Arabidopsis and Solanum lycopersicum (tomato), which increases the expression of
FIT and downstream target genes involved in the Fe-deficiency response Strategy I such as FRO2
and IRT1 (Hindt and Guerinot, 2012). Direct interactions between FIT and ethylene signalling
pathway transcription factors, ETHYLENE INSENSITIVE3 (EIN3) and ETHYLENE
INSENSITIVE3-LIKE1 (EILI), limits proteasomal degradation of FIT under Fe deficiency
(Lingam et al., 2011). Another signalling molecule which works to decrease the proteasomal
degradation of FIT is nitric oxide (NO), which accumulates under Fe deficiency (Romera et al.,
2011). Ethylene and NO work together to positively regulate the Fe-deficiency response, and
studies demonstrate that NO enhances ethylene production and vice versa (Garcia et al., 2010;

Garcia et al., 2011). These signalling molecules work downstream of the plant growth hormone,
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auxin. In Arabidopsis, low Fe levels promotes auxin synthesis, which enhances expression of FIT
and FIT-regulated genes, and increases NO levels (Chen et al., 2010). These signalling pathways
promote Fe uptake, but under excess or sufficient Fe levels, these pathways must be deactivated,
and transcription of Fe-deficiency response genes must be negatively regulated. Two hormonal
signalling pathways are known to negatively regulate the Fe-deficiency response, one involving
cytokinin (CK), and the second involving jasmonates, such as jasmonic acid (JA). Previous
research demonstrates that JA signalling promotes the expression of bHLH IVa genes, which form
heterodimers with FIT to promote the proteasomal degradation of FIT (Goossens et al., 2017; Cui
et al., 2018; Shikha et al., 2023). In contrast, CKs act independently of FIT to negatively regulate
FIT-regulated genes IRTI and FRO2, reducing the activity of Fe-deficiency response proteins via
inhibiting their expression at the transcriptional level (Séguéla et al., 2008).

To maintain Fe homeostasis, plants must regulate the abundance of all the transporters,
enzymes, ion channels, signalling proteins, and transcription regulators involved in Fe acquisition.
Plants utilize mechanisms such as the Ubiquitin Proteasome System (UPS) to mediate the turnover
of negative or positive regulators of Fe deficiency response genes when Fe levels are low or high,
respectively. Target proteins are tagged for degradation by the 26S proteasome via ubiquitination,
which involves the attachment of ubiquitin (Ub) via the sequential action of three enzymes: the
E1l, E2, and E3. The E3s control substrate selection, directly interacting with the target to mediate
ubiquitination. The UPS is quickly emerging as a significant regulator of Fe uptake in plants. For
example, under Fe sufficient and excess conditions, IRT1 is ubiquitinated by the RING-type E3
IRT1 Degradation Factor 1 (IDF1), to limit uptake of Fe (Barberon et al., 2011; Shin et al., 2013;
Dubeaux et al., 2018). Sufficient Fe also promotes the ubiquitination of FIT by the RING E3s

BRUTUS (BTS)-Like 1 and 2 (BTSL1/BTSL2), and of bHLH105 and bHLH115, two bHLH
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transcription factors involved in FIT activation, by the RING-type E3 BTS (Rodriguez-Celma et
al., 2019; Selote et al., 2015). The Arabidopsis genome is estimated to encode for over 1500 single
subunit E3s or components of E3 complexes, including approximately 500 RING-type E3s
(Vierstra, 2012; Callis 2014). Results of microarray analysis shows that 66 of these RING E3s are
differently expressed under Fe deficiency, suggesting potential involvement in the Fe deficiency
response. In this article we investigate the roles of two of these E3s, ATL12 and ARI12, and
provide evidence of involvement in maintaining Fe homeostasis in Arabidopsis. Our results
indicate that ATL12 is involved in a feedback loop with FIT, with ATL12 loss-of-function mutants
exhibiting lower levels of FIT. ATLI2 loss-of-function mutants exhibit an abnormal response to
Fe deficiency, possibly because ATL12 plays a role in the JA signalling pathway which regulates
the IDR. Our results suggest that ARI12 is an Fe excess response gene, as ARI12 expression
significantly decreases under Fe deficiency, it likely targets an unknown IDR protein to limit Fe
uptake when Fe levels are sufficient. ARI12 loss-of-function mutants demonstrate an increased
tolerance to Fe deficiency and contain significantly higher Fe levels after exposure to excess Fe,

further supporting this theory.

26



MATERIALS AND METHODS

Plant growth conditions
14 candidate RING-type E3s were selected for this project (APPENDIX A). Arabidopsis thaliana
ecotype Columbia (Col-0) (wild type, WT), and SALK T-DNA insertion mutant seeds (Table 1)

were obtained from the Arabidopsis Biological Resource Center (ABRC, https://abrc.osu.edu/).

Seeds were surface-sterilized with 50% (v/v) bleach for 10 minutes at room temperature. Seeds
were then rinsed thoroughly with double-distilled H2O then plated on solid /2 Murashige and
Skoog (MS) medium containing 0.8% agar and 1% sucrose. Seeds were then stratified at 4°C in
the dark for 72 hours, and then were grown under continuous light at 22°C. 10-day-old seedlings
were transferred from the /2 MS medium to soil and grown with photoperiodic cycles of 16 hours

light and 8 hours dark at 22°C.

Gene Gene Name Mutant: SALK Line

At2g22680 WAVH1 SALK_ 149664 (wavh1-1), SALK 041291 (wavh1-2)
At2g20030 ATL12 SALK_066923 (at/12-1), SALK_201056 (at/12-2)
At2g31780 ARI11 CS24734

Atl1g14260 ERiN1 SALK 118406

At1g05880 ARI12 SALK_033142 (ari12-1), SALK_034258 (ari12-2)
At1g70910 DEP SALK 141707

At5g01070 ERiN2 SALK_086525

At2g38920 ERIN3 SALK 129778

At4g09110 ATL35 SALK_065995

At1gl18910 BTSL2 SALK 048470

At5g03180 ERiN4 SALK_ 023683

At5g06490 ATL71 (CS863433

At5g37910 SINA-like 9 SALK 023901

At5g58580 ATL63 SALK 139444

Table 1. The 14 selected candidate RING-type E3s and the corresponding T-DNA insertion
mutant SALK lines which were ordered from ABRC (https://abrc.osu.edu/).
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Nutrient media preparation
For nutrient sufficient conditions (control, +), 2 MS media was used. For excess iron conditions
(++Fe), /2 MS media was supplemented with 300uM Ferric-ethylenediaminetetraacetic acid (Fe-

EDTA; Sigma-Aldrich; https://www.sigmaaldrich.com). Iron deficiency (-Fe) was simulated

using Fe-free /2 MS media supplemented with 150uM of 3-9(2-Pyridyl)-5,6-diphenyl-1,2,4-
triazine-p,p’disulfonic  acid monosodium salt hydrate (FerroZine; Sigma-Aldrich;

https://www.sigmaaldrich.com). Phosphorus (P) and nitrogen (N) excess conditions were

simulated using 2 MS media supplemented with 4.375 mM KH2POs4 and 60 mM NH4NO3,

respectively (Sigma-Aldrich; https://www.sigmaaldrich.com). P deficiency (-P) was simulated

with Phosphate-free media supplemented with 10 uM KH2POa, N deficiency (-N) was simulated

with Nitrogen-free media supplemented with 20 uM NH4NO3. All MS salts were ordered from

Caisson Labs (www.caissonlabs.com). Composition of all nutrient treatment media can be viewed

in Table 2.
Nutrient Media composition
treatment
Control NO3 (10.0 mM), NH4* (2.0 mM), PO4*> (1.25 mM), K* (2.0 mM),

Mg?* (0.5 mM), Ca?* (0.5 mM), SO4% (0.5 mM), Fe?*/Fe3* (50 uM),
Mn?2* (0.55 pM), Zn?* (0.55 uM), Cu?* (0.08 uM), MoO4* (0.04 uM),
H2BO3/B0s* (2.7 uM), 0.05% MES (w/v), 1% sucrose (w/v), 0.8% agar
(w/v)

Fe deficient (-Fe) | NOs (10.0 mM), NH4* (2.0 mM), PO4*> (1.25 mM), K* (2.0 mM),
Mg?* (0.5 mM), Ca?* (0.5 mM), SO4% (0.5 mM), Mn?* (0.55 uM), Zn?* (0.55
uM), Cu?* (0.08 uM), MoO4? (0.04 uM), H2BO37/B0Os> (2.7 uM), + 150 uM
FerroZine, 0.05% MES (w/v), 1% sucrose (w/v), 0.8% agar (w/v)

Fe excess (++Fe) NOs (10.0 mM), NH4* (2.0 mM), PO4* (1.25 mM), K* (2.0 mM),

Mg?* (0.5 mM), Ca%* (0.5 mM), SO4% (0.5 mM), Fe?*/Fe3* (50 uM), Mn?*
(0.55 uM), Zn?* (0.55 uM), Cu?* (0.08 pM), MoO42 (0.04 uM), H,BO3/BOs*>
(2.7 uM), + 300 pM Fe-EDTA, 0.05% MES (w/V), 1% sucrose (w/v), 0.8%
agar (w/v)

P deficient (-P) | NO3 (10.0 mM), NH4* (2.0 mM), K* (2.0 mM), Mg2* (0.5 mM), Ca?* (0.5
mM), SO4% (0.5 mM), FeZ*/Fe3* (50 uM), Mn?* (0.55 pM), Zn?* (0.55 uM),
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Cu?* (0.08 uM), MoO4? (0.04 uM), H,B05/BO33 (2.7 uM), + 10 uM KH,PO,,
0.05% MES (w/v), 1% sucrose (w/v), 0.8% agar (w/v)

P excess (++P) NOs (10.0 mM), NH4* (2.0 mM), PO43 (1.25 mM), K* (2.0 mM),

Mg?* (0.5 mM), Ca?* (0.5 mM), SO4% (0.5 mM), Fe?*/Fe3* (50 uM),

Mn2* (0.55 M), Zn?* (0.55 uM), Cu?* (0.08 uM), MoO4? (0.04 uM),
H2BO3/B03* (2.7 uM), + 4.375 mM KH,PO4, 0.05% MES (w/v), 1% sucrose
(w/v), 0.8% agar (w/v)

N deficient (-N) PO4* (1.25 mM), K* (2.0 mM), Mg?* (0.5 mM), Ca?* (0.5 mM), SO4* (0.5
mM), Fe?*/Fe3* (50 uM), Mn?* (0.55 uM), Zn?* (0.55 uM), Cu?* (0.08 uM),
Mo0O42 (0.04 uM), H2BO37/B0s3 (2.7 uM), + 20 pM NH4NOs, 0.05% MES
(w/v), 1% sucrose (w/v), 0.8% agar (w/v)

N excess (++N) NO3 (10.0 mM), NH4* (2.0 mM), PO4*> (1.25 mM), K* (2.0 mM),

Mg?* (0.5 mM), Ca?* (0.5 mM), SO4% (0.5 mM), Fe?*/Fe3* (50 uM),

Mn?2* (0.55 pM), Zn?* (0.55 uM), Cu?* (0.08 uM), MoO4* (0.04 uM),
H2BO3/B03* (2.7 uM), + 60 mM NH4NOs, 0.05% MES (w/v), 1% sucrose
(w/v), 0.8% agar (w/v)

Table 2. Nutrient composition of the seven nutrient treatments used to analyze plant response
under iron (Fe), phosphorus (P), and nitrogen (N) deficiency and excess. All MS salts were
obtained from Caisson Labs (https://caissonlabs.com) and supplemental nutrients were obtained
from Sigma-Aldrich (https://www.sigmaaldrich.com).

PCR genotyping
Arabidopsis thaliana Columbia (Col-0) seeds harbouring transfer-DNA (T-DNA) insertions
within the 14 E3 genes of interest were ordered from the Arabidopsis Biological Resource Center

(ABRC; https://abrc.osu.edu/) (Table 1). To identify homozygous mutants, polymerase chain

reaction (PCR) utilizing gene specific primers flanking the T-DNA insertion site, along with
primers targeting the T-DNA border, were used for genotyping plants. The National Center for
Biotechnology Information (NCBI) online primer-BLAST tool

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to design gene specific primers

®
(Table 3). Small leaf samples were used in PCR reactions utilizing the Phire Plant Direct PCR

kit (Thermo Scientific; https://www.thermofisher.com). The presence of the WT allele was

indicated by a ~1Kb band amplified by the gene specific primers. A ~0.5Kb band amplified by a
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forward gene specific primer and T-DNA specific primer, described by Salk Institute Genomic

Analysis Laboratory (SIGnAL; https://www.salk.edu) LBbl.3 (5°-
ATTTTGCCGATTTCGGAAC-3’), indicates the presence of mutant allele. Heterozygotes were
identified by the presence of both alleles. Homozygous mutant plants confirmed by two
independent PCR reactions were grown for eight weeks and seeds were harvested for use in further

experiments. Disrupted E3 expression was confirmed using reverse-transcriptase (RT)-PCR.

Mutant: SALK line | F primer (5’-3’) R primer (5’-3’)

SALK_149664 TCCGGAATCGGCTATCGTTG CTATTAGCCGCCGAGACTCC
SALK 066923 ACAAGGGCTTGAATGTTCTGT GACCGATCAAATGGTCCCCA
CS24734 CATGTGGGGCCCAGAGAAA CCCGTCTTCGACATAAGACCT
SALK 118406 CGCTATATACATCTATTTGCAGGTG AGCAGCAGAGCGGAAAAATG
SALK_033142 TTATCAATGTGAAGCGGTGA CCGAACATTAAGGGATCTTGT
SALK 141707 GGAACCGAAACAAGTCACCT TGAGTTCCTTTCCAAACCGGA
SALK_086525 CAGCAATCTCAAACTCGCCG AGCTAATTGAGAAAGCGTGTGA
SALK 129778 TTGCCATAATCTCTAACCTTGTCA TGGAGAAGTGTCGCTTCGTT
SALK 065995 ACATGTCCTATCTGTCGTGCT TGCGGTCTACGGATTCTGAC
SALK 048470 GGTGACGTACTTCATTTCAGC GGAAGCTATAATCTGTTGCGA
SALK_ 023683 TGAATTGAGAAAGAGAGAGGAGAGA | AGCATGCTTGCATACTTCTGT
CS863433 TCATTCAAGCATTCAACATGCCA CGGGAAAAGGGAACAACGTC
SALK 023901 TCCGGAATCGGCTATCGTTG CTATTAGCCGCCGAGACTCC
SALK_ 139444 ACAAGGGCTTGAATGTTCTGT GACCGATCAAATGGTCCCCA
SALK 041291 TCCCAATATCCCCAATCTTCCAC CCGGAGAGAGCTTAACGTCC
SALK_201056 CGTTGTTTCGGATGCTGTGT TCTGACTTCTTTTTCTGATGGGC
SALK 034258 GAGATGCTGGAGTTGACGTT TACCATCTTAAGTGAGAAAGCAGA

Table 3. All E3-specific primer pairs used for PCR genotyping T-DNA insertion SALK-line
mutants from ABRC (https://abrc.osu.edu/). Primers were created using NCBI
(www.ncbi.nlm.nih.gov) primer blast tool to amplify a ~1Kb band flagging each T-DNA insertion
site. Primer pairs were ordered from IDT (www.idtdna.com). To detect the presence of a T-DNA
insertion the E3-specific F primers were used with the T-DNA specific primer designed by Salk
Institute Genomic Analysis Laboratory (SIGnAL) LBb1.3 (5’-ATTTTGCCGATTTCGGAAC-3’).

RT-PCR analysis

RT-PCR was used to analyze gene transcript levels in homozygous mutant plants and WT. Total

™
RNA was extracted from leaves using TRIzol  (Invitrogen; https://www.thermofisher.com).
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Purity and concentration of RNAs were measured. cDNA synthesis was carried out using the

™
iScript  gDNA Clear cDNA Synthesis Kit (Bio-Rad; https://www.bio-rad.com). Synthesized

cDNA was then used in PCRs carried out using DreamTaq PCR Green Master Mix (Thermo

Scientific; https:/www.thermofisher.com) with gene specific primers designed using the NCBI

online primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/ ) (Table 4).

Gene F primer (5’-3’) R primer (5’-3’)

WAVH1 TAGAGTGCCGGTGGATTTGG GCGATAACCGTTTCGAGCTG
ATL12 AGACGACCTCTCTGTGTTGG TTCTCGCTCAAGCAACAACG
ARI11 GAAATGGCAATCGGTGGAGC GCTTGTTGCGCTCTTGACTA
ERiN1 TGCATTTTTCCGCTCTGCTG AACTGGCAGCTCGGAGTAAG
ARI12 AATGGCATCCTATCCAGGGG TACACTTGGGACAAGGCACC
DEP CCAAGGCTCCAAGATCCCAA GTGCTGTTCCTCCAACAAGC
ERIN2 TTTCCGGCCTCTACGTCATC GCAATGTGCCGATACTTGGT
ERIN3 GCTTCTTTCATCAGCTCCTCG GTTCCTGGAGAAGTGTCGCT
ACT1 ACGGATGCGCTGATGAAGAT TCACTTGCCCATCAGGTAGC
IRT1 TCTCTCCAGCAACTTCAACTG CCGGAGGCGAAACACTTAAT
AtFER1 GAAAAGAGAAGCTTACTTGATTTGC | TCCAGGAAAGTTGGCGGC
AtIPS1 GGCTGATTCAGACTGCGAGTT CACACAAAGAACACACAACGC
PHO2 AGCGACGATTGTGTCTGCAT GTTGTGAAGGCTGTCAATGCT
NRT1.7 AGGCACTTTCACGGTCTCTC TCGCGAAAACGATCCCTGTT
NLA GTCTAGGCAAGGACAAGCGT CGAAAGTCAAAGCGCAACCA
FIT TCTTGGTCGATCCAAACTTCG CGTTGGAGTCTAAGTCAGGCA
IDF1 CCCTATCCCTACAAATCGGACA CAAGATGCGTGAAGAGGCTT
FRO2 TGCTCGATCTTGTCTTGCCA GATGCGAGAATTGCACCGAG
URI ACCAGCAGAGATTAAGGTCAATG TGTAGGACATGGAGCTGGGA
PYE ACGAGATTGAAGCTAGAGCGA TGTGTCTGGGGATCAGGTTG

Table 4. All gene-specific primer pairs used in RT-PCR. Each primer pair was created using NCBI
(www.ncbi.nlm.nih.gov) primer blast tool to amplify a ~200bp portion of the gene exon. Primer

pairs were ordered from IDT (www.idtdna.com).
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Stress assays — phenotypic analysis

Seeds harvested from homozygous mutants for all eights mutant lines were sterilized and stratified
to initiate germination, then were grown on 2 MS media for five days under continuous light.
Seedlings were then transferred to different nutrient treatment media in a sterile laminar flow
station. All instruments and surfaces used for seedling transfer were sterilized with 50% bleach
and 75% ethanol, then further sterilized under ultraviolet (UV) light. Seedlings were grown for 10
days on nutrient treatments: control, excess iron (++Fe), deficient iron (-Fe), excess phosphorus
(++P), phosphorus deficient (-P), excess nitrogen (++N), and nitrogen deficient (-N). After 10 days
photos were taken of seedlings and fresh weight was measured. Fresh weight was determined
through weighing groups of seedlings. Root length was measured through analysis of the photos

using ImageJ® image analysis software (http://imagej.net). Stress assays were repeated for mutant

lines which showed differential growth under one or more nutrient stresses. RT-PCR was then
used to determine any changes in E3 expression in WT plants when exposed to the nutrient stress
under which the mutant for that E3 showed differential growth, and three E3s of interest were

selected for further analysis. Results for all eight mutant lines can be viewed in APPENDIX B.

Electrolyte leakage

Electrolytes leakage (EL) assays were performed as previously described by Dionisio-Sese and
Tobita (1998). Seedlings were grown under nutrient sufficient conditions for five days, then were
exposed to -Fe, ++Fe, or + conditions for two, four, and six days. After the end of each treatment
period, 50mg of fresh leaf tissue was collected from each group. Leaf samples were thoroughly
rinsed then submerged in SmL of ddH20 and incubated for 2h at 32°C. Initial electrical

conductivity (EC1) was measured using an electrical conductivity meter (HACH Pocket Pro
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Conductivity meter; https://www.hach.com). Then, to release all electrolytes, the samples were
autoclaved at 121°C for 20min. Samples were then cooled to 25°C, and final electrical conductivity
values (EC2) were then measured. EL values were calculated, relative to fresh weight of leaves
(FW), using the equation below:

EL/FW = ((EC1/EC2)x50)/FW

Rhizosphere acidification assay

For rhizosphere acidification assays liquid -Fe media was made with the same components as
described in Table 1 minus the agar. Bromocresol purple (BP) was added to the liquid medias
(0.006% w/v) to act as a pH indicator; the pH of the starting solution was adjusted to 6.5 instead
of the standard 5.7. 10-day-old seedlings were grown in -Fe BP media for 12 hours under
continuous light in a 12-well plate; every well was filled with 0.5mL of BP media and contained
two, four or six seedlings. BP changes colour from purple to yellow when the pH decreases.
Therefore, a colour change from purple to yellow after 12 hours indicates acidification.
Absorbance at 589nm after the 12-hour period was measured to determine the degree of colour

change.

Determination of Ferric Chelate Reductase 2 (FRO2) activity

FRO2 activity assays were performed as described by Y1 and Guerinot (1996). Roots from 15-day-
old seedlings grown under control, ++Fe, and -Fe were washed with 0.5mM calcium sulfate
(CaS0s) then rinsed with ddH20 five times. Roots from 10 seedlings were weighed and placed in
a test tube containing 1.4mL of solution of 0.1mM Fe-EDTA and 0.3mM FerroZine. Each sample

was left in the dark at 25°C for 30 minutes. FRO2 activity was then determined via
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spectrophotometry, measuring the absorbance (A) at 562nm and quantified using a molar
extinction coefficient of 28.6mM-'cm! as in the following equation:

((A/28.6)x700)/( FW(roots)/2)

The Fe?* forms a purple complex with the ferrozine as Fe** is reduced by FRO2; at a wavelength
of 562nm the concentration of the complex is directly proportional to the absorbance (Gibbs,

1976).

Fe deficient and excess soil assays

Fe deficiency was induced through the addition of lime (CaCO) to the soil to increase alkalinity.
Seedling were grown on 2 MS media for two weeks then transferred to soil supplemented with
the 0%, 0.5%, 0.75%, and 1% (w/w) of CaCO. All treatments were watered every week. Images
were captured weekly for 4 weeks. Fe excess was induced through the addition of Fe-EDDHA to
water. Plants were watered weekly with water supplemented with 0%, 1%, and 5% Fe-EDDHA
(w/v). Seedlings were grown on %2 MS media for two weeks then transferred to soil. All treatments

were watered every week. Images were captured weekly for 3 weeks.

Fe content quantification

Fe content was quantified using methods described by Gautam et al. (2022). Seedlings were grown
on control media for five days, then transferred to control, -Fe, and ++Fe media for seven days.
Whole seedlings from approximately 40 seedlings from each treatment for each genotype were
harvested and rinsed with ddH20. Samples were dried in an oven at 60-65°C for 2 days. Dry weight
was recorded. Samples were digested via adding 225 pl nitric acid (65%) and incubating at 95°C

for 6 hours (vortexing samples ever hour), then adding 150 pl hydrogen peroxide (30%) to each
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sample and samples were incubated at 56°C for 2 hours. 225 ul ddH20 was added to fully digested
samples. 245 ul of assay solution (1mM C24H14N2Na206S2 - 3H20, 0.6mM CH3COONa, 0.48mM
[NH:OH]J*CI, 100ml ddH20) was added to samples and absorbance was measured at 535nm.
Values obtained were analyzed against a standard curve which was created using six standards

(Table 5); spectrophotometer was zeroed using 0 ug Fe standard.

Fe content + FeCl3 (50mM) | + nitric acid + H,0; + ddH;0
STD1 1.25 g 0.45 pl 225 pul 150 pl 225 pul
STD2 2.5ug 0.9 ul 225 pul 150 ul 225 pul
STD3 5 g 1.79 pl 225 pl 150 pl 225 pl
STD4 10 pug 3.58 ul 225 pl 150 pl 225 pl
STD5 20 ug 7.17 pl 225 ul 150 pl 225 ul
STD6 40 pg 14.34 pl 225 pl 150 pl 225 pl
STD7 100 pg 35.8 ul 225 pl 150 pl 225 pl
STDS 300 pg 107.4 l 225 pl 150 pl 225 pl
STD9 700 pg 250.6 ul 225 pul 150 ul 225 pul
Blank 0pg Ol 225 pul 150 ul 225 pul

Table 5. Standards used in iron (Fe) content quantification assay.

IRTI immunoblot

Total protein was prepared from the roots of seedlings grown in iron-sufficient and iron-deficient
conditions. Extracts were prepared by grinding roots on ice in a protein extraction buffer (50mM
Tris, (pH 7.5; 1M), 10% glycerol, 100mM KCI (1M). Total protein content was measured via
Bradford assay. Approximately 25 png of total protein extracts were resolved on SDS-PAGE gel.
The immunoblot was probed with the immunogen affinity purified IRT1 polyclonal antibody,

which was raised in rabbits against the KLH-conjugated synthetic peptide derived from

Arabidopsis IRT1 sequence, in a 1:5000 dilution (Agrisera; https://www.agrisera.com). Secondary
antibody used was goat anti-rabbit IgG (H&L), HRP conjugated polyclonal antibody from

Agrisera, in a 1:10000 dilution.
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RESULTS

Confirming homozygous atl12-1 and aril 2-1 loss-of-function mutants

Mutant seeds, SALK 066923 (at/12-1) and SALK 201056 (at/12-2), harbouring a T-DNA
insertion in ATLI12, and SALK 033142 (aril2-1) and SALK 034258 (aril2-2), harbouring a T-
DNA insertion in ARI12, were obtained from ABRC. Homozygous at/12-1, atl12-2, aril2-1, and
aril2-2 individuals were found using PCR genotyping (Figure 1, Figure S1). After confirming
homozygosity, the reduction of ATL12 (atl12-1 plant #4), ARI12 (aril2-1 plant#4), ATL12 (atli2-
2 plant #1), and ARII2 (aril2-2 plant #3) transcript levels, compared to wild type (WT), was

confirmed using qualitative RT-PCR (Figure 1, Figure S1).

A. atl12-1 (At2g30030 T-DNA insertion mutant line SALK_066923C) B. atl12-2 (At2g30030 T-DNA insertion mutant line SALK_201056C)
— i
-TvDNA
T-DNA
Ma, TR i
a P2a Pla P2a
—p +— — —

- .?, g F y
Confirming homozygosity of individual at/12-1 plants

Confirming homozygosity of individual at/12-2 plants
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Figure 1. Schematics of ATL12 and ARI12 with location of T-DNA insertions and primer pairs used
for PCR genotyping (P1a and P2a) and for analysis of E3 gene expression to determine knock-
down expression (P2b and P2b). PCR genotyping was visualized using gel electrophoresis. (A)
ATL12 SALK_066923 T-DNA insertion mutant. Plant 4 (at/12-1a), 5, 6, and 7 were determined to
be homozygous at/12-1. (B) ARI12 SALK_033142 T-DNA insertion mutant. Plant 3 (at/12-1a) and
4 were determined to be homozygous ari12-1. Qualitative RT-PCR visualized using gel
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electrophoresis showing expression of ATL12 is knocked down in at/12-1 (A), and ARI12 is
knocked down in ari12-1 (B).

ATLI2 and ARI12 are involved in plant response to Fe stress

WT, atl12-1, and aril2-1 seedlings were grown on Fe sufficient (control, 75uM Fe) media for five
days then exposed to Fe deficiency (-Fe, OuM Fe), or excess Fe (++Fe, 375uM Fe) for 10 days.
At the end of the 10-day treatment period root length and fresh weight was measured. There were
no significant differences in fresh weight or root length between WT and at/12-1 under +, -Fe, or
++Fe. There were no differences in fresh biomass between WT and aril2-1 or atll2-1 under all
conditions tested (Figure 2A and B). atl/2-1 plants exhibited significantly longer roots than WT
under -Fe (Figure 2A). Under -Fe and ++Fe aril2-1 plants exhibited significantly longer roots than
WT (Figure 2B). These results were confirmed using the alternate mutants at//2-2 (Figure S4A)
and aril2-2 (Figure S4B).

ATLI12 and ARII?2 transcript levels were determined using qualitative RT-PCR and WT
seedlings that were exposed to the three Fe treatments for 10 days. Results showed that ATLI2
transcript levels increased during exposure to -Fe, while AR/12 transcript levels decreased when
seedlings were exposed to -Fe and upregulated in response to ++Fe (Figure 2C). These results

demonstrate that ATL12 and ARI12 are involved in plant response to Fe stress.
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Figure 2. (A) 15-day old at/12-1 and WT seedlings that were grown for five days on nutrient
sufficient (control, +Fe) media then 10 days on +Fe, Fe deficient (-Fe), and Fe excess (++Fe) media.

Primary root lengths and fresh weight were measured at the end of the 10-day treatment period

&
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using Imagel® (http://imagej.net). Mutants exhibited significantly longer roots than WT on -Fe (p
= 1.737e-10) and showed no significant difference on +Fe. Analysis was done using One-Way
ANOVA Tukey comparison. Error bars indicate +SE from three trials with at least three replicates
per trial (> 72). (B) 15-day old ari12-1 and WT seedlings that were grown for five days on +Fe
media then 10 days on +Fe, -Fe, and ++Fe media. Primary root lengths were measured at the end
of the 10-day treatment period using Imagel® (http://imagej.net). Mutants exhibited significantly
longer roots than WT on -Fe (p = 0.00002619) and ++Fe (p = 0.01952) and showed no significant
difference on +Fe. Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate #SE from three trials with at least three replicates per trial (= 72). (e) cDNA was
synthesized form RNA extracted from WT seedlings that were grown on +Fe for five days then
for 10 days on +Fe, -Fe, and ++Fe. IRT1 and AtFER1 were used as positive control genes to confirm
that the nutrient stress treatments were effective, ACTIN was used as a control for cDNA
concentration. Expression of ATL12 significantly increased when exposed to -Fe. Expression of
ARI12 significantly decreased under -Fe and increased under ++Fe. All segments of cDNA
amplified are =200bp.

arll12-1 plants exhibit higher rates of survival on Fe deficient soil

To examine the response of at/12-1 and aril2-1 to Fe deficiency on soil, two-week old plants were
transferred to soil supplemented with 0%, 0.5%, 0.75%, and 1% (w/w) CaCO. Plants were watered
once per week and photos were taken every week for four weeks. Survival rates of the plants
among the four CaCO treatments were calculated at the end of the four weeks (Figure 3b). Survival
rates of all plants were 100% on the control (0% CaCO) soil, and survival rate of WT and aril2-1
decreased with increasing CaCO concentrations. Survival rate of a#/12-1 plants remained at 100%
on 0.5% CaCO soil and decreased slightly on 0.75% and dropped to 60% on 1% CaCO soil.
However, survival rates of at//2-1 on these treatments were significantly higher than WT and
aril2-1 (Figure 3B). The six-week-old a#/12-1 plants also appeared larger than WT and ari/2-1
plants after growing on CaCO-supplemented soil for four weeks (Figure 3A). These results

indicate that loss of 47L 12 function increases plant success on Fe deficient soil.
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Figure 3. Varying concentrations (0% (control), 0.5%, 0.75%, and 1% (w/w)) of lime (CaCO) were
added to soil to simulate iron deficiency through significantly increasing the alkalinity of the soil.
(A) Two-week old WT, at/12-1, and ari12-1 seedlings were transferred to the control or the CaCO
supplemented soil and grown for four weeks. Plants were watered once a week and images were
taken every week. Images shown were taken at four weeks. (B) Survival rates of WT, at/12-1, and
ari12-1 on all treatments were calculated after four weeks (n = 25).

aril 2-1 exhibits slightly increased survival rates on Fe excess soil
To determine if adult plants exhibited differential growth under excess Fe, two-week old WT and
aril2-1 plants were transferred to soil supplemented with 0%, 1%, and 5% (w/v) Fe-EDDHA to

induce Fe toxicity. Survival rates of the plants among the three treatments were calculated after
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the three weeks (Figure 4A). Survival rates of all plants were 100% on the control (0% Fe-
EDDHA) soil, and survival rate of WT and aril2-1 decreased with the increasing Fe
concentrations. Survival rates of ari/2-1 on these treatments were slightly higher than WT. The
five-week-old WT and aril2-1 plants grown on ++Fe soil for three weeks appeared larger than
plants grown on control (Figure 4B). The slightly higher survival rate of AR/12 loss-of-function

mutants on Fe excess soil indicates that ARI12 may be involved in plant response to excess Fe.
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Figure 4. Soil and water were supplemented with varying concentrations of Fe-EDDHA (0%
(control), 1%, and 5% Fe-EDDHA) to expose mature WT and ari12-1 plants to iron excess (++Fe)
conditions. (A) Survival rates of WT and ari12-1 on all treatments were calculated after three
weeks (n = 25). (B) Two-week old WT and ari12-1 seedlings were transferred to the control or
the Fe-EDDHA supplemented soil and grown for three weeks. Images shown were taken at three
weeks.
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Analyzing AHA2 and FRO?2 activity of atl12-1 and aril2-1

When exposed to Fe deficiency, plants excrete protons and phenolic chelating compounds to
decrease the pH of the rhizosphere and increase Fe’"reduction rates to increase Fe uptake. These
two actions are dependent on the activity of AHA2 and FRO2 proteins in the plasma membrane
of the root cells (Connolly et al., 2003; Santi and Schmidt 2009; Martin-Barranco et al., 2020).
AHAZ2 activity was determined by measuring rhizosphere acidification (RA) abilities and FRO2
activity was determined by measuring Fe’"to Fe?'reduction rates using spectrophotometry. No
significant differences in RA abilities were found amongst WT, a#/12-1, and aril2-1 (Figure 5A).
There were also no significant differences in Fe** reduction rates (Figure 5B). These results
indicate FRO2 and AHAZ2 activity are not disrupted in the A7L/2 and ARII2 loss-of-function
mutants.

A, Rhizosphere Acidification Ability under -Fe B. FRO2 Activity
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Figure 5. (A) Rhizosphere acidification abilities were measured using bromocresol purple (BP) as
a pH indicator. 10-day old WT, at/12-1, and ari12-1 seedlings were transferred to 500pl aliquots
of liquid -Fe media (OuM Fe) that was supplemented with 0.006 (w/v) BP and adjusted to a pH of
6.5, in groups of 2, 4, and 6. Seedlings were left under continuous light for 12 hours. Absorbance
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of the liquid at 589nm was measured after the 12-hour period to gauge the change in colour;
purple to yellow indicating acidification. Different letters indicate p-value <0.05 using One-Way
ANOVA Tukey comparison. Error bars indicate £SE from four trials with three technical replicates
per trial. (B) FRO2 activity was measured by reduction rate of Fe(lll) to Fe(ll). Different letters
indicate p-value <0.05 using One-Way ANOVA Tukey comparison. Error bars indicate +SE from
three trials with three technical replicates per trial.

No significant difference in electrolyte leakage levels in atl12-1 or aril2-1

When a plant is exposed to external abiotic and biotic stresses, including over-exposure to heavy
metals and micronutrient deficiency, cell death is imminent. The integrity of the cell walls of these
dead and damaged plant cells will be compromised, causing K™ ions and other electrolytes to leak
out of the cells (Demidchik et al., 2014). Studies show high EL levels are linked to the generation
of reactive oxygen species (ROS) and the activation of programmed cell death (PCD) (Demidchik
et al., 2014). The quantity of ions leaked from a plant can be used as a proxy for the severity of
cell death and can be used to estimate stress tolerance. Plants exhibiting higher levels of EL are at
increased risk of experiencing heavy metal toxicity, since the cell wall acts as a physical barrier in
limiting metal uptake (Hall, 2002). The level of cell damage is also relevant to the maintenance of
nutrient homeostasis because the cell wall is essential to nutrient signalling and transport (Ogden
et al.,, 2018). There were no significant differences in EL levels in loss-of-function mutants
compared to WT (Figure 6). This indicates that at//2-1 and aril2-1 do not have a higher level of

cell damage compared to WT.
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Figure 6. Electrolyte leakage (EL) was measured as described by Dionisio-Sese and Tobita (1998).
Seedlings were grown on nutrient sufficient (control) media for five days then transferred to iron
deficient media (-Fe), or iron excess media (++Fe) for two, four, and eight days. EL was measured
for each group at the end of each treatment period. Analysis was done using One-Way ANOVA
Tukey comparison. Error bars indicate £SE from two trials with at three technical replicates per
trial.

atl12-1 display lower levels of FIT and IRT1 under Fe deficiency

FIT regulates hundreds of Fe-deficiency response genes in Arabidopsis including /RT/, the major
Fe transporter, which is strongly upregulated by FIT when the plants are exposed to Fe deficiency
(Vert et al., 2002; Colangelo and Guerinot, 2004). Under severe Fe deficiency, at/l2-1 plants
displayed a significantly different phenotype than WT, suggesting that the loss of 47112 function
impacts the Fe deficiency response. To determine FIT and IRT1 levels in at/12-1 plants, RT-PCR
was performed using RNA extracted out of 15-day old seedlings grown under control then
transferred to -Fe conditions for 10 days. Results showed that FIT and /RT1 levels in atl12-1 were
not upregulated under -Fe as observed in WT (Figure 7A). The impacted upregulation of /IRTI
levels was confirmed using western blotting (WB), which showed lower IRT1 protein abundance

in the roots of at/12-1 under -Fe compared to WT (Figure 7B).
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Figure 7. (A) RT-PCR analysis was performed using cDNA synthesized from RNA that was
extracted from WT and at/12-1 plants exposed to iron (Fe) sufficiency (control, +Fe), Fe deficiency
(-Fe), or Fe excess (++Fe) for 10 days after being grown on control for five days. PCRs were run
using primer pairs that flagged a ~ 200bp segment of ACTIN1, FIT, and IRT1. Gel electrophoresis
was used to visualize gene levels. All segments of cDNA amplified are =200bp. (B) The abundance
of IRT1 proteins in WT and at/12-1 roots under -Fe were determined by western blot (WB)
analysis with anti-IRT1 antibodies. Ponceau staining was used as a loading control. Protein was
extracted from seedlings that were grown on +Fe for one week and then transferred to either
+Fe or -Fe for five days.

ARI12 loss-of-function mutants have higher Fe content after exposure to excess Fe

Maintaining an optimal level of internal Fe is vital to plant survival as exposure to excess levels is
toxic and cause cell death. ATL 12 and ARI12 loss-of-function mutants show significantly different
phenotypes and levels of Fe stress responsive genes, which may increase or decrease Fe uptake
abilities under specific conditions. at/12-1 plants show less IRT1 under -Fe than WT (Figure 7)
suggesting that at//2-1 has lower Fe uptake capabilities under -Fe. There was no significant
difference in whole seedling Fe content of WT, at/12-1, and aril2-1, under -Fe for seven days
(Figure 8A). However, aril2-1 seedlings exposed to ++Fe contained a significantly higher

concentration of Fe than WT and at//2-1 (p = 0.001006) (Figure 8A), suggesting an impact on Fe
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uptake or regulation in the absence of proper AR/12 expression. After exposure to ++Fe for seven

days leaves of aril2-1 were also noticeably larger than WT (Figure 8B).
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Figure 8. Fe content in whole seedlings was quantified using methods described by Gautam et al.
(2022). Seedlings were grown under control/Fe sufficiency (+Fe) for five days then transferred to
+Fe, iron deficient (-Fe), or iron excess (++Fe) for One week (A) Visualization of Fe content across
all groups, p-value <0.05 using One-Way ANOVA Tukey comparison. Error bars indicate +SE from
two trials with three technical replicates per trial. (B) Representative images of WT, at/12-1, and
aril2-1 seedlings on control (+Fe), (-Fe), and (++Fe), at the end of the treatment period.
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DISCUSSION

ATLI12 participates in a feedback loop with FIT

Previous work has established Arabidopsis Toxicos en Levadura 12 (ATL12) as a RING-
type E3 involved in a variety of defense responses, including the response to salt and ABA stress,
and has been theorized to be involved in signal crosstalk between chitin-induced, NADPH oxidase-
mediated, and hormonal defense response pathways (Kong and Ramonell, 2022; Kong, et al.,
2021). Our research suggests that the function of ATL12 is not limited to the roles it plays in these
pathways, and results indicate that it plays a significant role in the response to Fe deficiency.
ATL12 was previously determined to be one of the approximately 450 FIT-regulated genes in the
Arabidopsis genome (Colangelo and Guerinot, 2004; Mai et al., 2016). This information already
suggests a role in the iron deficiency response (IDR) because FIT is established as the most
significant regulator of IDR genes, with FIT mutants exhibiting impaired growth and severe

chlorosis under sufficient Fe levels (Maurer et al., 2014).

When exposed to severe Fe deficiency, WT exhibits a significant increase in ATLI2
transcript levels, likely due to upregulation by FIT, indicating involvement of the E3 in the IDR.
ATL12 loss-of-function mutants demonstrated decreased sensitivity to Fe deficiency, exhibiting
significantly longer roots and higher rates of survival on Fe deficient soil compared to WT. These
results on their own suggest that ATL12 is a negative regulator of the IDR. When exposed to Fe
deficiency, at/12-1 also exhibited significantly lower FIT and IRTI expression. Lower
accumulation of IRT1 proteins under Fe deficiency is also exhibited and can likely be attributed
to the lower levels of /RTI in atl12-1. The increased root length and increased survival rate of

atl12-1 under Fe deficiency, while simultaneously expressing lower levels of FIT and IRTI
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presents two interesting theories: 1) ATL12 is involved in a feedback loop with FIT; and 2) ATL12

is involved in sensing and/or signalling of Fe levels.

ATL12 both being regulated by FIT and seeming to play a role in regulating FIT levels,
with a decrease in ATLI2 expression decreasing FIT expression, suggests that these two genes
might participate in a feedback loop with each regulating the other under low Fe levels (Figure
10A). There are many signalling pathways which work to regulate FIT levels. For example, nitric
oxide (NO) signalling modulates FIT transcription, inhibiting FIT degradation and promoting FIT
stability under Fe deficiency (Meiser et al., 2011; Lei et al., 2020). In contrast, the phytohormone
jasmonic acid (JA) acts as a negative regulator of the Fe deficiency response, through promoting
the expression of PHLH IVa genes that form heterodimers with FIT to promote FIT degradation
(Cui et al., 2018; Lei et al., 2020). Interplay between NO and plant hormones (including JA,
abscisic acid (ABA), brassinosteroids (BR), and CK) have been established as vital to IDR
signalling (Brumbarova et al., 2015; Jeong and Guerinot, 2009; Li et al., 2016). Jasmonates, such
as JA, have been thoroughly studied in Arabidopsis, and have been established as an important
regulator of defense gene expression, growth, and fertility in plants (Devoto and Turner, 2002;
Huot et al., 2014; Campos et al., 2016; Li et al., 2022). Cui et al. (2018) demonstrate that JA
negatively impacts Fe uptake via repressing the expression of multiple IDR genes (FIT,
bHLH3S8, bHLH39, bHLH100, and bHLH101) and promoting the proteasomal degradation of FIT.
However, studies demonstrate that Fe deficiency increases JA synthesis, which positively regulates
the IDR in rice during the early stages of Fe deficiency (Kobayashi et al., 2016). No research sites
an increase or decrease in JA synthesis in response to Fe deficiency in Arabidopsis. Research has
shown that ATL 12 expression is upregulated in response to JA, suggesting that ATL12 plays arole

in JA signalling (Kong et al., 2021). It is possible that JA upregulates ATLI2 to counteract the
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negative regulation of FIT under Fe deficiency (Figure 9A). This would explain the upregulation
of ATL12 under Fe deficiency, and the increase in A7TL 12 levels in response to increased JA levels.
This would also explain the lower FIT levels in ATLI2 loss-of-function mutants under Fe
deficiency (Figure 9B). The molecular mechanisms which regulate Fe uptake are not entirely clear.
JA upregulates the transcription factors bHLH19 and bHLH20, which promote FIT degradation
(Cuietal., 2018). JASMONATE RESISTANT 1 (JAR1) catalyzes the formation of the conjugate
jasmonyl-isoleucine (JA-Ile) from JA, which promotes JASMONATE INSENSITIVE 1 (MYC2)
(Staswick and Tiryaki, 2004; Schuman et al., 2018). MYC2 represses bHLH19 and bHLH2() and
upregulates bHLH18 and bHLH?25, two other transcription factors which promote FIT degradation
(Cui et al., 2018). MYC2 also represses the expression of FIT and bHLH Ib transcription factors
(bHLH38, bHLH39, bHLH100, and bHLH101) (Cui et al., 2018). Further investigation is needed

to determine where ATL12 fits into this complex network.

A WT B. ATL12 mutants
Low Fe levels Low Fe levels
FIT S ATL12 AT ——— A
Fe deficiency response Fe deficiency response

Figure 9. (A) Simplified representation of the possible crosstalk between ATL12, FIT, and JA. In
Arabidopsis wild type (WT), ATL12 and FIT possibly operate in a positive feedback loop to
promote the Fe deficiency response. Low Fe levels also promotes JA to keep the Fe deficiency
response under control. (B) If this feedback loop occurs, then in ATL12 mutants, ATL12 expression
is knocked-down/out, and so ATL12 cannot promote the expression of FIT, decreasing the
intensity of the Fe deficiency response.
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The longer roots exhibited by ATL12 loss-of-function mutants indicate that the seedlings
might be implementing a foraging strategy to increase Fe uptake, manipulating root system
architecture (RSA) to explore the soil to physically search for Fe. This has been observed in
Arabidopsis under mild Fe deficiency, but severe Fe deficiency usually arrests PR elongation and
LR emergence to reduce nutrient demand (Seguela et al., 2008; Li et al., 2016). Loss of ATL12
function may affect the ability to differentiate between mild and severe Fe deficiency, therefore
affecting which response is activated. If this is true, then the a#/12-1 plants are responding how
they would to milder Fe deficiency. The results of Fe content quantification shows that Fe levels
in at/12-1 and WT are not significantly different, suggesting that spending energy on increasing
PR length is just as effective in increasing Fe uptake as the arrest of root growth to conserve
nutrients. 47112 mutants also exhibited a significantly higher survival rate on Fe deficient soil.
The CaCO treated soil simulates Fe deficiency via increasing the alkalinity of the soil, reducing
the bioavailability of Fe, therefore specifically testing the plants RA and Fe3' reduction abilities.
Results show that the activity FRO2 and AHA?2, two proteins vital to the functioning of these IDR
mechanisms, are not significantly different in at//2-1 and WT. However, at//2-1 plants
demonstrate higher rates of survival on the Fe deficient soil. These results suggest that Arabidopsis
plants which increase PR growth to forage for Fe in exchange for a higher nutrient demand, are
more successful than those that limit PR growth to conserve nutrients under Fe deficiency. The
simultaneous lack of difference in Fe content and significant difference in FIT and IRTI levels
between WT and a#/12-1 also indicates that other Fe deficiency response mechanisms not regulated

by FIT are successfully up-taking Fe.
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ARI12 is involved in the attenuation of the Fe deficiency response

Arabidopsis ARI12 is an RBR-type E3 which expression data suggests plays a role in Fe
stress response, with microarray assays showing decreased levels of AR//2 in WT when exposed
to Fe deficiency. ARI12 is known to be upregulated by the RING-type E3 CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1) under UV-B exposure (Xie and Hauser, 2012; Xie et al.,
2015). In the dark. COP1 also targets a protein that is possibly involved in Fe uptake,
ELONGATED HYPOCOTYL 5 (HYS5) (Srivastava et al., 2015; Xiao et al., 2022). In the light,
HY5 proteins accumulate and regulate the expression of over 3000 genes, including those involved
in nutrient uptake (Gangappa and Botto, 2016; Xiao et al. 2022). In tomato, HY 5 directly activates
the expression of the FIT ortholog, FER, in the roots, promoting downstream targets like FRO2,
IRT1, and NRAMPI, to increase Fe uptake (Guo et al., 2021; Srivastava et al., 2015; Xiao et al.,
2021). In Arabidopsis, HY 5 has been reported to directly activate the transcription factor AB15, a
master regulator of the ABA signalling pathway (Bhagat et al., 2021; Chen and Xiong, 2008).
ABA signalling is involved in reutilization and transport of Fe under Fe deficient conditions,
significantly contributing to maintaining Fe homeostasis (Lei et al., 2014; Schwarz and Bauer,
2020). Research suggests that this interaction between HYS5 and ABIS fine tunes stress and
developmental response in Arabidopsis (Bhagat et al., 2021). If ARI12 does play a role in Fe stress
response it is possible that COP1 regulates the abundance of ARI12 under these conditions, as it
does under UV-B exposure. This could establish COP1 as a regulator of the IDR, regulating
ARI12, and possibly HYS5, under Fe specific conditions. Our results suggest ARI12 is also
involved in the Fe stress response, but the role of COP1, HYS5, or ABA signalling remains
unknown and cannot be expanded upon. The involvement of these genes would be an interesting

avenue for future research into the IDR in Arabidopsis.
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Our results demonstrate that AR/12 levels in WT significantly decrease when exposed to
Fe deficiency and increase when exposed to excess Fe. These results suggest that under Fe
deficiency the expression of AR/12 is repressed to allow its target protein to accumulate as part of
the IDR, and under Fe sufficiency ARI12 expression increases to reduce levels of the IDR protein.
This creates a hypothesis that ARI12 is involved in the attenuation of the IDR, through targeting
an unknown IDR related protein for proteasomal degradation (Figure 10A). This means that in
ARI12 loss-of-function mutants, the IDR proteins accumulate under Fe sufficiency (Figure 10B).
This would also cause higher accumulation of the IDR protein in ari/2-1 when exposed to Fe
deficiency, which would generate a higher tolerance to low Fe levels. This is supported by the
decreased sensitivity of the ari/2-1 plants grown under Fe deficiency, which exhibit significantly
longer roots than WT. The over-accumulation of the unknown IDR would also cause increased Fe
uptake, and Fe content quantification shows that AR//2 mutants contained a significantly higher
Fe content than WT after being exposed to excess Fe for 10 days, supporting this theory. An
analysis by Mladek et al. (2003) presents evidence that AR/12 is expressed in the roots specifically,
which when considered with our results supports the theory that it may be involved in the

acquisition of Fe from the soil.

Our results suggest that the E3 ARI12 ubiquitinates a substrate involved in the IDR in the
absence of low Fe stress, however, further investigation must be performed to pinpoint possible
substrates and regulators of ARI12. Further analysis is also required to determine if the IDR protein
is directly ubiquitinated for degradation by ARI12, or if ARII2 targets a protein that

transcriptionally regulates the IDR protein.
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Figure 10. Simplified schematics of the possible role ARI12 plays in attenuating the Iron
Deficiency Response (IDR). (A) Under sufficient iron (Fe) levels, ARI12 targets an unknown IDR
Protein (IDRP) to inhibit the response. Low Fe (-Fe) levels decreases ARI12 expression to allow its
target protein to accumulate as part of the IDR. When Fe levels increase again, ARI12 and an
unknown Iron Excess Response Protein (IERP) targets the IDRP to attenuate the IDR and avoid
toxic Fe accumulation. When external Fe levels are optimal again, ARI12 works to mediate
homeostasis of the IDRP. (B) In aril2-1 mutants, knocked-down ARI/12 expression causes
accumulation of the IDRP under Fe sufficient conditions, causing increased Fe uptake under -Fe
and excess Fe (++Fe).

Future directions

The strict regulation of Fe uptake in Arabidopsis is the result of many complex signalling
networks which function to activate or deactivate the IDR in the absence or presence of sufficient
Fe levels, respectively. This study demonstrated that the RING-type E3 ATL12 and the RBR-type
E3 ARII2 are involved in regulating the IDR in two unconnected ways. Importantly, results

indicates that ATL12 possibly participates in a feedback loop with FIT under Fe deficiency.
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However, many questions must be answered to understand exactly how this possible feedback
loop operates. Considering our results as well as those of previous studies, it is possible that JA
upregulates ATL 2 to attenuate the negative regulation of FIT by the JA signalling pathway. At a
molecular level it seems that loss of 47L 12 function would increase sensitivity to Fe, but ATL12
mutants grow in contradiction to this theory. The longer roots exhibited by at//2-1 and at/12-2
under severe Fe deficiency suggests that ATL12 may play a role in limiting PR elongation to
conserve nutrients under severe Fe deficiency. Under Fe deficiency at//2-1 plants are more
successful, which may be a result of the longer PR increasing Fe uptake although FIT, IRTI levels,
and IRT1 protein levels are lower. This may also be an indication that loss of 47112 function
causes a disconnect in Fe level sensing or signalling, which could be traced back to the JA
signalling pathway. Nonetheless, further research is necessary to confirm the theories discussed in
this paper. These results may also aid in future studies of JA signalling and its significance in the
IDR. Less is known of ARI12, but our results suggests that it works to attenuate the IDR in the
absence of stress. This may explain the high Fe content in ari/2-1 plants exposed to excess Fe,
and the increased tolerance to severe Fe deficiency. Pinpointing the specific roles of these E3s is
heavily reliant on further studies determining the substrate(s) which they target for ubiquitination
and the conditions under which the E3s ubiquitinate the substrates. Further investigation of these
two E3s is necessary to fully understand their roles in maintaining Fe homeostasis. Our findings
will serve as an aid to future studies of ATL12 and ARI12 as well as those focusing on the IDR

and JA signalling.
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SUPPLEMENTARY MATERIAL

A.  ATL12 (At2g20030) T-DNA insertion mutant SALK_201056C (atl12-2) B. ARI12 (At1g05880) T-DNA insertion mutant SALK_034258C (ari12-2)
— ’
’
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Figure S1. Schematics of ATL12 and ARI12 with location of T-DNA insertions and primer pairs
used for PCR genotyping (P1la and P2a) and for analysis of E3 gene expression to determine
knock-down expression (P2b and P2b). PCR genotyping was visualized using gel electrophoresis.
(A) ATL12 SALK_201056 T-DNA insertion mutant. Plant 1 (at/12-2a), and 3 were determined to
be homozygous at/12-2. (B) ARI12 SALK_034258 T-DNA insertion mutant. Plant 3 (at/12-2a) was
determined to be homozygous ari12-2. Qualitative RT-PCR visualized using gel electrophoresis
showing lower expression of ATL12 in at/12-2 (A), and ARI12 in ari12-2 (B).
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ATL12 (At2g20030) T-DNA insertion mutant SALK-line 066923C (at/12-1)
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Figure S2. 15-day old at/12-1 and wild type (WT, Col-0) seedlings that were grown for five days
on nutrient sufficient (control) media then 10 days on +, Fe deficient (-Fe), Fe excess (++Fe), P
deficient (-P), P excess (++P), N deficient (-N), and N excess (++N) media. Primary root lengths
and fresh weight were measured at the end of the 10-day treatment period using Imagel®
(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate *SE from at least one trial with at least three replicates per trial (> 24). cDNA was
synthesized form RNA extracted from WT seedlings that were grown on control for five days then
for 10 days on control, -Fe, and ++Fe. All segments of cDNA amplified are =200bp.
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Figure S3. 15-day old ari12-1 and wild type (WT, Col-0) seedlings that were grown for five days
on nutrient sufficient (control) media then 10 days on control, Fe deficient (-Fe), Fe excess (++Fe),
P deficient (-P), P excess (++P), N deficient (-N), and N excess (++N) media. Primary root lengths
and fresh weight were measured at the end of the 10-day treatment period using Imagel®
(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate +SE from at least one trial with at least three replicates per trial (> 24). ARI12 loss-of-
function mutants showed differential phenotypes under -Fe, ++Fe and -N, and the involvement
of ARI12 in Fe stress response was selected for further investigation. cDNA was synthesized form
RNA extracted from WT seedlings that were grown on control for five days then for 10 days on
control, -Fe, and ++Fe. All segments of cDNA amplified are =200bp.
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Figure S4. (A) 12-day old at/12-2 and WT seedlings that were grown for five days on nutrient
sufficient (control) media then 7 days on iron deficient (-Fe) media. Primary root lengths and
fresh weight were measured at the end of the week-long treatment period using Imagel®
(http://imagej.net). Mutants exhibited significantly longer roots than WT on -Fe (p = 1.111e-10)
and showed no significant difference on control. (B) 12-day old ari12-2 and Col-0 seedlings that
were grown for five days on nutrient sufficient (control) media then 7 days on iron deficient (-Fe)
or iron excess (++Fe) media. Primary root lengths were measured at the end of the week-long
treatment period using Imagel® (http://imagej.net). ARI12 mutants exhibited significantly longer
roots than WT on -Fe (p =0.0007574) and ++Fe (p = 0.00162) and showed no significant difference
on control. ari12-2 also exhibited a heavier fresh weight on ++Fe (p = 0.001025). Analysis was
done using One-Way ANOVA Tukey comparison. Error bars indicate +SE from one trial with four
replicates per trial (n > 32).
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CHAPTER 3: RING-type E3 WAVHI1 is required for optimal root growth and

gravitropism under nitrogen deficiency in Arabidopsis thaliana
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RING-type E3 WAVHI is required for optimal root growth and gravitropism under
nitrogen limitation in Arabidopsis thaliana

Erin MacKinnon and Sophia L. Stone

ABSTRACT

Ubiquitination is a post-translational modification which eukaryotes use to alter their
proteome through mediating protein degradation, interaction, and activity. Substrate protein
selection and the attachment of ubiquitin (Ub) is facilitated by the ubiquitin ligases (or E3s), many
of which are involved in mediating nutrient stress responses. The wavy growth 3 (WAV3) E3
ligase family is an established group of gravitropism-regulating proteins in Arabidopsis, and a role
for WAV3 Homolog 1 (WAVH1) in influencing root gravitropism and RSA modulation is coming
to light. Here we demonstrate a role for WAVHI1 in regulating root growth patterns under severe
N limitation. WAVH1 loss-of-function mutants (wavhl-1) demonstrate significantly lower lateral
root (LR) emergence under N sufficient and deficient conditions, and lower primary root (PR)
growth under sever N limitation compared to wild type (WT). Under severe N limitation WAVH
mutants also demonstrate severely impacted root gravitropic abilities, with mutants exhibiting a
significantly larger root reflex angle in response to a 90° rotation. These significant differences are
removed when treated with brassinazole (BRZ) a brassinosteroid (BR) biosynthesis inhibitor. In
this paper we demonstrate that the E3 ligase WAVHI1 is required for proper root gravitropism and
manipulation of root system architecture (RSA) under severe N limitation, and we discuss a model

in which WAVHI1 plays a role in BR signalling to regulate root growth.
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INTRODUCTION

Plant success is largely dependent on the availability of nutrients in the soil, as well as the
ability to uptake those nutrients. Nitrogen (N) and phosphorus (P) are the two macronutrients
required in the largest amount by plants, making the molecular mechanisms and strategies that
govern the uptake of N and P, vital to plant success. N is a major component of amino acids,
nucleotides, and chlorophyll, heavily contributing to photosynthetic processes and fruiting
success; it is essential for the metabolism of sugar, controlling sugar levels which regulate the
expression of genes vital for various developmental and physiological processes (Sato et al., 2009;
Zhang et al. 2020). Inadequate levels of N inhibit development and reduce biomass, and because
N content and photosynthetic capacity are positively correlated, N deficiency causes a decrease in
photosynthetic rates (Sage and Pearcy, 1987; Khamis et al., 1990; Costa et al., 2002). P is vital to
plant growth and development as it is a component of key macromolecules, such as proteins,
nucleic acids and the energy units ATP and ADP (Elser, 2012; Plaxon et al., 2015; Khan et al.,
2023). Sufficient levels are required to support photosynthetic processes, metabolism of nitrogen,
carbohydrates, and fat, and other ATP-dependent pathways (Lopez-Arredondo et al., 2014). P
deficiency decreases leaf surface area, in turn decreasing CO; acquisition (Hegh-Jensen et al.,
2002). Low soil N and P are two of the major limiting factors for crop yield, as they are required
in large amounts but are often present in small quantities locally (Begum et al., 2015; Mussarat et
al., 2021). To limit the impact of low N and P, the agricultural industry uses = 90 million tonnes
of nitrogenous fertilizers and = 45 million tonnes of phosphorus fertilizers annually (Good et al.,
2004; Walsh et al., 2023). Studies suggest that up to 70% of added N and P are not used by crops

due to leaching, formation of insoluble compounds, or low nutrient use efficiency (Anas et al.,
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2020; Brownlie et al., 2021). These added nutrients cost the agricultural industry millions of dollars
and cause 78% of global ocean and freshwater eutrophication every year, therefore a better
understanding of plant uptake and use of N and P is emerging as an important topic from both an
economical and environmental standpoint (Masclaux-Daubresse et al., 2010; Poore and Nemecek,
2018).

The availability of N and P in the soil is influenced by multiple factors, including soil
particle size, microbes, water content, temperature, aeration, as well as other nutrients present
(Fageria and Baligar, 2005; Jackson, 2020). Plants uptake the two inorganic forms of N, nitrate
(NOs3") and ammonium (NH4"), and organic forms of N, such as the amino acids in the soil and
urea (Zhang et al., 2020; Muratore et al., 2021). The main forms of P available are the inorganic
orthophosphates: H2PO4 and HPO4?*, and while soil inorganic P (Pi) levels may be high, its
reactivity makes it unavailable when soil conditions are not optimal (Holford, 1997; Mehra et al.,
2017). If soil pH is too low, P reacts with organic matter, as well as aluminum (Al), and iron (Fe),
to form insoluble compounds; a soil pH too high will bind to calcium (Ca) and magnesium (Mg),
to form low-solubility phosphates (Lopez-Bucio et al., 2002; Baccari and Krouma, 2023). Soil
conditions will never truly be optimal, and so plants have evolved a plethora of strategies and
molecular mechanisms to increase the uptake of N and P when external levels are depleted or
unavailable, including influencing the pH of the rhizosphere, and manipulating root system
architecture (RSA) (Lopez-Bucio et al., 2002; Giehl and Wirén, 2014; Jing et al., 2010;
MacKinnon and Stone 2022).

Plants have evolved different strategies adapted to tolerating different degrees of N and P
deficiency, involving increasing root surface area to forage for nutrients under mild deficiency and

arresting root growth to conserve nutrients when deficiency is severe (Lopez-Bucio et al., 2002;
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Jia et al., 2020). The nutrient foraging strategy that plants implement through spending energy on
increasing primary root (PR) length, and lateral root (LR) length and emergence, is dependent on
the crosstalk between various signalling pathways that detect N and P levels and activate the
correct molecular mechanisms to trigger the appropriate response (Sugimura et al., 2022).
Brassinosteroids (BR) are emerging as a key regulator in altering RSA under N and P deficient
conditions (Jia et al., 2020; Pandey et al., 2020; Manghwar et al., 2022).

BRs regulate root growth through the activity of multiple signalling proteins, including a
protein complex that involves the leucine-rich repeat receptor-like protein kinase (LRR-RLK)
BRASSINOSTEROID-INSENSITIVE 1 (BRI1) interacting with BRI1-ASSOCIATED KINASE
RECEPTOR 1 (BAKI) to modulate BR signalling in Arabidopsis (Li et al., 2002; Mao and Li,
2020). Mild N deficiency upregulates BAK/ and promotes BR-induced auxin transport in roots,
stimulating root cell division to enhance PR elongation and LR emergence (Perrot-Rechenmann,
2010; Jia et al., 2019; Jia et al., 2020). PR elongation and LR emergence is dependent on
BRASSINOSTEROID-SIGNALLING KINASE 3 (BSK3) (Jiaetal., 2019; Jia et al., 2020). Under
mild N deficiency, BSK3 mediates BR signalling downstream of BR receptors, with studies
showing BSK3 loss-of-function mutants demonstrate decreased BR responses under low N
compared to WT (Ren et al., 2019). Under severe N deficiency, shootward auxin transport is
promoted to inhibit LR emergence and PR growth and conserve nutrients (Krouk et al., 2010;
Giehl and Wirén, 2014; Jian et al., 2018; Mounier et al., 2014; Liu and Wirén, 2022). Root growth
is also arrested under severe P deficiency through the inhibition of BR biosynthesis and signalling,
which suggests that BR signalling also plays a role in promoting the more exploratory RSA that

Arabidopsis demonstrates under mild P deficiency (Singh et al., 2018; Zhang et al., 2021).
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Ubiquitination is a major regulator of the N and P deficiency response through directly
regulating the abundance of transporters, enzymes, ion channels, and transcription regulators (e.g.,
transcription factors, co-activators, and repressors) involved nutrient uptake and stress response
(Zelazny et al., 2011; Yates and Sadanandom, 2013). There are multiple E3s which have been
identified as regulators of N uptake in plants. For example, in Oryza sativa (rice) the RING-type
E3 NRTI1.1B interacting protein 1 (OsNBIP1) targets the repressor protein SPX4 for degradation
via the 26S proteasome, alleviating the inhibition of NIN-like protein 3 (NLP3) which promotes
the expression of multiple N-responsive genes (Hu et al., 2019). In Arabidopsis thaliana
(Arabidopsis) the RING-type E3 Nitrogen Limitation Adaptation (NLA) mediates the Ub-
dependent degradation of nitrate transporter 1.7 (NRT1.7) in response to high N levels to decrease
source-to-sink mobilization of NOs™ (Peng et al., 2007; Fan et al., 2009; Kant et al., 2011; Liu et
al.,2017; Hannam et al., 2018; Sakuraba, 2022). Under N deficiency, NLA protein levels decrease
via miRNA-dependent translational repression, promoting N mobilization (Peng et al., 2007; Liu
etal., 2017).

NLA also plays a role in regulating P homeostasis, ubiquitinating the PHOSPHATE
TRANSPORTER 1 (PHT1) family of transporters at the PM to limit uptake under P excess (Kant
et al., 2011; Lin et al., 2013; Park et al., 2014). In rice and Arabidopsis, the expression of Pi-
starvation induced (PSI) genes are regulated by a family of Phosphate Starvation Response (PHR)
transcription factors (Bustos et al., 2010). OsSPX4 interacts with OsPHR2 to repress the
transcription of many PSI genes under Pi sufficiency (Lv et al., 2014). Under Pi-starvation,
OsSPX4 is ubiquitinated by the RING-type E3s SPX4 degradation E3 ligases 1 and 2 (SDEL1/2),
activating OsPHR2 and upregulating PSI genes (Hu et al., 2019; Ruan et al., 2019). Under Pi-

starvation, the F-Box E3 Phosphate Response Ubiquitin E3 Ligase 1 (PRU1) promoting the Ub-
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dependent degradation of WRKY®6, a transcription factor that inhibits the transcription of
transporter Phosphate 1 (PHOI) (Hamburger, 2002; Chen et al. 2009; Lin et al., 2013; Ye et al.,
2018).

In the Arabidopsis genome, there are over 470 genes which encode for RING-type E3s,
and additional E3s may be involved in maintaining N and P homeostasis (Stone et al., 2005).
According to microarray analysis 25 RING-type E3s showed differential expression under low-P
or low-N levels, which suggests a role in nutrient stress response. Here we provide evidence that
indicates that the RING-type E3 WAVHI, a member of the wavy growth 3 (WAV3) family, is
involved in modulating RSA specifically under N deficiency. Results demonstrate that loss of
WAVHI function limits PR elongation and LR emergence and inhibits gravitropic abilities under
severe N deficiency, possibly interfering with BR signalling. WAVH1 loss-of-function mutants
also differently express multiple genes involved in plant response to N limitation NRT1.1, BSK2,

NLPG6, and TCP20. This suggests that WAVHI plays a role in plant response to N limitation.
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MATERIALS AND METHODS

Plant growth conditions
14 candidate RING-type E3s were selected for this project (APPENDIX A). Arabidopsis thaliana
ecotype Columbia (Col-0) (wild type, WT), and SALK T-DNA insertion mutant seeds (Table 1)

were obtained from the Arabidopsis Biological Resource Center (ABRC, https://abrc.osu.edu/).

Seeds were surface-sterilized with 50% (v/v) bleach for 10 minutes at room temperature. Seeds
were then rinsed thoroughly with double-distilled H2O then plated on solid /2 Murashige and
Skoog (MS) medium containing 0.8% agar and 1% sucrose. Seeds were then stratified at 4°C in
the dark for 72 hours, and then were grown under continuous light at 22°C. 10-day-old seedlings
were transferred from the /2 MS medium to soil and grown with photoperiodic cycles of 16 hours

light and 8 hours dark at 22°C.

Gene Gene Name Mutant: SALK Line

At2g22680 WAVH1 SALK_ 149664 (wavh1-1), SALK_ 041291 (wavh1-2)
At2g20030 ATL12 SALK_066923 (at/12-1), SALK_201056 (at/12-2)
At2g31780 ARI11 CS24734

Atl1g14260 ERiN1 SALK 118406

At1g05880 ARI12 SALK_033142 (ari12-1), SALK_034258 (ari12-2)
At1g70910 DEP SALK 141707

At5g01070 ERiN2 SALK_086525

At2g38920 ERIN3 SALK 129778

At4g09110 ATL35 SALK_065995

At1gl18910 BTSL2 SALK 048470

At5g03180 ERiN4 SALK_ 023683

At5g06490 ATL71 (CS863433

At5g37910 SINA-like 9 SALK 023901

At5g58580 ATL63 SALK 139444

Table 1. The 14 selected candidate RING-type E3s and the corresponding T-DNA insertion
mutant SALK lines which were ordered from ABRC (https://abrc.osu.edu/).
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Nutrient media preparation
For nutrient sufficient conditions (control, +), /2 MS media was used. For excess iron conditions
(++Fe), /2 MS media was supplemented with 300uM Ferric-ethylenediaminetetraacetic acid (Fe-

EDTA; Sigma-Aldrich; https://www.sigmaaldrich.com). Iron deficiency (-Fe) was simulated

using Fe-free /2 MS media supplemented with 150uM of 3-9(2-Pyridyl)-5,6-diphenyl-1,2,4-
triazine-p,p’disulfonic acid monosodium salt hydrate (FerroZine; Sigma-Aldrich;

https://www.sigmaaldrich.com). Phosphorus (P) and nitrogen (N) excess conditions were

simulated using 2 MS media supplemented with 4.375 mM KH2POs4 and 60 mM NH4NO3,

respectively (Sigma-Aldrich; https://www.sigmaaldrich.com). P deficiency (-P) was simulated

with Phosphate-free media supplemented with 10 uM KH2POa, N deficiency (-N) was simulated

with Nitrogen-free media supplemented with 20 uM NH4NO3. All MS salts were ordered from

Caisson Labs (www.caissonlabs.com). Composition of all nutrient treatment media can be viewed

in Table 2.
Nutrient Media composition
treatment
Control NO3 (10.0 mM), NH4* (2.0 mM), PO4*> (1.25 mM), K* (2.0 mM),

Mg?* (0.5 mM), Ca?* (0.5 mM), SO4% (0.5 mM), Fe?*/Fe3* (50 uM),
Mn?2* (0.55 pM), Zn?* (0.55 uM), Cu?* (0.08 uM), MoO4* (0.04 uM),
H2BO3/B03* (2.7 uM), 0.05% MES (w/v), 1% sucrose (w/v), 0.8% agar
(w/v)

Fe deficient (-Fe) | NOs (10.0 mM), NH4* (2.0 mM), PO4*> (1.25 mM), K* (2.0 mM),
Mg?* (0.5 mM), Ca?* (0.5 mM), SO4% (0.5 mM), Mn?* (0.55 uM), Zn?* (0.55
uM), Cu?* (0.08 uM), MoO4? (0.04 uM), H2BO37/B0Os> (2.7 uM), + 150 M
FerroZine, 0.05% MES (w/v), 1% sucrose (w/v), 0.8% agar (w/v)

Fe excess (++Fe) NOs (10.0 mM), NH4* (2.0 mM), PO4* (1.25 mM), K* (2.0 mM),

Mg?* (0.5 mM), Ca%* (0.5 mM), SO4* (0.5 mM), Fe?*/Fe3* (50 uM), Mn?*
(0.55 uM), Zn?* (0.55 pM), Cu?* (0.08 pM), MoO42 (0.04 uM), H,BO3/BOs*>
(2.7 uM), + 300 pM Fe-EDTA, 0.05% MES (w/V), 1% sucrose (w/v), 0.8%
agar (w/v)

P deficient (-P) | NO3 (10.0 mM), NHs* (2.0 mM), K* (2.0 mM), Mg2* (0.5 mM), Ca?* (0.5
mM), SO4% (0.5 mM), FeZ*/Fe3* (50 uM), Mn?* (0.55 uM), Zn?* (0.55 uM),
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Cu?* (0.08 uM), MoO4? (0.04 uM), H,B05/BO33 (2.7 uM), + 10 uM KH,PO,,
0.05% MES (w/v), 1% sucrose (w/v), 0.8% agar (w/v)

P excess (++P) NOs (10.0 mM), NH4* (2.0 mM), PO43 (1.25 mM), K* (2.0 mM),

Mg?* (0.5 mM), Ca?* (0.5 mM), SO4% (0.5 mM), Fe?*/Fe3* (50 uM),

Mn2* (0.55 M), Zn?* (0.55 uM), Cu?* (0.08 uM), MoO4? (0.04 uM),
H2BO3/B03% (2.7 uM), + 4.375 mM KH,PO4, 0.05% MES (w/v), 1% sucrose
(w/v), 0.8% agar (w/v)

N deficient (-N) PO4* (1.25 mM), K* (2.0 mM), Mg?* (0.5 mM), Ca?* (0.5 mM), SO4* (0.5
mM), Fe?*/Fe3* (50 uM), Mn?* (0.55 uM), Zn?* (0.55 uM), Cu?* (0.08 uM),
Mo0O42 (0.04 uM), H2BO37/B0s3 (2.7 uM), + 20 pM NH4NOs, 0.05% MES
(w/v), 1% sucrose (w/v), 0.8% agar (w/v)

N excess (++N) NO3 (10.0 mM), NH4* (2.0 mM), PO4*> (1.25 mM), K* (2.0 mM),

Mg?* (0.5 mM), Ca?* (0.5 mM), SO4% (0.5 mM), Fe?*/Fe3* (50 uM),

Mn?2* (0.55 pM), Zn?* (0.55 uM), Cu?* (0.08 uM), MoO4* (0.04 uM),
H2BO3/B03* (2.7 uM), + 60 mM NH4NOs, 0.05% MES (w/v), 1% sucrose
(w/v), 0.8% agar (w/v)

Table 2. Nutrient composition of the seven nutrient treatments used to analyze plant response
under iron (Fe), phosphorus (P), and nitrogen (N) deficiency and excess. All MS salts were
obtained from Caisson Labs (https://caissonlabs.com) and supplemental nutrients were obtained
from Sigma-Aldrich (https://www.sigmaaldrich.com).

PCR genotyping
Arabidopsis thaliana Columbia (Col-0) seeds harbouring transfer-DNA (T-DNA) insertions
within the 14 E3 genes of interest were ordered from the Arabidopsis Biological Resource Center

(ABRC; https://abrc.osu.edu/) (Table 1). To identify homozygous mutants, polymerase chain

reaction (PCR) utilizing gene specific primers flanking the T-DNA insertion site, along with
primers targeting the T-DNA border, were used for genotyping plants. The National Center for
Biotechnology Information (NCBI) online primer-BLAST tool

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to design gene specific primers

®
(Table 3). Small leaf samples were used in PCR reactions utilizing the Phire Plant Direct PCR

kit (Thermo Scientific; https://www.thermofisher.com). The presence of the WT allele was

indicated by a ~1Kb band amplified by the gene specific primers. A ~0.5Kb band amplified by a
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forward gene specific primer and T-DNA specific primer, described by Salk Institute Genomic

Analysis Laboratory (SIGnAL; https://www.salk.edu) LBbl.3 (5°-
ATTTTGCCGATTTCGGAAC-3’), indicates the presence of mutant allele. Heterozygotes were
identified by the presence of both alleles. Homozygous mutant plants confirmed by two
independent PCR reactions were grown for eight weeks and seeds were harvested for use in further

experiments. Disrupted E3 expression was confirmed using reverse-transcriptase (RT)-PCR.

Mutant: SALK line | F primer (5’-3’) R primer (5’-3’)

SALK_149664 TCCGGAATCGGCTATCGTTG CTATTAGCCGCCGAGACTCC
SALK 066923 ACAAGGGCTTGAATGTTCTGT GACCGATCAAATGGTCCCCA
CS24734 CATGTGGGGCCCAGAGAAA CCCGTCTTCGACATAAGACCT
SALK 118406 CGCTATATACATCTATTTGCAGGTG AGCAGCAGAGCGGAAAAATG
SALK_033142 TTATCAATGTGAAGCGGTGA CCGAACATTAAGGGATCTTGT
SALK 141707 GGAACCGAAACAAGTCACCT TGAGTTCCTTTCCAAACCGGA
SALK_086525 CAGCAATCTCAAACTCGCCG AGCTAATTGAGAAAGCGTGTGA
SALK 129778 TTGCCATAATCTCTAACCTTGTCA TGGAGAAGTGTCGCTTCGTT
SALK 065995 ACATGTCCTATCTGTCGTGCT TGCGGTCTACGGATTCTGAC
SALK 048470 GGTGACGTACTTCATTTCAGC GGAAGCTATAATCTGTTGCGA
SALK_ 023683 TGAATTGAGAAAGAGAGAGGAGAGA | AGCATGCTTGCATACTTCTGT
CS863433 TCATTCAAGCATTCAACATGCCA CGGGAAAAGGGAACAACGTC
SALK 023901 TCCGGAATCGGCTATCGTTG CTATTAGCCGCCGAGACTCC
SALK_ 139444 ACAAGGGCTTGAATGTTCTGT GACCGATCAAATGGTCCCCA
SALK 041291 TCCCAATATCCCCAATCTTCCAC CCGGAGAGAGCTTAACGTCC
SALK_201056 CGTTGTTTCGGATGCTGTGT TCTGACTTCTTTTTCTGATGGGC
SALK 034258 GAGATGCTGGAGTTGACGTT TACCATCTTAAGTGAGAAAGCAGA

Table 3. All E3-specific primer pairs used for PCR genotyping T-DNA insertion SALK-line
mutants from ABRC (https://abrc.osu.edu/). Primers were created using NCBI
(www.ncbi.nlm.nih.gov) primer blast tool to amplify a ~1Kb band flagging each T-DNA insertion
site. Primer pairs were ordered from IDT (www.idtdna.com). To detect the presence of a T-DNA
insertion the E3-specific F primers were used with the T-DNA specific primer designed by Salk
Institute Genomic Analysis Laboratory (SIGnAL) LBb1.3 (5’-ATTTTGCCGATTTCGGAAC-3’).
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RT-PCR analysis

RT-PCR was used to analyze gene transcript levels in homozygous mutant plants and WT. Total

™
RNA was extracted from leaves using TRIzol  (Invitrogen; https://www.thermofisher.com).

Purity and concentration of RNAs were measured. cDNA synthesis was carried out using the

™
iScript  gDNA Clear cDNA Synthesis Kit (Bio-Rad; https://www.bio-rad.com). Synthesized

cDNA was then used in PCRs carried out using DreamTaq PCR Green Master Mix (Thermo

Scientific; https://www.thermofisher.com) with gene specific primers designed using the NCBI

online primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/ ) (Table 4).

Gene F primer (5’-3’) R primer (5’-3’)

WAVH1 TAGAGTGCCGGTGGATTTGG GCGATAACCGTTTCGAGCTG
ATL12 AGACGACCTCTCTGTGTTGG TTCTCGCTCAAGCAACAACG
ARI11 GAAATGGCAATCGGTGGAGC GCTTGTTGCGCTCTTGACTA
ERIN1 TGCATTTTTCCGCTCTGCTG AACTGGCAGCTCGGAGTAAG
ARI12 AATGGCATCCTATCCAGGGG TACACTTGGGACAAGGCACC
DEP CCAAGGCTCCAAGATCCCAA GTGCTGTTCCTCCAACAAGC
ERIN2 TTTCCGGCCTCTACGTCATC GCAATGTGCCGATACTTGGT
ERIN3 GCTTCTTTCATCAGCTCCTCG GTTCCTGGAGAAGTGTCGCT
ACT1 ACGGATGCGCTGATGAAGAT TCACTTGCCCATCAGGTAGC
IRT1 TCTCTCCAGCAACTTCAACTG CCGGAGGCGAAACACTTAAT
AtFER1 GAAAAGAGAAGCTTACTTGATTTGC | TCCAGGAAAGTTGGCGGC
AtIPS1 GGCTGATTCAGACTGCGAGTT CACACAAAGAACACACAACGC
PHO2 AGCGACGATTGTGTCTGCAT GTTGTGAAGGCTGTCAATGCT
NRT1.7 AGGCACTTTCACGGTCTCTC TCGCGAAAACGATCCCTGTT
NLA GTCTAGGCAAGGACAAGCGT CGAAAGTCAAAGCGCAACCA
TCP20 CCCTACCTTGAGCTTGAGCC GGGTTTCCTGGTTTTGATTTTCCT
NLP6 CGATGGAAGCTGTATGGGGA ATGGGTAGTCGGTTTTGCAG
NLP7 TTGCCTCTCGCTCAGACTTG CCTGGCCTTTCTGGAGATGG
BAK1 ATCATCATTCGCGAGGCGAG TGGACTTGCAAAACTCATGGAC
BSK2 TGCTTCTCATGTCTTAATGGGCT TCCTGCACTTGTTGTGTCCA
BSK3 TCTCCAACAGTGTGTGCTCG TTCGAGCCCTCTTTCAGTGC
NRT1.1 AGTCGCACAATCCGAGACAT CCGAAGAAAAGCCCCAAACC

Table 4. All gene-specific primer pairs used in RT-PCR. Each primer pair was created using NCBI
(www.ncbi.nlm.nih.gov) primer blast tool to amplify a ~200bp portion of the gene exon. Primer

pairs were ordered from IDT (www.idtdna.com).
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Stress assays — phenotypic analysis

Seeds harvested from homozygous mutants for all eight mutant lines were sterilized and stratified
to initiate germination, then were grown on 2 MS media for five days under continuous light.
Seedlings were then transferred to different nutrient treatment media in a sterile laminar flow
station. All instruments and surfaces used for seedling transfer were sterilized with 50% bleach
and 75% ethanol, then further sterilized under ultraviolet (UV) light. Seedlings were grown for 10
days on nutrient treatments: control, excess iron (++Fe), deficient iron (-Fe), excess phosphorus
(++P), phosphorus deficient (-P), excess nitrogen (++N), and nitrogen deficient (-N). After 10 days
photos were taken of seedlings and fresh weight was measured. Fresh weight was determined
through weighing groups of seedlings. Root length was measured through analysis of the photos

using ImageJ® image analysis software (http://imagej.net). Stress assays were repeated for mutant

lines which showed differential growth under one or more nutrient stresses. RT-PCR was then
used to determine any changes in E3 expression in WT plants when exposed to the nutrient stress
under which the mutant for that E3 showed differential growth, and three E3s of interest were

selected for further analysis. Results for all eight mutant lines can be viewed in APPENDIX B.

Root gravitropism assays
Five-day-old seedlings were transferred from 2 MS media to +, -N, and -P treatments. Seedlings
were grown for three days before rotating 90°. After three days images were captured and analyzed

using Image]J® image analysis software (http://imagej.net) to determine the angle of bending of

the primary root.
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Lugol’s staining
Roots of seedlings grown for 10 days on N sufficient media (control, +N) and -N media were

submerged in Lugol’s iodine staining reagent (Sigma; https:/www.sigmaaldrich.com) for 30

seconds then rinsed with ddH20. Stained roots were then mounted on slides using 50% glycerol
and analyzed under a microscope at 100X to view starch levels at the root tip to view starch

accumulation.

Hormone treatments
WT and wavhi-1 seedlings were grown on N sufficient media (control, +N) media for five days
and then transferred to media of different N availabilities (+N, and -N) containing Onm, 0.1nm, or

Inm epibrassinolide brassinosteroids (BL) (Sigma-Aldrich; https://www.sigmaaldrich.com) or

IuM brassinazole (BRZ), a brassinosteroid biosynthesis inhibitor (Sigma-Aldrich;

https://www.sigmaaldrich.com). LR emergence and length, and PR length was assessed.
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RESULTS

Finding homozygous wavhl-1 knock-down mutants

SALK 149664 and SALK 018439 seeds were obtained from ABRC, harbouring a T-DNA
insertion in the WAVHI gene (Figure 1, Figure S1). Homozygosity of wavhi-1 and one wavhl-2
individuals were found using PCR genotyping. Lower expression of WAVHI was confirmed in
wavhl-1a (plant #2, Figure 1) and wavhi-2a (plant #4, Figure S1) using qualitative RT-PCR
analysis. Seeds were harvested from all homozygous individuals, and progeny of wavhi-I1a were
used for further experiments.

WAVH1 (At2g22680) T-DNA insertion mutant SALK_149664C (wavh1-1)

Lb1l
e
T-DNA
Pla e P2 a
—tn e

P1b P2b

Confirming homozygosity of individual wavhi-1 plants

Col-0 1 2 3 4 5 6 7

Pla & P2a ~ 1Kb

Plant 2 (wavh1-1a) — confirmed wavh1-1 homozygote

A0
W
N

WAVH1 (P1b & P2b) ~ 200bp

ACTINI



Figure 1. Schematics of WAVH1 gene with location of T-DNA insertion (SALK_149664) and primer
pairs used for PCR genotyping (P1a and P2a) and RT-PCR (P2b and P2b). PCR genotyping visualized
using gel electrophoresis. Plant 2, 5, and 7 determined to be homozygous wavhi1-1. Qualitative
RT-PCR was used to confirm lower WAVH1 expression in wavh1-1a (plant 2).

Increased root sensitivity of wavhli-1, and differential expression of WAVHI in WT, under N
and P deficiency
WT and wavhli-1 seeds were grown on 2 MS media, and five-day old seedlings were transferred
to different treatments (control (+), phosphorus deficiency (-P), excess phosphorus (++P), nitrogen
deficiency (-N), and excess nitrogen (++N)) for ten days (Figure 2). WAVHI loss-of-function
mutants showed no significant difference compared to WT on control. Under -P, ++P, and -N
conditions, wavh -1 plants exhibited significantly shorter primary roots compared to WT (Figure
2A). Also, no significant differences were observed in wavhl-1 biomass across all treatments
compared to WT (Figure 2A). The significant difference in PR length of WAVH 1 loss-of-function
mutants under -P and -N was confirmed using a second mutant line, wavh1-2 (Figure S3).
WAVHI expression in WT was analyzed to confirm its involvement in P and/or N stress
response. Expression of WAVH1 in WT was examined across all five nutrient treatments using

RT-PCR analysis. WAVH1 transcript levels decrease under -P (Figure 2C) and -N (Figure 2C).
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Figure 2. (A) 15-day old wavhi-1 seedlings exhibit significantly increased root sensitivity
compared to WT under phosphorus deficiency (-P) and nitrogen deficiency (-N). Seedlings were
grown for five days on nutrient sufficient media then transferred to -P, ++P, -N, and ++N media
for 10 days. Graphs show primary root length and fresh weight. Error bars indicate +SE from at
least three trials with at least three replicates per trial (n > 65). (B) RT-PCR showing WAVH1
transcript levels in WT seedlings exposed to control, -P, and ++P for 10 days. P-responsive PHO2
and AtIPS1 were used as positive controls. ACTINI was used as a loading control. (C) RT-PCR
showing WAVH1 transcript levels in WT seedlings exposed to control, -N, and ++N for 10 days. N-
responsive NLA and NRT1.7 were used as positive controls. ACTIN1 was used as a loading control.
All segments of cDNA amplified are =200bp.

Under nitrogen deficiency, wavhl-1 exhibits impaired root gravitropic response

The gravitropic abilities of WAVH1 loss-of-function mutants were analyzed because the WAV3
family of E3s are known to play significant roles in regulating gravitropic responses in Arabidopsis
(Mochizuki et al., 2005; Sakai et al., 2011). We measured root reflex angle of wavhl-1 and WT
seedlings in response to a 90° rotation under nutrient sufficient, P deficient, and N deficient

conditions. There was no significant difference in root gravitropic abilities of wavhl-1 and WT
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seedlings under nutrient sufficient conditions (Figure 3). Under severe N limitation, wavhl-1
exhibited a significantly higher root reflex angle compared to WT following a 90° rotation,
indicating that WAVH]I loss-of-function mutants have a significantly impaired root gravitropic
response (Figure 3). Gravitropic abilities were unaffected by P deficiency as there were no

significant differences between wavhl-1 and WT under -P conditions.
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Figure 3. WT and wavh1-1 seedlings were grown for five days on nutrient sufficient media, then
transferred to control, -P, or -N. After growing for three days the media plates were tilted 902
and seedlings grew for another three days. Root reflex angles were measured using Imagel®
(http://imagej.net). wavh1-1 displayed significantly larger angles of root curvature compared to
WT. Below the graph are representative photos of WT and wavh1-1 under each nutrient
treatment three days after tilting 902. WAVHI mutants display a much more obtuse angle of
descent following tilting. Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate +SE from two trials with at least three replicates per trial (n > 24).
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Lugol’s staining was used to visualize starch granule accumulation in wavhi-1 root tips
under N limitation after a 90° turn, as starch levels and accumulation patterns could provide insight
as to why WAVHI loss-of-function mutants exhibit an impaired gravitropic response under N
deficient conditions. Root tips were viewed at 100X. Results showed that there was no significant
difference in starch levels, although it did reveal a level of starch accumulation in the separating
layer of root cap cells in wavhli-1 not seen in WT (Figure 4). This starch accumulation in wavhi-
1 is observed under N sufficient and deficient conditions, and there does seem to be a slightly
higher level of cell disorganization in the root tips of the WAVHI mutants under N sufficient

conditions.

Figure 4. Lugol’s staining assay used to visualize starch levels in the columella cells (CC) of WT
and wavh1-1 seedlings that were grown on nitrogen (N) sufficiency (control) for five days then
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transferred to control or N deficiency (-N) for one week. Seedlings were turned 90° on day three
of the treatment period. Root tips were submerged in Lugol’s iodine stain for 30 seconds and
then rinsed with ddH;0. Images were captured at 100X. Scale bar = 50um. The CC layers from
CC1 to CC4 are indicated.

NRTI.1, TCP20, NLP6, and BSK2 are differently expressed in wavhl-1

To further investigate the role of WAVHI in the N deficiency response, transcript levels of
multiple N limitation responsive genes were analyzed using RT-PCR. NRT1.1, TCP20, and NLP6
levels are significantly lower in the WAVH]I loss-of-function mutants compared to WT under N
deficiency. These genes were selected for analysis because they are known to regulate root growth
in response to N deficiency. BSK?2 is significantly lower in wavhi-1 under N sufficient conditions
compared to WT. BSK2 was selected for analysis because it is known to interact with WAVHI,

and it is homologous to BSK3, which is known to play a role in plant response to N limitation.

WT wavh1-1

+N -N +N -N

NRT1.1

TCP20

NLP6

NLP7

BSK3

BSK2

ACTIN1

Figure 5. RT-PCR analysis showing transcript levels of NRT1.1, TCP20, NLP6, NLP7, BSK3, BSK2,
and ACTIN1 in WT and wavh1-1 plants exposed to N sufficiency (control, +N) or N deficiency (-N).
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Gel electrophoresis was used to visualize expression levels. All segments of cDNA amplified are
=200bp.

Loss of WAVHI function negatively impacts lateral root emergence under severe N limitation

RSA manipulation is a significant part of the N deficiency response in Arabidopsis, therefore, to
further analyze the role of WAVHI in the N deficiency response we analyzed wavh -1 root growth
more in depth. Analysis of lateral roots under nitrogen sufficiency and deficiency shows that
wavhi-1 plants exhibit a significantly lower level of lateral root (LR) emergence than WT under
control and -N (Figure 6A and D), while maintaining a similar average LR length (Figure 6B).
When comparing LR emergence between N sufficient (control) and deficient conditions, wavhi-1
exhibits a higher percent decrease in LR emergence compared to WT. Analysis of LR number per

cm of primary root (PR) reveals no significant difference between WT and wavhi-1 (Figure 6C).

79



p=0.0263 C
10 r 1 : 100.00% 14
p =0.002485
9 1 90.00% 12 R
. 20.00% 76.75% 1
70.00% 08

primary reot

06

_}

50.00% 04

40.00% 34.92% 02

Number of Lateral Roots
o
2]
o
g
Number of lateral raots per 1cm of

30.00% 0

> >
20.00% £ g}‘ $ §
B §

10.00%

Difference in lateral root number on control vs. -N

0.00%

o - ~
.vovﬁ-, £ j

Wy
gy, A,
Wy

o, 41,

control -N

control |

™ -J_L {‘ 90.00% wavhl-1

52.23%

41.10%
40.00% control

Lateral Root Length

30.00%

20.00%

Difference in lateral root length on control vs. -N

10.00% g

0 0.00%

Wy
e,

g,

£

W
ho‘ﬁl.z

bl
o
§
£
-N

control

Figure 6. (A) Analysis of lateral root (LR) number on WT and wavh1-1 seedlings that were grown
for five days on N sufficient media (control) then transferred to control or N deficient media (-N)
for 10 days. WAVH1 mutants demonstrated a significantly higher percent decrease in LR
emergence when exposed to -N than WT. Analysis was done using One-Way ANOVA Tukey
comparison. Error bars indicate +SE from three trials with at least three replicates per trial (n
50). (B) Analysis LR length on WT and wavh1-1 seedlings that were grown for five days on control
then transferred to control or -N media for 10 days. Roots were measured using Imagel®
(http://imagej.net). There was no significant difference in LR length. Analysis was done using
One-Way ANOVA Tukey comparison. Error bars indicate £SE from two trials with at least three
replicates per trial (n > 25). (C) Further analysis of LR number done factoring in average primary
root (PR) length, which is significantly shorter in wavh1-1. Done to confirm that difference in LR
emergence was not simply because of shorter PRs. (D) WT and wavh1-1 seedlings that were
grown on control media for five days then transferred to control or -N for then days. Images were
captured at the end of the 10-day treatment period.
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Impact of excess brassinosteroids and brassinosteroid biosynthesis inhibition on wavhlI-1 root

growth under severe N limitation

Brassinosteroids play a key role in regulating the changes to RSA under N deficient conditions,
and so to further investigate the role of WAVHI in root growth under N limitation the effect of
excess BL and BRZ on root growth was analyzed. On nutrient sufficient media, the addition of
0.1nm BL slightly but insignificantly decreases the primary root length of WT (p = 0.05867) and
wavhil-1 (p =0.9912). The addition of Inm BL significantly decreases primary root growth in WT
(p = 1.346¢e-11) and wavhi-1 (p = 1.472e-11) to a similar degree. Under severe N limitation, the
addition of 0.1nm and 1nm BL had no effect on primary root length of WT or wavhli-1 seedlings,
and the significant difference between primary root length of WT and wavhl-1 shown on -N was

maintained throughout all N deficient treatments (Figure 7).
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Figure 7. Analysis of primary root (PR) growth under varying levels of epibrassinolide
brassinosteroids (BL) exposure, under N sufficiency (control) and deficiency (-N). Seedlings were
growth on control for five days then transferred to treatments and grown for one week. Roots
were measured using Imagel® (http://imagej.net). Analysis was done using One-Way ANOVA
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Tukey comparison. Error bars indicate +SE from two trials with at least three replicates per trial
(n>18).

The addition of Inm of BL has a severe impact on the PR growth path under severe N
deficiency. Although there was no significant difference calculated between WT and wavhli-1,
wavhl-1 has a less predictable PR growth pattern, with PR length divided by distance travelled
exhibiting a larger range than WT. WAVH]I loss-of-function mutants also seemed to demonstrate
more impaired root gravitropic abilities than WT when treated with 1nm BL, with the PR of

multiple WAVHI mutants starting to grow upwards or forming loops.
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Figure 8. (A) Analysis of straightness of primary root (PR) growth by dividing PR length by the
length of a straight line from the root tip to the start of the root. Roots were measured using
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Imagel® (http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error
bars indicate +SE from two trials with at least three replicates per trial (n = 18). (B) Images of
seedling growth under varying levels of epibrassinolide brassinosteroids (BL) exposure, under
severe nitrogen deficiency (-N). Seedlings were growth on control for five days then transferred
to -N and grown for one week.

The addition of brassinosteroid inhibitor brassinazole (BRZ) causes a significant decrease
in primary root length in WT and wavhl-1 under both N sufficient (control) and N deficient
conditions (Figure 9). Under severe N limitation, the presence of BRZ removes the significant
difference in primary root length between WT and wavh -1 seen under severe N limitation without
BRZ (Figure 9B). Under nutrient sufficiency the presence of BRZ inhibits LR emergence to a
similar degree in WT and wavhli-1 (Figure 9C). Under N deficiency WT exhibits a significant
decrease in LR emergence in response to BRZ (p = 0.000007). BRZ showed no significant impact
on LR emergence in wavhi-1 (p = 0.6341). The addition of BRZ under severe N deficiency also
seems to reduce the significant difference in LR emergence observed between wavhl-1 and WT

under severe N deficiency in the absence of BRZ (Figure 9C).
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Figure 9. (A) Seedlings that were grown on nitrogen sufficient media (control) for five days then
were exposed to different nitrogen (N) and brassinazole (BRZ) levels for one week. (B) Analysis
of primary root (PR) length of WT and wavh1-1 grown under different levels of N and BRZ.
Analysis was done using One-Way ANOVA Tukey comparison. Error bars indicate +SE from two
trials with at least three replicates per trial (n > 18). Roots were measured using Imagel®
(http://imagej.net). (C) Analysis of lateral root (LR) emergence of WT and wavh1-1 grown under
different levels of N and BRZ. Analysis was done using One-Way ANOVA Tukey comparison. Error
bars indicate £SE from two trials with at least three replicates per trial (n > 18).
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BRZ has no significant effect on the root gravitropic abilities of WT or wavhl-1 under
nutrient sufficiency (Figure 10). However, BRZ was found to increase the root reflex angle of
wavhl-1 seedlings under severe N limitation (Figure 10). In fact, in the presence of BRZ, the root

reflex angle of wavh -1 was not significantly different from WT.
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Figure 10. WT and wavh1-1 grown on nitrogen sufficient media (control) for five days then were
transferred to media of different nitrogen (N) and brassinazole (BRZ) levels for six days. Seedlings
grew for three days then were turned 90° and grew for another three days. Images were captured
at the end of the six day treatment period. Root reflex angles were measured using Imagel®
(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate +SE from at least two trials with at least three replicates per trial (n > 18).
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DISCUSSION

The WAV3 family of ubiquitin ligases contains 3 WAV3 homologs; WAVHI1, WAVH2,
and EMBRYO DEVELOPMENT ARREST 40 (EDA40). Not much is known of the specific
functions of these E3s, but studies show that they play significant roles in controlling root growth
patterns in Arabidopsis, specifically influencing gravitropic responses (Mochizuki et al., 2005;
Sakai et al., 2011). A study conducted by Sakai et al., (2011) demonstrates that the WAV3 family
of E3s control gravitropism likely via regulating auxin signalling/transport. Research has
established WAVHI as a protein that induces a weak gravitropic response compared to its
homologs WAV3 and WAVH2, which induce moderate and strong responses, respectively
(Mochizuki et al., 2005; Sakai et al., 2011). However, our results suggest that WAVH]1 is heavily
involved in regulating root growth patterns under N limitation, with WAVHI loss-of-function
mutants demonstrating severely impaired gravitropic abilities, lower LR emergence, and shorter
PR length under severe N limitation. The hypersensitivity of wavhi-I to severe N deficiency
suggests that WAVHI is a positive regulator of root growth under N limitation. WAVH 1 expression
in WT goes down under N limitation, suggesting that a substrate of WAVH1 accumulates as part
of the N limitation response. Also, WAVHI is expressed under sufficient and excess N levels,
which suggests that the E3 may play a role in the attenuation of the N limitation response to
maintain N homeostasis.

The crosstalk between brassinosteroid (BR) and auxin signalling is vital to RSA
modulation in response to N limitation. Results indicate that WAVHI1 does play a role in BR
signalling and/or BR biosynthesis under N limitation. wavh -1 exhibited significantly shorter PR

length and lower LR emergence when exposed to severe N limitation compared to WT, and the
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addition of the BR biosynthesis inhibitor BRZ alleviates these significant differences. This
suggests that the WAVHI mutants exhibit impaired root growth due to an abnormality in the BR
signalling pathway. It is possible WT PR and LR growth is impacted more significantly by the
addition of BRZ because BR biosynthesis or signalling is already being inhibited to an unknown
extent when WAVH] transcription is disrupted. Mild N limitation activates a foraging strategy,
upregulating BAK1 and promoting BR-induced auxin transport in roots, stimulating root cell
division to enhance PR elongation and LR emergence (Devi et al., 2022; Jia et al., 2019; Jia et al.,
2020; Perrot-Rechenmann, 2010). BRs regulate this process through the activity of multiple
signalling proteins, including a protein complex that involves the leucine-rich repeat receptor-like
protein kinase (LRR-RLK) BRI1 interacting with BAK1 to modulate BR signalling in Arabidopsis
(Li et al., 2002; Mao and Li, 2020). This process is dependent on BSK3 (Jia et al., 2019; Jia et al.,
2020).

Studies suggest BSK3 mediates BR signalling downstream of BR receptors under N
deficiency, with results showing BSK3 loss-of-function mutants demonstrate impaired BR
responses under N limitation (Ren et al., 2019). Previous research demonstrates that WAVHI
interacts with BSK2, a BR signalling kinase homologous to BSK3 (Arabidopsis Interactome
Mapping Consortium). Not much is known about BSK2, however, it is a substrate of BRI1, and is
known to mediate signal transduction from BRII (Tang et al., 2009). Our results show that BSK?2
is expressed under N sufficiency and deficiency in WT, but wavhi-1 only expresses BSK2 under
N deficiency. This suggests that WAVH1 may not only interact with BSK2, but it may also be
involved in the regulation of BSK2. Under sufficient and deficient N levels wavhi-1 shows
significantly lower LR emergence, with a significantly higher percent decrease in LR emergence

from sufficiency to deficiency than WT. It is possible that WAVHI targets a regulator of BSK2 to
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regulate the BR-mediated process of directing auxin to the LR primordium to promote emergence
under N sufficient conditions, leading to the significantly lower LR count in wavhl-1 under N
sufficiency. It is also possible that BSK2 is promoted by another regulator to promote the
shootward transport of auxin, which limits LR emergence under N limitation. This would explain
why BSK2 is still expressed in wavhi-1 under N limitation. Of course, further exploration into the
WAVHI1 and BSK2 interaction as well as how WAVHI influences BSK?2 transcript levels is
necessary to draw any conclusions. Furthermore, the same study that determined an interaction
between WAVHI and BSK2 determined an interaction between BSK2 and COPPER AMINE
OXIDASE ZETA (CuAO(), a protein involved in LR emergence (Arabidopsis Interactome
Mapping Consortium; Qu et al., 2017). This further links BSK2 to LR emergence, presenting
another interesting interaction to explore in the future.

The lower LR emergence in wavhl-I under sufficient N levels likely impacts the
acquisition of other nutrients as well, which could contribute to the decreased stress tolerance.
WAVHI mutants also expressed lower levels of the N limitation responsive gene TEOSINTE
BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR 1-20 (TCP20), which plays a
role in controlling PR growth under sever N limitation (Guan et al., 2014). TCP20 interacts with
NIN-LIKE PROTEIN 6 and 7 (NLP6/7) under N sufficient and deficient conditions, and NLP6
levels were also lower in wavhi-1. The TCP20/NLP6 interaction is required for the expression of
the Cell-Cycle Progression Gene (CYCBI1;1) and is suggested to control the expression of NRT'1.1
(Guan et al., 2017; Konishi and Yanagisawa, 2019). And so, the lower levels of TCP20 and NLP6
may explain the lower levels of NRT'1.1 expressed in wavhl-1 (Guan et al., 2014).

NRTI.1 is a NOs3 transporter and sensor that is an established regulator of N homeostasis

and demonstrates the ability to modulate auxin transport. Under mild N deficiency it promotes
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auxin transport to LR primordium to promote LR emergence and under severe N limitation it
promotes shootward auxin transport to inhibit LR emergence (Krouk et al., 2010; Giehl and Wirén,
2014; Mounier et al., 2014; Jian et al., 2018; Chai et al., 2022; Liu and Wirén, 2022). NRT1.1 is
upregulated by BRASSINAZOLE-RESISTANT 2/ BRI1 EMS SUPPRESSOR 1 (BZR2/BES1),
a positive regulator of the BR signalling pathway, under N sufficient and deficient conditions (Chai
et al.,, 2022). BZR2 mediates downstream BR responses like its homolog BZR1, which also
mediates negative feedback regulation of BR biosynthesis (Yin et al. 2002; Sun et al., 2010). It is
possible that the lower levels of NRT1.1 expressed in wavhlI-1 interferes with N level these
abilities, impacting root growth under severe N limitation.

Our results also show that the gravitropic response of wavh -1 is impacted under severe N
limitation, with wavhI-1 exhibiting a significantly higher root reflex angle in response to a 90°
turn under N limitation. The activity of amyloplasts, the starch-accumulating plastids which move
according to the direction of gravity in the differentiated columella cells (CCs) at the root tip, was
analyzed using Lugol’s staining (Blancaflor et al., 1998; Nakamura et al., 2019; Zluhan-Martinez
etal., 2021). The movements of these amyloplasts trigger directional auxin transport from the CCs
to promote differential cellular elongation of upper and lower flanks of the root elongation zone
(EZ), facilitating the physical turning of the root tip in response to the gravitational shift
(Nakamura et al., 2019; Su et al., 2020). Under N limitation Lugol’s staining showed no difference
in amyloplast activity between wavhil-1 and WT, suggesting that the lower gravitropic response
under N limitation may be caused by impaired cellular elongation or directional auxin transport in
response to the gravitational shift. A previous study confirmed that WAVHI interacts with the
ribosome assembly factor ARABIDOPSIS ADENYLATE KINASE 6 (AAK6) (Arabidopsis

Interactome Mapping Consortium), a protein required for cell generation and elongation (Slovak
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et al., 2020). Not enough is known about AAK6 to draw any conclusions about its interaction with
WAVHI, however, it would be interesting if future studies investigated this interaction and root
gravitropism under N limitation. It is also possible that directional auxin transport is impacted in
wavhli-1, this is supported by our previous results which suggest WAVHI is involved in BR
signalling, a process which influences auxin transport. Furthermore, when treated with 1uM of
BRZ, the gravitropic abilities seem to be restored, with no significant difference between WT and
wavhl-1 root reflex angles under N sufficiency or limitation. Further exploration of these
processes and WAVHI is needed to determine the exact role of WAVHI in the gravitropic
response of roots under N limitation.

Another interesting observation in wavhil-I plants is the starch accumulated in the
separating layer of CCs at the root tip. The starch accumulation in the separating layer of CCs is
present in wavhl-1 under sufficient and deficient N levels, so it is unlikely that this affects the
gravitropic response. It is possible that this phenotype is a result of the loss of WAVH]I function,
but no conclusions can be drawn strictly from this information.

The role of WAVHI is still unclear, however, our results indicate that WAVHI1 does
somehow influence LR emergence via BR signalling and auxin transport (Figure 11). It is also
possible that its involvement in BR-signalling affects PR growth under severe P and N deficiency.
Inhibition of BR biosynthesis alleviates the significant difference in PR length and LR emergence
between WT and wavhi-1 under severe N deficiency, further suggesting that WAVHI is involved

in regulating BR signalling when N levels are low.
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Figure 11. Simplified representation of how the WAVH1 might influence LR emergence in WT. In
this model, WAVH1 targets a regulator of BR signalling, promoting LR emergence under nitrogen
(N) sufficient conditions. In WAVH1 loss-of-function mutants this interaction would be inhibited
causing lower LR emergence.

Further research is required to confirm these theories and to determine what specific ways
WAVHI1 is involved in the interplay between auxin transport and BR signalling that impacts RSA
under severe N deficiency. Furthermore, additional work must be done to determine the exact
function of WAVHI in the root gravitropic response under severe N limitation. As a RING-type
E3, discovering potential substrates of WAVHI and whether the substrate is ubiquitinated and
targeted for proteasomal degradation is vital to understanding the role of WAVHI in N stress

response. This study will serve to aid future studies that investigate the role of WAVHI1 as well as

BR signalling in the N deficiency response.
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SUPPLEMENTARY MATERIAL

WAVH1 (At2g22680) T-DNA insertion mutant SALK_018439C (wavh1-2)

—]
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Confirming homozygosity of individual wavh1-2 plants
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Figure S1. Schematics of WAVH1 gene with location of T-DNA insertion (SALK_018439) and
primer pairs used for PCR genotyping (P1a and P2a) and RT-PCR (P2b and P2b). PCR genotyping
visualized using gel electrophoresis. Plant 4 was determined to be homozygous wavh1-2.
Qualitative RT-PCR was used to confirm lower WAVH1 expression in wavh1-2a (plant 4).



WAVHI (At2g22680) T-DNA insertion mutant SALK_149664C
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Figure S2. 15-day old wavh1-1 and wild type (WT, Col-0) seedlings that were grown for five days
on nutrient sufficient (control, +) media then 10 days on +, Fe deficient (-Fe), Fe excess (++Fe), P
deficient (-P), P excess (++P), N deficient (-N), and N excess (++N) media. Primary root lengths

and fresh weight were measured at the end of the 10-day treatment period using Imagel®
(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars

indicate +SE from at least one trial with at least three replicates per trial (> 24). WAVH1 mutants
showed a differential phenotype under -Fe, ++Fe, -P, ++P, and -N. WAVH1 expression under Fe,
P, and N stresses were analyzed. cDNA was synthesized form RNA extracted from WT seedlings
that were grown on control for five days then for 10 days on +, -P, ++P, -N, and ++N; all segments
of cDNA amplified are =200bp.
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Figure S3. 12-day old wavh1-2 plants exhibit significantly increased root sensitivity compared to
wild type (WT, Col-0) under phosphorus deficiency (-P) and nitrogen deficiency (-N). Plants were
grown for five days on nutrient sufficient %2 MS media then transferred to -P and -N media for
one week. Fresh weight was measured, and primary root lengths were measured using ImagelJ®
(http://imagej.net) to confirm previous results. Analysis was done using One-Way ANOVA Tukey
comparison. Error bars indicate +SE from one trial with four biological replicates (n = 30).

Electrolyte leakage

Electrolytes leakage assays were performed as previously described by Dionisio-Sese and Tobita
(1998). Five-day-old WT seedlings and seedlings from mutant lines of interest were transferred to
+, -P, or -N conditions. After exposure to stress for four, six, and 10 days, seedlings were used to
collect 100mg of fresh leaf tissue. Shoot samples were thoroughly rinsed then submerged in 10mL
of ddH20 and incubated for 2h at 32°C. Initial electrical conductivity (EC1) was measured using

an electrical conductivity meter (HACH Pocket Pro Conductivity meter; https://www.hach.com).
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Then, to release all electrolytes, the samples were autoclaved at 121°C for 20min. Samples were
then cooled to 25°C, and final electrical conductivity values (EC2) were then measured. Electrolyte
leakage (EL) were calculated, relative to fresh weight of leaves (FW), using the equation below:
EL/FW = ((EC1/EC2)x100)/FW

When a plant is exposed to external abiotic and biotic stresses, including over-exposure to
heavy metals and micronutrient deficiency, cell death is imminent. The integrity of the cell walls
of these dead and damaged plant cells will be compromised, causing K* ions and other electrolytes
to leak out of the cells (Demidchik et al., 2014). Studies show high EL levels are linked to the
generation of reactive oxygen species (ROS) and the activation of programmed cell death (PCD).
The quantity of ions leaked from a plant can be used as a proxy for the severity of cell death and
can be used to estimate stress tolerance. The level of cell damage is also relevant to the
maintenance of nutrient homeostasis because the cell wall is essential to nutrient signalling and
transport (Ogden et al., 2018). There were no significant differences in EL levels in WAVH1 loss-
of-function mutants compared to WT (Figure S4). This indicates that wavh -1 do not have a higher

level of cell damage compared to WT.
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Figure S4. Electrolyte leakage (EL) was measured as described by Dionisio-Sese and Tobita (1998).
Seedlings were grown on nutrient sufficient (control) media for five days then transferred to
control media, phosphorus deficient media (-P), or nitrogen deficient media (-N) for two, four,
and eight days. EL was measured for each group at the end of each treatment period. Analysis
was done using One-Way ANOVA Tukey comparison. Error bars indicate +SE from one trial with
at least three biological replicates per trial.

Rhizosphere acidification

Rhizosphere acidification assays were performed on the mutant lines that showed differential
growth and gene expression under low phosphorus stress. Liquid phosphorus deficient media was
made with the same components as the -P treatment outlines in Table 2, minus the agar.
Bromocresol purple (BP) was added to the liquid medias (0.006% w/v) to act as a pH indicator;
the pH of the starting solution was adjusted to 6.5. 10-day-old seedlings were put in -P BP media.
Seedlings were grown in the BP media for 12 hours under continuous light in a 12-well plate;
every well was filled with 0.5mL of BP media and contained two, four and six seedlings from
selected mutant lines. BP changes colour from purple to yellow when the pH decreases. Therefore,

a colour change from purple to yellow after 12 hours indicates acidification by the seedlings.
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Absorbance at 590nm of all liquid media after the 12-hour period was measured to further analyze
the degree of colour change and compare the acidification abilities of wavhi-1 to WT under

phosphorus deficiency.
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Figure S5. Rhizosphere acidification abilities were measured using bromocresol purple (BP) as a
pH indicator. 10-day old WT and wavh1-1 seedlings were transferred to 500l aliquots of liquid -
P media (20uM P) that was supplemented with 0.006 (w/v) BP and adjusted to a pH of 6.5, in
groups of 2, 4, and 6. Seedlings were left under continuous light for 12 hours. Absorbance of the
liquid at 589nm was measured after the 12-hour period to gauge the change in colour; purple to
yellow indicating acidification. Different letters indicate p-value <0.05 using One-Way ANOVA
Tukey comparison. Error bars indicate +SE from three trials with at least two technical replicates
per trial.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS

Ubiquitination is an important post-translational modification used to regulate many
nutrient stress response pathways through inducing proteasomal degradation of target proteins or
provoking nonproteolytic outcomes such as controlling gene expression and trafficking. The E3
Ub ligases play a central role in this process through directly mediating the transfer of Ub to
transporters, enzymes, ion channels, signalling proteins (e.g., kinases and receptors), and
transcription regulators (e.g., transcription factors, co-activators, and repressors). Eight RING-type
and RBR-type E3s which indicated possible involvement in Fe, PO4, or NO3" stress response were
selected for analysis. The eight candidate E3s were analyzed under nutrient sufficiency as well as
deficient and excess levels of Fe, P, and N. Three of these E3s, ATL12, ARI12, and WAVHI,
were investigated further.

In Chapter 2 I present a theory that ATL12, a FIT-regulated RING-type E3, is involved in
a feedback loop with FIT. Previous studies demonstrate that A7L12 expression is upregulated
when JA levels are increased, and I propose a model in which JA, Fe deficiency, and FIT and JA
upregulates ATL 12 to mitigate the negative regulation of the IDR when external Fe levels are low.
JA is an established regulator of the IDR through repressing the expression of multiple IDR genes
and promoting the degradation of FIT. Our model suggests that ATL12 attenuates this negative
regulation under Fe deficiency. However, many important questions need to be addressed to
further understand the role of this E3. For example, it is unknown what substrate(s) ATL12 is
targeting. Further analysis of ATL12 activity is necessary to pinpoint its role in the IDR, which
should include finding proteins that ATLI12 interacts with, confirming whether ATLI12

ubiquitinates found proteins, and if the outcome of confirmed ubiquitination is proteasomal
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degradation. Finding substrates that ATL12 targets for degradation will greatly increase our
current understanding of the molecular mechanisms that govern the IDR. It is also unclear if
increased JA levels directly upregulates A7L12 or if the increase in JA levels causes a regulator of
ATL12 to promote ATL12 levels, and it is unconfirmed what the exact outcome of this upregulation
of ATL12 is.

In Chapter 2 I also explored the role of ARI12, an RBR-type E3, in the response to Fe
stress. Our results suggest that ARI12 targets an unknown IDR protein under Fe sufficient
conditions to maintain the vital homeostasis of Fe. AR/12 loss-of-function mutants were found to
have a higher tissue Fe content when exposed to excess Fe, suggesting that ARI12 is needed to
limit Fe uptake under excess Fe levels. ARII2 expression was found to decrease under Fe
deficiency, which suggests that the protein ARI12 targets accumulates under Fe deficiency as part
of the IDR. ARI2 is specifically expressed in the roots, which further suggests that it is involved
in regulating Fe uptake. Much work is still needed to understand the functional specificities of this
RBR-type E3 and how it works to attenuate the IDR when Fe levels are sufficient. The next step
in pinpointing the role of ARI12 in the response to Fe stress is finding the substrates which it
ubiquitinates.

In Chapter 3, I investigated the role of WAVHI, a RING-type E3 and member of the
WAV3 family of gravitropism-involved E3s. Previous studies establish WAVHI1 as having a weak
impact on gravitropism, however, I conclude that WAVHI is necessary for proper gravitropic
abilities specifically under severe N limitation. My results also indicate that WAVHI1 is involved
in modulating RSA under severe N limitation and is possibly involved in a BR signalling pathway
which mediates auxin transport. Results indicate that WAVHI does play a role in the interplay of

auxin and BR signalling in roots, specifically in regulating root growth under N deficiency, and I
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propose a theoretical model where WAVHI is somehow involved in promoting LR emergence
under N sufficient conditions. Further research is required to determine the intricacies of how
WAVHI1 works to regulate root growth and gravitropism under N deficiency, and in what
manner/under what conditions it is interacting with its known interactors BSK2 and AAK®6. The
next step is determining the substrates which WAVH1 ubiquitinates. These results will also aid in
future studies focusing on changes in RSA under severe N limitation, as well as the complex
interplay of auxin and BR signalling that contributes to root responses under N limitation.

This research contributes to the knowledge of E3 ubiquitin ligases and their roles in nutrient
stress response in plants and will serve to aid future studies that further investigate ATL12, ARI12,
and WAVHI, as well as the molecular mechanisms regulating plant response to Fe, P, and N stress.
Our results will also assist in filling gaps that exist in the current knowledge of Fe, P, and N stress
response through proposing multiple models which attempt to explain the possible of involvement
of ATL12, ARI12, and WAVHI. These results may contribute to the understanding of molecular
responses in an emerging research area with potential significance in improving nutrient use
efficiency and uptake in crop species. The UPS is highly conserved among eukaryotes, and
therefore this knowledge can be applied other species and will be of interest to researchers in other

fields of research beyond the plant sciences.
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APPENDIX A: Selecting candidate RING-type E3s

This project started with 14 E3s that were selected based on microarray expression data obtained
from public databases (Figure A1; Figure A2). These 14 E3s showed a decrease or increase in gene
expression in wild type Arabidopsis thaliana ecotype Columbia (WT, Col-0), when exposed to
iron (Fe), phosphate (PO«’), or nitrate (NO3") deficiency, and some had known interactors (Table
Al; Table A2). SALK T-DNA insertion mutant seeds (Table A3) for each of the 14 E3s were
obtained from the Arabidopsis Biological Resource Center (ABRC, https://abrc.osu.edu/).
Homozygous T-DNA loss-of-function mutants were found for eight of the 14 E3s. These eight
E3s moved on to further analysis.
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Iron deprivation 22 6 25 23 22 41 55 2 b 7
Nitrate deprivation 1 6 6 8 13 22 0 1 1
Phosphate deprivation 13 4 6 13 13 2 12 6
Ozone 12 13 68 51 2 16 24
UV-b 14 22 20 1 2 6
Genotoxic 26 26 3 3 6
Bacteria 74 4 18 23
Fungi 4 15 21
Virus 2 1
Chitin 6

Figure Al. Compilation of data from microarray analysis showing number of RING-type E3s that
showed differential gene expression under various abiotic and biotic stresses. Two expression
databases were used: Toronto BAR (https://bar.utoronto.ca) and Expression Atlas
(https://www.ebi.ac.uk/gxa/plant/experiments).
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Figure A2. Graph showing the percent of RING-Type E3s that were found to be differently
expressed under iron (Fe), nitrate (NOs’), or phosphate (PO4’) deficiency as well as another abiotic
stress. E.g. 84.2% of E3s that were differently expressed under PO4™ deficiency were differently
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expressed under abscisic acid (ABA) stress.

RING E3 Gene name |Fe Deprivation

N limitation

P Deprivation

At2g22680 |WAVH1

At2g20030 |ATL12
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At2g31780 |ARI11

At1g14260 |ERIN1

At1g05880  |ARI12

At1g70910 |DEP

At5g01070  |ERIN2

At2g38920 |ERIN3

At4g09110 |ATL35

At1g18910 |BTSL2

At5g03180 |ERiN4

At5g06490 |ATL71

At5g37910  SINA-like 9

At5g58580 |ATL63
Table Al. Microarray analysis of E3 gene expression under iron (Fe), phosphate (PO47), and nitrate
(NOs3) deprivation; blue indicates a decrease and red indicates an increase in gene expression in
wild type Arabidopsis thaliana ecotype Columbia.

RING E3 Interactors found FIT regulated
At2g22680 WAVH1 |ACBP4, At3g03000, AAK6, BSK2, KNAT1, MAP70-5

At2g20030 |ATL12 GRF3 yes
At2g31780 |ARI11

At1g29060, Atlg63110, At2g27290, At3g12180,
At3g66654, At4g20790, At5g49540, At5g59650, HHPA4,
At1g14260 [ERIN1  |MKK10, RBL11, UBC34, VPS60.1, FRD3

At1g05880 |ARI12 ARI12

At1g70910 [DEP HSP23.6-MITO

At5g01070 [ERIN2

At2g38920 [ERIN3

At4g09110 |ATL35 yes

At1g18910 [BTSL2 yes
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At5g03180 [ERiN4 At1g19240, At2g42390, D6PK, ROP10, FRB3

At5g06490 |ATL71 yes

At5g37910 SINA-like 9

At5g58580 |ATL63
Table A2. Interaction data gathered using the public interaction databases BioGRID
(https://thebiogrid.org/) and IntAct (https://www.ebi.ac.uk/intact/home) for all 14 candidate
RING-type E3s selected for this project.

Gene Gene Name SALK Line
At2g22680 SALK_ 149664 (wavh1-1),
WAVH1 SALK_041291 (wavh1-2)
At2g20030 SALK_066923 (atl12-1),
ATL12 SALK_201056 (at/12-2)
At2g31780 ARI11 CS24734
Atl1g14260 ERiIN1 SALK 118406
At1g05880 SALK_ 033142 (ari12-1),
ARI12 SALK_034258 (ari12-2)
Atl1g70910 DEP SALK 141707
At5g01070 ERiIN2 SALK_086525
At2g38920 ERIN3 SALK 129778
At4g09110 ATL35 SALK_065995
At1g18910 BTSL2 SALK 048470
At5g03180 ERiN4 SALK_023683
At5g06490 ATL71 CS863433
At5g37910 SINA-like 9 SALK_023901
At5g58580 ATL63 SALK 139444

Table A3. The 14 selected candidate RING-type E3s which are possibly involved in maintaining
nutrient homeostasis, and the corresponding T-DNA insertion mutant SALK lines which were
ordered from ABRC (https://abrc.osu.edu/).
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APPENDIX B: Phenotypic analysis of RING-type E3 mutants in nutrient stress assays

Eight SALK T-DNA insertion mutant lines, each targeting one of eight candidate RING-type E3s,
were put through stress assays where they were exposed to sufficient, deficient, and excess levels
of iron (Fe), phosphorus (P), and nitrogen (N). All eight mutant lines showed some sort of
differential growth when compared to wild type Arabidopsis thaliana ecotype Columbia (WT,
Col-0) phenotypically on at least one of the six nutrient stress treatments. Three of the eight E3s
were selected for further analysis and were discussed in Chapter 1 and 2. Stress assay results for
the other five are included in this appendix.

WAVHI (At2g22680) T-DNA insertion mutant SALK_149664C

control (+) iron deficient {-Fe) iron excess (++Fe) phosphorus deficient (-P) phosphorus excess (++P) nitrogen deficient (-N) nitrogen excess [++N)
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Figure B1. 15-day old wavh1-1 and wild type. (Col-0, WT) seedlings that were grown for five days
on nutrient sufficient (control, +) media then 10 days on control, Fe deficient (-Fe), Fe excess
(++Fe), P deficient (-P), P excess (++P), N deficient (-N), and N excess (++N) media. Primary root
lengths and fresh weight were measured at the end of the 10-day treatment period using ImageJ®

124



(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate +SE from at least one trial with at least three replicates per trial (> 24). WAVH1 loss-of-
function mutants showed a differential phenotype under -Fe, ++Fe, -P, ++P, and -N. WAVH1
expression was analyzed using RNA extracted from WT seedlings that were grown on control for
five days then for 10 days on control, -Fe, ++Fe, -P, ++P, -N, and ++N.

ATL12 (At2g20030) T-DNA insertion mutant SALK-line 066923C (at/12-1)

control (+) iron deficient {-Fe)

iron excess (++Fe) phasphorus deficient {-P) phosphorus excess (++P) nitrogen deficient (-N) nitrogen excess (++N)

'E‘ p=1737e-10
= 80 1
E 60 5
B -
8 4 z T
> —— - -
E 20
E
o o o ' ; > &) ~ & > o v
& ¢ $ ¢ & & & ¢ & ¢ E & §

Fresh weight (g)

v
a\_\

” mm e ﬂ 1 mﬁ mnlnn WW
& s‘? & 2 S & G&,s & ﬁw & .

&

Figure B2. 15-day old at/12-1 and wild type. (Col-0, WT) seedlings that were grown for five days
on nutrient sufficient (control, +) media then 10 days on control, Fe deficient (-Fe), Fe excess
(++Fe), P deficient (-P), P excess (++P), N deficient (-N), and N excess (++N) media. Primary root
lengths and fresh weight were measured at the end of the 10-day treatment period using Imagel®
(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate +SE from at least one trial with at least three replicates per trial (> 24). ATL12 loss-of-
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function mutants showed a differential phenotype under -Fe. ATL12 expression was analyzed
using RNA extracted from WT seedlings that were grown on control for five days then for 10 days

on control, -Fe and ++Fe.

ARI11 (At2g31780) T-DNA insertion mutant SALK-line 524734 (ari11-1)
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Figure B3. 15-day old ari11-1 and wild type. (Col-0, WT) seedlings that were grown for five days
on nutrient sufficient (control, +) media then 10 days on control, Fe deficient (-Fe), Fe excess
(++Fe), P deficient (-P), P excess (++P), N deficient (-N), and N excess (++N) media. Primary root
lengths and fresh weight were measured at the end of the 10-day treatment period using ImageJ®
(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate +SE from at least one trial with at least three replicates per trial (> 24). WAVH1 loss-of-
function mutants showed a differential phenotype under -Fe, ++P, -N, and ++N. AR/11 expression
was analyzed using RNA extracted from WT seedlings that were grown on control for five days

then for 10 days on control, -Fe, ++Fe, -P, ++P, -N, and ++N.
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At1g14260 T-DNA insertion mutant SALK-line 118406C (erin1-1)

control (+) iron deficient {-Fe) iron excess (++Fe) phosphorus deficient (-P) phosphorus excess (++P) nitrogen deficient (-N) nitrogen excess (++N)

]
]
B
]
L
]
]
[}
]
T
L
g
1
]

-
3
K
K
—
0
[
[
-
-
K
i
3
1

Figure B4. 15-day old erin1-1 and wild type. (Col-0, WT) seedlings that were grown for five days
on nutrient sufficient (control, +) media then 10 days on control, Fe deficient (-Fe), Fe excess
(++Fe), P deficient (-P), P excess (++P), N deficient (-N), and N excess (++N) media. Primary root
lengths and fresh weight were measured at the end of the 10-day treatment period using ImageJ®
(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate +SE from at least one trial with at least three replicates per trial (> 24). ERiN1 loss-of-
function mutants showed a differential phenotype under ++N. ERiN1 expression was analyzed
using RNA extracted from WT seedlings that were grown on control for five days then for 10 days
on control, -N, and ++N.
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ARI12 (At1g05880) T-DNA insertion mutant SALK_033142C

control {+) iron deficient (-Fe) iron excess (++Fe) phaspharus deficient (-P)  phosphorus excess (++P)  nitrogen deficient (-N) nitrogen excess (++N)
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Figure B5. 15-day old ari12-1 and wild type. (Col-0, WT) seedlings that were grown for five days
on nutrient sufficient (control, +) media then 10 days on control, Fe deficient (-Fe), Fe excess
(++Fe), P deficient (-P), P excess (++P), N deficient (-N), and N excess (++N) media. Primary root
lengths and fresh weight were measured at the end of the 10-day treatment period using ImageJ®
(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate +SE from at least one trial with at least three replicates per trial (> 24). ARI12 loss-of-
function mutants showed a differential phenotype under -Fe, ++Fe, and -N. ARI12 expression was
analyzed using RNA extracted from WT seedlings that were grown on control for five days then
for 10 days on control, -Fe, and ++Fe.
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DEP (At1g70910) T-DNA insertion mutant SALK_141707C

control (+) iron deficient (-Fe) iron excess (++Fe) phosphorus deficient (-P)  phosphorus excess (++P) nitrogen deficient (-N) nitrogen excess (++N)
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Figure B6. 15-day old dep1-1 and wild type. (Col-0, WT) seedlings that were grown for five days
on nutrient sufficient (control, +) media then 10 days on control, Fe deficient (-Fe), Fe excess
(++Fe), P deficient (-P), P excess (++P), N deficient (-N), and N excess (++N) media. Primary root
lengths and fresh weight were measured at the end of the 10-day treatment period using Imagel)®
(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate +SE from at least one trial with at least three replicates per trial (> 24). DEP1 loss-of-
function mutants showed a differential phenotype under ++P, -N, and ++N. DEP1 expression was
analyzed using RNA extracted from WT seedlings that were grown on control for five days then
for 10 days on control, -N, and ++N.
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Figure B7. 15-day old erin2-1 and wild type. (Col-0, WT) seedlings that were grown for five days
on nutrient sufficient (control, +) media then 10 days on control, Fe deficient (-Fe), Fe excess
(++Fe), P deficient (-P), P excess (++P), N deficient (-N), and N excess (++N) media. Primary root
lengths and fresh weight were measured at the end of the 10-day treatment period using Imagel®
(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate +SE from at least one trial with at least three replicates per trial (> 24). ERiN2 loss-of-
function mutants showed a differential phenotype under -N. ERiN2 expression was analyzed
using RNA extracted from WT seedlings that were grown on control for five days then for 10 days
on control, -N, and ++N.
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Figure B8. 15-day old erin3-1 and wild type. (Col-0, WT) seedlings that were grown for five days
on nutrient sufficient (control, +) media then 10 days on control, Fe deficient (-Fe), Fe excess
(++Fe), P deficient (-P), P excess (++P), N deficient (-N), and N excess (++N) media. Primary root
lengths and fresh weight were measured at the end of the 10-day treatment period using ImageJ®
(http://imagej.net). Analysis was done using One-Way ANOVA Tukey comparison. Error bars
indicate +SE from at least one trial with at least three replicates per trial (> 24). ERiN3 loss-of-
function mutants showed a differential phenotype under ++N. ERiN3 expression was analyzed
using RNA extracted from WT seedlings that were grown on control for five days then for 10 days
on control, -N, and ++N.
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The Ubiquitin Proteasome System and Nutrient Stress Response
Erin Mackinnon and Sophia L. Stone*
Department of Biology, Dalhousie University, Halifax, NS, Canada

Plants utilize different molecular mechanisms, including the Ubiquitin Proteasome
System (UPS) that facilitates changes to the proteome, to mitigate the impact of abiotic
stresses on growth and development. The UPS encompasses the ubiquitination of
selected substrates followed by the proteasomal degradation of the modified proteins.
Ubiquitin ligases, or E3s, are central to the UPS as they govern specificity and facilitate
the attachment of one or more ubiquitin molecules to the substrate protein. From recent
studies, the UPS has emerged as an important regulator of the uptake and translocation
of essential macronutrients and micronutrients. In this review, we discuss select E3s that
are involved in regulating nutrient uptake and responses to stress conditions, including
limited or excess levels of nitrogen, phosphorus, iron, and copper.

Keywords: ubiquitination, 26S proteasome, ubiquitin ligase, protein degradation,
abiotic stress, nutrient stress, nutrient uptake

IMPACT OF ENVIRONMENTAL FACTORS ON NUTRIENT ACQUISITION

Plants must cope with external factors that impact the uptake of nutrients, which are
essential for growth, development, and yield. Climate change poses additional challenges to
the availability and acquisition of nutrients, further impacting plant health. According to the
Intergovernmental Panel on Climate Change (IPCC), global temperature is projected to
increase 1.0°C (highest mitigation efforts) to 5.7°C (lowest mitigation efforts) by the end of
this century (IPCC, 2021). With climate change, extreme weather events occur more
frequently, and the duration and timing of these events become more erratic. High
temperatures contribute to drought conditions in many habitats (Mimura, 2013). Increased
water vapor in the atmosphere from high temperatures contributes to flooding (Sun et al,,
2007; O'Gorman and Schneider, 2009). Rapid warming of the arctic and atmospheric
pressure changes cause disruptions to the polar vortex, leading to irregular
temperature/weather patterns and colder climates in ecosystems that are not acclimated to
low temperatures (Cohen et al., 2020; Overland, 2021). In addition to directly affecting plant
health, these climatic shifts affect growth via the alteration of soil properties such as pH,
which, among other issues, impacts the acquisition of nutrients.

Soil temperature and moisture are two important determinants in the availability and

uptake of nutrients. Temperature extremes impact nutrient acquisition by influencing root
growth, soil microbial diversity, diffusion of nutrients across the soil, and the level of
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nutrients available for uptake (Baon et al., 1994; Pregitzer and King, 2005; Yan et al., 2013;
Gelybo et al, 2018; Maharajan et al., 2021). For example, low temperatures reduce
phosphorus (P) uptake in corn (Zea mays; Mackay and Barber, 1984; McCallister et al., 1997;
Maharajan et al., 2021). Similarly, elevated temperature has been shown to decrease P
uptake in wheat (Triticum aestivum; Kumar et al., 2012; Maharajan et al., 2021). Elevated
temperatures and heavy rain caused by climate change has made P deficiency one of the
leading restrictive factors for crop growth (Lopez-Arredondo et al., 2014). Root colonization
by arbuscular mycorrhizal fungi such as Glomus mosseae has been shown to promote uptake
of nutrients including P in barley (Hordeum vulgare) and zinc (Zn) in red clover (Trifolium
pratense; Baon et al., 1994; Chen et al,, 2003; Wu and Zou, 2010). Low temperate has been
shown to reduce mycorrhizal formation limiting the beneficial effects of the fungus on
nutrient uptake (Baon et al., 1994; Wu and Zou, 2010). High temperatures contribute to dry
soil conditions, which reduces the rate of nutrient diffusion from the rhizosphere to the
absorbing surface of the roots (Pregitzer and King, 2005).

Soil salinity is one of the major abiotic factors limiting crop production. Plants grown under
high salinity conditions display reduced content and uptake of essential nutrients including
P, Zn, nitrogen (N), potassium (K), calcium (Ca), and iron (Fe; Brown et al., 2006; Bano and
Fatima, 2009; Etesami and Noori, 2019). Water logging increases soil leaching resulting in
loss of nutrient cations and salts, as well as higher soil acidification (Karmakar et al., 2016;
Gelybo et al,, 2018). Erosion caused by heavy rainfall also depletes soil nutrients (Yao et al.,
2021). Plants have an optimal soil pH range for maximum growth, and pH above or below
this range has been shown to influence nutrient uptake and content (Islam et al., 1980;
Haynes and Swift, 1986; Neina, 2019). Blueberry (Vaccinium spp.) grown in soil with pH
above optimal (4.0-5.5) had reduced micronutrient (copper [Cu], manganese [Mn], Zn, and
Fe), and macronutrient (magnesium [Mg], K, P, Ca) content in leaves (Jiang et al.,, 2017). Soil
pH is also a major determinant of the level of nutrients available for use by plants. For
example, Zn and Cu are more readily available in acidic soils (Kabata-Pendias, 2004).
Nutritional status is not only essential to plant health but is also important for coping with
adverse environments as the detrimental effects of abiotic stresses may be minimized by
optimizing nutrition, which influences water circulation, photosynthesis, and other
physiological processes (Ahanger and Ahmad, 2019).

Climate change, in addition to the increasing global population, puts immense pressure on
agricultural productivity, increasing the urgency for understanding the molecular basis for
plant response to abiotic stresses. Plants rely heavily on regulatory mechanisms such as the
ubiquitin proteasome system (UPS) to maintain cellular homeostasis and continued growth
under adverse conditions. The UPS is used to regulate the function of proteins involved in
generating the cellular changes required to respond to the changing environment and
mitigate the negative impact of stress (Miricescu et al., 2018; Stone, 2019). This review will
discuss the role of the UPS in facilitating nutrient uptake, as well as various components of
the UPS which have known or predicted roles in responding to nutrient stress.

THE UBIQUITIN PROTEASOME SYSTEM
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The UPS involves the ubiquitination of a selected substrate followed by proteasomal
degradation of the modified protein (Figure 1A). Ubiquitination is the covalent attachment
of ubiquitin (Ub), a small, highly conserved protein, to substrates. The conjugation process
requires the sequential actions of three types of enzymes: ubiquitin activating enzyme (E1),
ubiquitin conjugating enzyme (E2), and ubiquitin ligase (E3). Degradation of the
ubiquitinated protein is accomplished by the 26S proteasome, a large multi-catalytic multi-
subunit complex. The system allows plants to efficiently regulate almost every aspect of
cellular function via the degradation of numerous proteins including enzymes, transporters,
ion channels, signaling proteins (e.g., kinases and receptors), and transcription regulators
(e.g., transcription factors, co-activators, and repressors; Trujillo and Shirasu, 2010;
Sadanandom et al.,, 2012; Adams and Spoel, 2018; Stone, 2019). In response to external
stimuli, ubiquitination can be promoted or inhibited leading to increased degradation or
stabilization of a substrate protein, respectively. These changes in protein abundance may
facilitate or prohibit cellular responses.

The E1 initiates the enzymatic cascade, creating a thioester bond between the active site
cysteine and the C-terminal glycine residue of Ub in an ATP-dependent reaction (Figure 1A).
Ubiquitin is then transferred from the E1 to the active site cysteine of the E2, forming a
thioester linked E2-Ub intermediate. The E3 mediates transfer of Ub from the E2 to the
substrate, via the formation of an isopeptide bond between the Ub C-terminal carboxyl group
and the amino group of a residue on the substrate, typically a lysine side chain. Substrate
specificity is attributed to a large and diverse collection of E3s. For example, the Arabidopsis
thaliana (Arabidopsis) genome is estimated to encode for over 1,500 single subunit E3s or
components of E3 complexes (Vierstra, 2012). Single subunit ubiquitin ligases include
enzymes that utilize a Really Interesting New Gene (RING), Homologous to E6AP C-Terminus
(HECT), or U-box domain to interact with the E2-Ub intermediate (Figure 1B). Complex E3s
such as the Cullin (Cul)-RING ubiquitin ligases (CRLs) consists of a scaffold Cul protein
interacting with a substrate- recognition component, with or without an adaptor subunit,
and an E2-binding RING-Box (Rbx) protein (Figure 1B). Except for the single subunit HECT-
type and RING-in-between-RING (RBR)-type E3s that accept Ub from the E2, ubiquitin
ligases facilitate the transfer of Ub from the E2 directly to the substrate (Figure 1B). The
pervasiveness of ubiquitin-dependent regulation is due in part to a single E3 regulating the
abundance of multiple substrates. Additionally, depending on the environment, multiple E3s
may target a particular substrate for ubiquitination.

The conjugation cascade can result in monoubiquitination (attachment of one Ub), multi-
monoubiquitination (attachment of a single Ub to two or more sites), or polyubiquitination
(attachment of a polyubiquitin chain) of the substrate (Figure 1A). There is a degree of
structural plasticity in polyubiquitination due to flexibility of chain conformations caused by
the different linkages used to generate Ub chains. Ub-Ub linkages can be created using eight
different attachment sites, including seven lysine residues (6,11, 27, 29, 33, 48, and 63) and
the N-terminal methionine of ubiquitin (Dittmar and Winklhofer, 2020). The different chain
configurations influence the fate of the modified substrate. For example, a chain created
using 63-lysine is linked to non-proteasomal outcomes such as endocytosis, while a chain
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FIGURE 1 | (A) A simplified outline of the ubiquitin proteasome system. The E1, E2, and E3
enzymes facilitate attachment of one or more ubiquitin (Ub) molecules to the target substate.
Ubiquitination of the target occurs through transfer of Ub from the E2 to the E3 active cysteine
prior to attachment to the substrate (i) or direct transfer of Ub to the substrate (ii). The
conjugation cascade results in the monoubiquitination (one Ub at one site), multi-
monoubiquitination (multiple Ubs at different sites), or polyubiquitination (multiple Ubs forming
a chain) of the substrate. Polyubiquitinated substrates are recognized and degraded by the 26S
proteasome. Ub is removed from the substrate and recycled. (B) Schematics representation of
different E3 types. E3s utilize a RING (Really Interesting New gene), HECT (Homologous to E6GAP
C-terminus), or U-box domain to interact with the E2. Single subunit HECT and RING-in-between-
RING (RBR) type E3s accept the Ub from the E2. Complex E3 Cullin (Cul)-RING ubiquitin ligases
(CRLs) utilize different subunits to interact with the E2 and substrate.

generated using 48-lysine serves as a signal for degradation by the 26S proteasome
(Thrower et al.,, 2000; Varadan et al., 2002; Duncan et al., 2006). The attachment of Ub is
reversible via the actions of deubiquitylating enzymes (DUBs) that act as alternate regulators
of ubiquitination, which cleave the isopeptide bond between Ub molecules to shorten chains
and remove ubiquitin from substrate proteins (Komander, 2010). The best- known function
of ubiquitination is targeting proteins to the 26S proteasome for degradation (Figure 1A).

The 26S proteasome is a compartmentalized complex composed of a hollow cylindrical 20S
Core Particle (CP), which is capped at one or both ends by a 19S Regulatory Particle (RP;

135



Figure 1A; Bard et al,, 2018). The CP consists of four stacked heptameric rings with protease
activities found on the 3 subunits of the two inner rings. The RP recognizes and removes the
ubiquitin/ ubiquitin chain from the substrate, unfolds, and directs the protein into the
chamber of the CP for proteolysis. The removed ubiquitin molecules are recycled and the
26S proteasome expels the resulting peptides.

THE UPS AND NUTRIENT STRESS

The UPS is an important regulator of plant responses to abiotic stresses such as drought,
heat, and salinity (Stone, 2019; Melo et al., 2021). The expression of genes that encode for
components of the UPS are induced by abiotic stresses and mutations that hinder activity of
ubiquitin enzymes or the proteasome have been shown to alter stress tolerance (Wang et al,,
2009, 2019; Sun et al,, 2020). Ubiquitin-dependent proteolysis is an important regulator of
the acquisition of nutrients from the rhizosphere. Failure to properly regulate nutrient
uptake is detrimental to growth and development, increases susceptibility to diseases, and
reduces abiotic stress tolerance (Huber et al.,, 2012; Ahanger and Ahmad, 2019). The UPS is
intricately involved in regulating nutrient acquisition via modulating the abundance of
transcriptional regulators that control the expression of nutrient-responsive genes,
components of nutrient signaling pathways, specialized channels, and transporters that
uptake and translocate nutrients (Table 1). Factors such as nutrient deficiency may increase
the ubiquitin- dependent degradation of a transcriptional repressor to promote the
expression of nutrient stress-responsive genes or decrease the turnover of a membrane-
bound transporter to enhance uptake. Alternatively, the UPS may promote the degradation
of transcriptional activators and transporter proteins to attenuate the uptake of nutrients.
Here, we describe some of the available evidence to illustrate the essential regulatory role of
the UPS in the acquisition of macronutrients: N, P, and K; and micronutrients: Fe, Cu, and
boron (B; Table 1).
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Macronutrients

Primary macronutrients (e.g., N and P) are required in large amounts relative to secondary
macronutrients (e.g., Ca and Mg) and essential micronutrients.

Nitrogen: N is a major component of amino acids, nucleotides, and chlorophyll. Low N
availability limits growth, development, and yield. Plants uptake inorganic forms of N as

nitrate (NO37) and ammonium (H4N*). Soil amino acids serve as an organic N form (Zhang

etal., 2020). Arabidopsis has four families of nitrate transporters including the NRT1 family,
which are predominantly low-affinity transporters involved in the sensing, uptake, and

translocation of NO3™ (Tsay et al,, 2007). The RING- type E3 Nitrogen Limitation Adaptation
(NLA) is as a major component in the molecular machinery that regulates N deficiency
response (Pengetal, 2007; Kantetal, 2011; Liuetal.,, 2017; Figure 2A). Under N deficiency,
nla mutants display premature senescence indicating hypersensitivity to the stress (Peng et
al,, 2007). NLA, which is predominantly localized to the plasma membrane, mediates the
ubiquitin-dependent degradation of NRT1.7 (Liu et al,, 2017; Hannam et al., 2018; Figure
2A). The phloem expressed NRT1.7 is involved in source-to-sink remobilization of nitrate

(Fan et al., 2009). nrt1.7 mutants exhibited abnormally high levels of NO3™ in senescent
leaves, suggesting NRT1.7 is an important facilitator of phloem loading to remobilize nitrate.
NLA levels decrease during exposure to N limiting conditions, allowing for the increase in
NRT1.7 abundance, which promotes N mobilization (Liu et al., 2017). In rice (Oryza sativa),
the RING-type E3 NRT1.1B interacting protein 1 (OsNBIP1) targets the repressor protein
SPX4 (named after Saccharomyces cerevisiae SYG1 and PHO81 and mammalian XPR1 [SPX]
domain-containing proteins) for proteasomal degradation, which alleviates inhibition of
transcription factor NLP3 to promote expression of N-responsive genes (Figure 2A) (Hu et
al., 2019). The perception of nitrate by the transreceptor OsNRT1.1B is suggested to recruit
OsNBIP1, which then ubiquitinates SPX4 (Figure 2A). The RING-type E3s, Arabidopsis
toxicos en levadura (ATL) 6 and ATL31, were identified as negative regulators of the
response to changes in the balance of available carbon (C) to N during seedling growth (Sato
et al, 2009 and 2011). The strict coordination of C to N levels (termed the C/N response) is
critical to seedling success, inhibiting post- germinative growth under high C/low N stress
conditions (Sato et al., 2009). The C/N response is also vital to ecosystem success, as an ideal
C/N ratio in plants is necessary to optimize CO2 utilization (Zheng, 2009). The 14-3-3
protein, 14-3-3y, accumulates in response to C/N stress and promotes early seedling growth
arrest (Sato et al., 2011). Under high C/low N conditions, phosphorylation stabilizes ATL31,
which interacts
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FIGURE 2 | Simplified representation of the role of select E3s from Arabidopsis and Oryza Sativa
(rice) in regulating nutrient uptake. (A) Under high N, the E3 NLA mediate ubiquitin-dependent
degradation of NRT1.7 nitrate transporter to avoid N overaccumulation. The transreceptor
NRT1.1B recruits the E3 NBIP1, which ubiquitinates SPX4 allowing the transcription factor NLP3
to enter the nucleus and promote expression of N-responsive genes. (B) Under Pi replete
conditions, E3 NLA ubiquitinates PHT1 inorganic phosphate transporters facilitating degradation
by the 26S proteasome to reduce uptake and prevent Pi overaccumulation. Under P limiting
stress conditions, E3s SDEL1 and SDEL2 mediate the degradation of SPX4, which allows the
transcription factor PHR1/2 to activate the expression of PS/ genes such as PHT1. Also, the E3
PRU1 mediates degradation of the repressor WRKY6, which relives inhibition of PHO1
transcription. Increase in PHO1 transporter abundance promotes loading of Pi into the root
xylem.

with and mediates the proteasome-dependent degradation of 14-3-3y to attenuate the
nutrient stress response (Yasuda et al, 2014 and 2017). Calcineurin B-Like (CBL)-

Interacting Protein Kinase 14 (CIPK14), which is activated in a Ca2+-dependent manner via
its association with CBL8, mediates phosphorylation of ATL31 under high C/low N stress,

suggesting the involvement of Ca2+ signaling in the C/N response (Yasuda, 2017).

Phosphorus: P is a key component of macromolecules, and it plays a fundamental role in
photosynthesis, metabolism of nitrogen, carbohydrates, and fat (Lopez-Arredondo et al,,
2014). Regulating the abundance of phosphate transporters is important as low P levels
significantly reduce root growth and net photosynthesis, and high levels of the transporters
cause toxic P accumulation in cells. For Arabidopsis, four families of Phosphate Transporters
(PHTs), PHT1-PHT4, are involved in the intracellular transport and uptake of inorganic
phosphate (Pi) from soil (Mtodzinska and Zboinska, 2016). Of the nine PHT1 members,
plasma membrane-localized PHT1;1, PHT1;2, PHT1;3 and PHT1;4 are primarily involved in
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the acquisition of Pi (Shin et al., 2004; Ayadi et al,, 2015). A family of Phosphate Starvation
Response (PHR) transcription factors regulate the expression of Pi-starvation- induced (PSI)
genes including PHT1s (Bustos et al., 2010). In rice, OsSPX4 interacts with OsPHR2 under Pi-
replete conditions, inhibiting transcriptional activity (Lv et al., 2014; Figure 2B). The RING-
type ubiquitin ligases, SPX4 degradation E3 ligases 1 (SDEL1) and SDELZ2, accumulate under
Pi-deficiency and mediate the ubiquitin-dependent proteasomal degradation of the
repressor, which would allow OsPHR2 to enter the nucleus and promote expression of PSI
genes (Ruan et al,, 2019; Figure 2B).

Nitrate-induced degradation of SPX4, mediated by the E3 OsNBIP1, also contributes to the
activation of OsPHR2 and expression of PSI genes (Hu et al., 2019). The E3 NLA is an
important regulator of phosphate homeostasis, modulating the abundance of PHT1s at the
plasma membrane (Kantetal., 2011; Lin etal., 2013). Under phosphate sufficient conditions,
loss of NLA function results in accumulation of PHT1s and increased Pi content causing
toxicity. NLA, along with the E2 Phosphate 2 (PHO2 [or UBC24]), has been shown to mediate
the ubiquitin-dependent proteasomal degradation of PHT1;4 to suppress Pi uptake under
high phosphate conditions (Liu et al., 2012; Lin et al., 2013; Park et al.,, 2014; Figure 2B).
NLA and PHOZ2 levels are kept low via the action of Pi starvation- induced microRNAs,
allowing for the accumulation of phosphate transporters and increase Pi uptake (Bari et al.,
2006; Kant et al.,, 2011; Lin et al, 2013). The increase in microRNAs under Pi-deficient
conditions requires the transcription factor PHR1 (Bari et al., 2006). P homeostasis is also
controlled via the activity of Phosphate Response Ubiquitin E3 Ligase 1 (PRU1), which
promotes the ubiquitin-dependent degradation of WRKY®, a transcription factor known to
inhibit transcription of Phosphate 1 (PHO1; Chen et al., 2009; Lin et al., 2013; Ye et al,, 2018;
Figure 2B). PHO1 is expressed under P deficiency and is involved in the translocation of
phosphorus from root-to-shoot (Hamburger et al,, 2002). PRU1 is a F-box protein, which
function as the substrate-binding component for CRL E3 complexes (Ye et al., 2018). PRU1
promotes the proteasomal degradation of WRKY6 under low P stress to increase the
abundance of PHO1, promoting the movement of the nutrient into root xylem (Figure 2B).

Potassium: K is an activator of many enzymes involved in protein synthesis, sugar transport,
and metabolism of N and C (Trankner et al.,, 2018). K also plays a key role in gas exchange
and transpiration as optimal K levels are essential for stomatal opening and closing (Andrés
et al,, 2014). Maintaining K homeostasis is critical, as excess K negatively affects the uptake
of other nutrients including N, Ca, and Mg (Trankner et al., 2018). Plants uptake potassium

ions (K*) via Shaker-like K* channels, such as AKT1, and K* transporters including AtHAK5
(Gierth et al., 2005; Rubio et al., 2008; Pyo et al., 2010). Under K*replete conditions, uptake

is dominated by ATK1 and other low-affinity K* uptake mechanisms (Rubio et al., 2010). K*
deficiency induces the expression of AtHAKS, a high-affinity transporter essential for uptake
under limiting conditions (Ahn et al., 2004; Gierth et al,, 2005; Pyo et al,, 2010). The extent
to which ubiquitin-mediated processes are involved mediating K uptake is unclear. Salt
stress induces the expression of Suppressor of K* transport Growth Defect 1 (SKD1), an
AAA-type ATPase, which facilitates K* transport to maintain Nat/K* homeostasis (Ho et al.,
2010). Studies using the halophyte ice plant Mesembryanthemum crystallinum found that the
SKD1 is ubiquitinated by the RING-type E3 Copine 1 (CPN1; Chiang et al., 2013). Under high
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salt stress, SKD1 relocates from the cytosol to the plasma membrane where it interacts with
CPN1 (Chiang etal., 2013; Jou et al., 2013).

Micronutrients

Plants require very small quantities of micronutrients; but extremely low levels will cause
deficiencies, and excess nutrient levels are toxic. Therefore, maintaining optimal levels of
these nutrients are critical for plant success.

Iron: Fe is necessary for chlorophyll biosynthesis, N fixation, DNA replication and repair, and
the electron transport chain (Pushnik et al., 2008; Zhang, 2014). Excess Fe inhibits root
growth, impacting the uptake of other nutrients, a problem increased by anaerobic and acidic
soil conditions (Becker and Asch, 2005). Under Fe deficient conditions, expression of Iron-

regulated Transporter 1 (IRT1) is upregulated in roots to promote the uptake of Fe2* from
the rhizosphere (Vert et al.,, 2002). IRT1 forms a plasma membrane-localized complex with

H*-ATPase2 (AHA2), which mediates the extrusion of protons to acidify the rhizosphere and

solubilize iron, and Ferric Chelate Reductase 2 (FRO2) that reduces Fe3* to Fe2* for import
(Connolly et al, 2003; Santi and Schmidt, 2009; Martin-Barranco et al., 2020). IRT1
transports other essential cations, including Zn, Mn, cadmium (Cd), and cobalt (Co; Vert et
al., 2002). The iron transporter is ubiquitinated at the plasma membrane by the RING-type
E3 IRT1 Degradation Factor 1 (IDF1), which is suggested to promote endocytosis leading to
vacuolar degradation as well as turnover by the proteasome (Barberon et al.,, 2011; Shin et
al., 2013; Dubeaux et al., 2018). Increasing concentrations of non-iron metals, such as Zn, Mn,
and Co, promotes the monoubiquitination of IRT1 followed by IDF1- mediated
polyubiquitination using 63-lysine linkages to generate the chain (Barberon et al., 2011;
Dubeaux et al.,, 2018). Both modifications, monoubiquitination and polyubiquitination,
decrease the levels of IRTI in the plasma membrane by promoting internalization and
degradation in the vacuole. The switch to IDF1-mediated ubiquitination, in response to
excess non-iron metals, is triggered by CIPK23-depedent phosphorylation of IRT1 (Dubeaux
et al,, 2018). AHA2 and FROZ2Z are also ubiquitinated; however, the modification is not
induced by non-iron metals and does not promote internalization and degradation but is
suggested to regulate enzyme function (Martin-Barranco et al, 2020). FER-like Iron
Deficiency-induced Transcription Factor (FIT) is a key regulator among a group of basic
helix-loop-helix (bHLH) transcription factors that control the expression of IRTI and other
Fe-deficiency responsive genes (Cohen et al., 2004; Mai et al., 2016). Fe deficiency triggers a
cascade of bHLH regulators that culminates in the expression and activation of FIT, which
then promotes the transcription of genes involved in the mobilization and uptake of iron.
Two bHLH transcription factors, bBHLH105 and bHLH115, are ubiquitinated and targeted for
proteasomal degradation by the RING-type E3 BRUTUS (BTS), which prohibits activation of
the Fe-deficiency response in the absence of stress (Selote et al., 2015). Iron Mans (IMAs) are
a family of peptides that bind to BTS under Fe-deficiency and disrupt the interaction with
bHLH105 and bHLH115, allowing the transcription factors to accumulate and promote the
stress response (Grillet et al., 2018; Li et al.,, 2021). BTS belongs to a family of hemerythrin-
containing RING-type E3s, which include BRUTUS-LIKE1 (BTSL1) and BTSL2 and are similar
to O. sativa Hemerythrin motif-containing RING- and Zinc- finger protein 1 (OsHRZ1) and
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OsHRZ2 (Kobayashi et al., 2013; Rodriguez-Celma et al., 2019). BTSL1 and BTSL2 regulate
FIT abundance via proteasome-dependent degradation (Rodriguez-Celma et al., 2019). BTS,
OsHRZ1, and OsHRZ2 have been shown to bind Fe and Zn, suggesting that the E3s function
as metal sensors as well as negative regulators of the Fe-deficiency response (Kobayashi et
al.,, 2013; Selote et al., 2015; Rodriguez-Celma et al,, 2019). OsHRZ1 and OsHRZ2 are also
required for limiting metal uptake under excess iron stress, further suggesting a role for the
E3siniron sensing (Aung etal.,, 2018). The RING-type E3s Ring Domain Ligase1l (RGLG1) and
RGLG2 are also involved in regulating responses to iron limiting condition; however,
substrates are not known (Pan et al., 2015).

Copper: Regulation of Cu uptake is critical because it is a key component in numerous
enzymatic activities and photosynthetic processes, and high concentrations are toxic to cells
(Kumar et al., 2021). In Arabidopsis, Cu uptake is achieved by a family of five high-affinity
transporters, Copper Transporter (COPT)1, COPT2, COPT3, COPTS5, and COPT6 (Sancendn et
al., 2003 and 2004; Jung et al,, 2012). Although COPT1, COPTZ, and COPT6 are plasma
membrane localized they interact with two closely related ER-localized proteins, Ubiquitin-
associated Domain-containing Protein 2a (UBAC2a) and UBAC2b (Li et al., 2021). UBACZ
mutants accumulate less COPT1, COP2, and COPT6 proteins, display reduced Cu root content,
and increased sensitivity to Cu deficiency stress. COPT1 protein levels in ubacZa/b increase
following inhibition of proteasome activity, suggesting regulation by the UPS. UBAC2a/b is
suggested to interact with the newly synthesized COPT1 to prohibit degradation of the Cu
transporter. The E3 that regulates COPT1 protein abundance is unknown.

Boron: B is required for synthesizing and maintaining structural integrity of cell walls and
pollen viability (Camacho- Cristobal et al., 2008). Insufficient or excess levels of boron are
detrimental to crop yield and quality. Under B sufficient levels, passive transport through the
cell membrane is the dominant uptake mechanism (Cervilla et al., 2009). In Arabidopsis, the
uptake of B as boric acid under nutrient limiting conditions is dependent on boric acid
channel protein Nodulin 26-like Intrinsic Protein5;1 (NIP5;1; Takano et al., 2006). Under B-
deficiency, the boron transporter BOR1 is involved in xylem loading and translocation of B
from root- to-shoot in Arabidopsis and rice (Takano et al,, 2002; Nakagawa et al., 2007).
Boron-induced ubiquitination of BOR1 does not target the transporter to the proteasome but
promote endocytosis and vacuolar degradation (Kasai et al., 2011). High boron levels are
suggested to induce a conformational change in BOR1 that triggers the attachment of a 63-
lysine linked polyubiquitin chain at a previously inaccessible lysine on the C-terminal tail of
the transporter (Yoshinari et al.,, 2021). The E3 responsible for BOR1 polyubiquitination is
not yet identified.

CONCLUSION

Knowledge of ubiquitin-mediated processes involved in maintaining the homeostasis of
nutrients such as iron and nitrogen is well established. The UPS regulates the presence of
transporters at the plasma membrane that uptake nutrients from the rhizosphere, the
abundance of transporters that translocate nutrients from the root to above ground organs.
The UPS also modulates the levels of regulators that control transcription of genes involved
in nutrient homeostasis. However, our understanding of how the UPS functions to regulate
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the uptake of most nutrients, such as boron, zinc, and copper, is very limited. As research
progresses the extent of ubiquitin-mediated regulation in sensing, uptake and translocations
of nutrients will undoubtedly become more apparent. This may also lead to a better
understanding of the mechanisms that regulate ubiquitin ligase activity and substrate
engagement under different levels of nutrient availability. Considering climate change, more
detailed knowledge of the role of ubiquitination in nutrient acquisition may assist with
understanding how optimal nutrient status can be maintained to ameliorate the negative
impact of abiotic and biotic stresses on growth and yeild.
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