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Abstract

Clubroot disease caused by the obligate biotrophic protist Plasmodiophora brassicae, is a
serious soilborne disease in Brassicaceae species including cruciferous crops such as canola and
the genetic model species Arabidopsis. This disease, identified by the formation of sizable root
galls, is accompanied by alterations in the plant's source-sink relations and hormonal balance,
leading to stunting of above-ground growth and reduction in yields in crop plants. The plant
hormone auxin is believed to be among the hormones utilized by the clubroot pathogen in gall
development; therefore, it may be possible to suppress gall development due to P. brassicae by
modulating auxin signaling in the plant host. In this study, Arabidopsis auxin receptor double
mutant (tirlafb2) and quadruple mutant (¢tir/afb245) lines were assessed for their ability to
suppress clubroot disease progression. The WT line displayed the most significant disease
symptoms when inoculated with P. brassicae [Disease Index (DI) = 90.3 %], with the auxin
receptor mutants exhibiting less severe disease symptoms [tir/afb2, D1 = 67.7 %; tirlafb245, DI
=45.0 % at 32 days after inoculation (DAI)]. Less severe clubroot disease symptoms were also
observed in all three separately generated tir/afb2 double mutant lines compared to the WT line,
further confirming a reduction in clubroot progression in the tir/afb2 lines. Additional
confirmation that reduced auxin response was associated with reduced clubroot disease
progression was obtained by measuring the fresh weights of the root-shoot transition region
among the lines tested. Root-shoot transition region fresh weights were less (reduced galling) in
the auxin receptor mutant lines than the WT line.

The transcript abundance of auxin-response gene expression markers, AtARF3, AtARF19,
AtGH3.3 and AtGH3.17, decreased with lost of auxin response (WT> tirlafb2C >tirlafb245) at

21 DALI, confirming reduced auxin signaling in the auxin receptor mutant lines when inoculated



with P. brassicae. The transcript abundance of 4tPR5, a defense gene marker, was higher in the
tirlafb2C and tirlafb245 lines compared to their non-inoculated controls at 21 DAI with P,
brassicae, but not in the WT line, suggesting that plant defense genes are stimulated in the auxin
receptor mutant lines when challenged with P. brassicae infection.

Another possible approach to modify auxin response in the root is to transform Arabidopsis
with an auxin receptor that does not naturally occur in this species. Using this approach, auxin
receptor mutants expressing PsAFB6, which codes for a pea (Pisum sativum) auxin receptor that
does not occur in Brassicaceae species including Arabidopsis, were also assessed for their ability
to suppress clubroot disease progression. When PsAFB6 was expressed in auxin receptor
tirlafb2 and tirlafb245 mutant backgrounds, there was a trend to reduce P. brassicae-induced
disease development. In clubroot inoculated plants, expression of PsAFB6 in the tirlafb2 auxin
receptor mutant background decreased the transcript abundance of the Aux/IAA4 genes (AtIAA9,
AtIAA16, and AtIAA19), ARF genes (AtARF3, AtARF'5, and AtARF'19), and GH3 genes (AtGH3.3
and AtGH3.17) (Figure 3.21), suggesting that expression of PsAFB6 reduced auxin response in
this line, consistent with results of the auxin-inhibition root growth assays. In summary,
reduction in auxin response reduced the progression of clubroot symptoms in Arabidopsis,

supporting the hypothesis that auxin is utilized by the clubroot pathogen in gall development.
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Chapter 1: Literature review

1.1 CLUBROOT DISEASE IN BRASSICA

The clubroot disease in Brassicaceae is caused by the obligate biotrophic protist
Plasmodiophora brassicae Woronin. It is wide spread throughout the world wherever Brassica
crops are grown and can cause 30 %-100 % of yield loss and declines of 4.7 %—6.1 % in oil
content for canola (Hwang et al., 2012). However, as a non-axenic, microscopic, single-celled,
soilborne microbe, the study and the control of the pathogen was greatly hampered. Recently, the
release of the whole genome sequence of the pathogen indicates that the study of the pathogen
has reached into the genomics era (Rolfe et al., 2016; Schwelm et al., 2016; Daval et al., 2019).
‘Omic’ approaches such as genomics, proteomics, transcriptomics and metabolomics analyses
hold promise to greatly improve the understanding of the mechanisms of P. brassicae
pathogenesis and lead to the development of novel sources of resistance and other control
measures. In this part of the review, clubroot disease will be generally introduced, including the
study on the current progress of life cycle, host range, disease symptoms, and disease

management strategies.

1.1.1 P. brassicae life cycle

Since the clubroot pathogen cannot be cultivated outside its host, there are still some
aspects of its life cycle that are not completely understood. Generally, the P. brassicae life cycle
is divided into three stages: survival in the soil as resting spores, root hair infection and cortical
infection (Kageyama and Asano, 2009). Some researchers combined the first two stages and
divide the life cycle into two main phases: (i) the primary infection and (ii) the secondary
infection (Dixon, 2006; Javed et al., 2023; Figure 1.1). Regardless of the classification, the life
cycle starts with the resting spores. The resting spores are extremely robust, well-protected, and
long-lived, and remain viable under different environmental conditions (Zahr et al., 2021). The
mechanism that stimulates the germination of resting spores remains unknown. Studies suggest
that the release of calcium ions and the changes in soil microbiome can influence the
germination of immature young spores (Yano et al., 1991; Kageyama and Asano, 2009; Wang et

al., 2023). Host or nonhost root exudates can also trigger its germination (Dixon, 2006; Dixon,



2009a). After germination, an oval-shaped, biflagellate primary zoospore is released and it
moves through the soil moisture films until it reaches the surfaces of roots. By penetrating the
cell wall of root hairs or epidermal cells, the primary infection phase or root hair infection stage
officially starts (Liu et al., 2020). Then the zoospores grow into an uninucleate primary
plasmodium, followed by a multinucleate plasmodium and finally cleaving into zoosporangia.
Each zoosporangium contains 4-16 secondary zoospores which are released into the lumen of
root hairs or epidermal cells or soil (Hwang et al., 2012; Javed et al., 2023). The secondary
zoospores performed a conjugation in the root epidermal cell and formed a diploid uninucleate
zygote, resulting in the initiating of the secondary infection phase or cortical infection stage. The
invasion of the cortical tissue led to the formation of a uninucleate secondary plasmodium and
finally a multinucleate secondary plasmodium. At this stage, cellular hypertrophy and
hyperplasia cause abnormal gall formation on the host roots, which is a typical disease symptom
that causes severe yield and quality loss (Gahatraj et al., 2019). Finally, uninucleate resting
spores form from the secondary plasmodium and are released into the soil as the tissue
decomposes. As previously stated, some detailed processes of this life cycle are still not fully
understood including the relationship between primary and secondary infection process, the
karyogamy of secondary zoospores, how the secondary zoospores become resting spores, as well
as how the pathogen is restricted to the root and hypocotyl of the host plant (Ludwig-Miiller,
2022; Javed et al., 2023).
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Figure 1.1 The life cycle of Plasmodiophora brassicae. The life cycle of P. brassicae involves
two distinct stages: primary infection in the host's root hairs and epidermal cells (depicted in the
top panel in yellow) and secondary infection in the cortical tissues (represented in the bottom
panel in blue). Primary infection begins with the germination of resting spores forming primary
zoospores in the soil. These zoospores, after encysting, penetrate the host cell wall, resulting in
the formation of an uninucleate primary plasmodium within the root hairs. Then a multinucleate
zoosporangial plasmodium is generated, followed by the development of an uninucleate
zoosporangial cluster. Within each multinucleate zoosporangium, uninucleate secondary
zoospores are produced and released into the lumen of root hairs or epidermal cells. The cycle
concludes with the conjugation of two haploid uninucleate secondary zoospores in the root
epidermal cell, giving rise to a diploid uninucleate zygote. Secondary infection begins with the
formation of an uninucleate secondary plasmodium in the cortical cell, which progresses to a
binucleate and then a multinucleate secondary plasmodium. Finally, a haploid multinucleate
resting sporangial plasmodium is formed, from which haploid uninucleate resting spores are
generated by splitting. Figure from Javed et al. (2023), based on Liu et al. (2020), with

permission.

1.1.2 P. brassicae host range

There are approximately 350 genera and 3700 species in the Brassicaceae family
(Howard et al., 2010) and all are the potential host for P. brassicae. Within this family, both root
hair and cortical infection of the life cycle can be completed (Dixon, 2009b). Some studies found
that the root hair or epidermal cell infection can also occurs in non-cruciferous hosts such as
ryegrass (Lolium perenne), spinach (Spinacia oleracea) and spring cereals (Bhattacharya and
Dixon, 2010; Gahatraj et al., 2019). In addition, the germination of resting spores was reported
to be stimulate by non-host plant species including winter rye, leek, red clover, and perennial
ryegrass (Friberg et al., 2005; Hwang et al., 2015). Even though the primary or secondary
infection phase cannot be completed in these plant species, they can be used as bait or trap crops

for the practical management of clubroot disease (Javed et al., 2023).



1.1.3 P, brassicae host symptoms

The above-ground symptoms can be reduced aerial plant growth, flagging of leaves,
young leaves turning pale green and then yellow, premature seed ripening and production of
shriveled seeds, and wilting and stunting of the whole plant (Hwang et al., 2014). However,
these symptoms can be confused with water or nutrient deficiency or other diseases and only
above-ground symptoms are not sufficient to determine whether the plants are clubroot infected
or not. When infection is severe, club-shaped root galls can be seen after the plant is dug from
the soil.

The severity of the disease depends on many factors, including susceptibility of the host,
virulence and abundance of the pathogen, as well as environmental factors such as temperature,
soil pH, soil type, soil moisture (Dixon, 2009a; Gahatraj et al., 2019). It is easy to understand
that the more susceptible a host and more virulent a pathotype, the more likely severe disease
symptoms will develop. Temperature, soil pH, soil type, and soil moisture can also affect every
stage of clubroot development. Studies suggest that P. brassicae cortical infection optimally
occurs around 25°C (Sharma et al., 2011). Additionally, alkaline soil and a higher amount of soil
organic matter caused reduction in clubroot severity (Dixon, 2009a). Soil moisture is a dominant
environmental factor since it affects the germination of resting spores and the movement of
zoospores in the soil. Although infection can occur at low soil moisture, the most favorable soil

moisture for clubroot gall development is 60-70 % (Hamilton and Crete, 2010).

1.1.4 P. brassicae disease management

Clubroot disease is almost impossible to eradicate once a field gets infested. Therefore,
the prevention of P. brassicae tield infection is paramount. However, once a field gets infested,
the best management practice to reduce disease incidence and severity is to integrate individual
control measures into a management strategy. Available control measures including cultural
strategy, biological control, chemical control, and genetic resistance (Donald and Porter, 2009;
Strelkov et al., 2011). A summary of the most commonly used practices are as follows:
1.1.4.1 Cultural strategy

While clubroot zoospore motility is limited, pathogen spread over long distances occurs
through infected plant materials, transplant trays, farm machinery, tools and field equipment.

Therefore, to prevent the spread of resting spores to a pathogen-free field, sanitation of field



equipment and machinery that could be contaminated with clubroot-infested soil is an important
process for clubroot disease management (Howard et al., 2010). Another cultural strategy is crop
rotation which is an effective method to reduce the inoculum load of P. brassicae in the soil.
Studies suggest that at least 2 years of rotations with non-host crops can reduce resting spore
load in the field and facilitate obtaining maximum yield (Peng et al., 2014; Hwang et al., 2019).
Spore density of the pathogen can also be reduced by soil amendments. Changing soil pH to 7.0
or higher with lime-based products such as lime and wood ash is frequently used when the
inoculum levels are relatively low (Donald and Porter, 2009; Howard et al., 2010; Gahatraj et al.,
2019). In addition, the combination of lime with one or two soil amendments such as boron,
calcium nitrate, calcium cyanamide, metham sodium, and calcium carbonate has been identified
as a cost-effective cultural strategy for managing clubroot disease (Donald et al., 2006; Donald
and Porter, 2009).

As mentioned above, bait or decoy crops can stimulate the germination of resting spores
without being infected; therefore, they can be used as a reliable method to reduce inoculum
density in clubroot-infected fields. Moreover, disruption of the pathogens’ favorite
environmental conditions can prevent dissemination of the pathogen. Therefore, scheduling the
sowing date properly and improve drainage conditions can minimize the risk of disease build-up
(Javed et al., 2023).
1.1.4.2 Biological control

As an environmentally friendly tool to manage clubroot disease, the use of soil
microorganisms, also called biological agents or bio-fungicides, has caught attention of clubroot
researchers. Although the mechanisms of how these micro-organisms control clubroot spread
and promote plant growth remain largely unknown, Trichoderma spp., Bacillus spp.,
Pseudomonas spp., Acremonium alternatum, Heteroconium chaetospira, and Gliocladium
catenulatum, are the potential biological agents against clubroot (Donald and Porter, 2009;
Howard et al., 2010; Gahatraj et al., 2019; Javed et al., 2023).
1.1.4.3 Chemical control

Chemical application such as fungicides and fumigants has been part of clubroot
management strategies since 1980s (Doyle and Clancy, 1987). The commonly used synthetic
fungicides and fumigants such as fluazinam, cyazofamid, pentachloronitrobenzene, sodium

methyldithiocarbamate, carbendazim, mancozeb, azoxystrobin, and difenoconazole, are effective



in clubroot control (Donald and Porter, 2009; Kowata-Dresch and May-De Mio, 2012; Gahatraj
et al., 2019). However, the high cost for growers and the prohibition of using some of these
chemicals in some countries minimizes their use, and it is recommended to combine other
management strategies to control the clubroot disease.
1.1.4.4 Genetic resistance

Genetic resistance to clubroot can be the most effective and environmentally friendly
solution for the long-term management of the disease. It can vary from broad-spectrum
resistance to highly specific resistance, also called pathotype-specific resistance (Diederichsen
and Sacristan, 1996). To date, most clubroot-resistant Brassica crop cultivars are generally race
or pathotype-specific. When a cultivar with single-gene resistance is grown in a field with a
mixture of several pathotypes, a strong selection pressure for pathogen genotypes that are able to
overcome or breakdown this resistance is likely to occur (Diederichsen et al., 2009). This
breakdown phenomenon may occur, particularly in heavily infested fields, due to the short-term
continuous cropping following the introduction of clubroot-resistant (CR) cultivars (Leboldus et
al., 2012; Tanaka and Ito, 2013). This could potentially be attributed to the selective propagation
of pathogenic genotypes on the cultivars. Under the selection pressure of newly introduced CR
cultivars, less prominent pathogenic genotypes of P. brassicae, which are initially concealed
within the variable population structure on field-grown host plants, emerge and dominate
(Tanaka and Ito, 2013). A similar scenario was obtained under experimental conditions. Five
cycles of infection from a spore population or a single-spore isolate of the pathogen (SACANO3)
were performed on resistant, moderately resistant, and susceptible canola cultivars. An increase
in the disease index for both resistant and moderately resistant cultivars was observed after the
first cycle of inoculation with the single-spore isolate or the spore population of P. brassicae,
suggesting the ability of both single-spore isolates and populations of P. brassicae to rapidly
erode the resistance inherent in the two canola genotypes (Leboldus et al., 2012).

Therefore, identification and functional characterization of broad-spectrum resistance to
clubroot in Brassica crops will be an important area of study for clubroot researchers. In
conclusion, successful control of clubroot disease requires integrated management strategies that

are cost-effective.



1.2 AUXIN IN PLANT-PATHOGEN INTERACTION

Plants and pathogens have interacted for growth and survival throughout their
evolutionary history. The plant growth hormone auxin is a master regulator of plant
developmental processes and it is also involved in plant-pathogen interactions (Kunkel and
Harper, 2018). In clubroot disease progression, plant-derived auxin is implicated in the cell
division and elongation process that leads to the hyperplasia and hypertrophy of infected roots
(Ludwig-Miiller et al., 2009). However, due to the complicated processes of auxin perception,
signaling, transport and crosstalk with other plant hormone networks, the role of auxin in plant-
pathogen interactions remains poorly understood, especially for the biotrophic pathogens like P
brassicae which acquire nutrients from the live host tissue.

Before discussing the role of auxin during plant-pathogen interactions, it is important to
review the current concepts of how the plant immune system recognize a harmful microbe. First,
pattern recognition receptors (PRRs), which are typically found on the plasma membrane of
cells, detect the presence of conserved microbial elicitors, also known as microbe/pathogen-
associated molecular patterns (M/PAMPs) (Jones and Dang, 2006). This initial recognition leads
to part of a basal resistance called PAMP-triggered immunity (PTI), which acts as a first barrier
to prevent the infection of non-host pathogens (Géhre and Robatzek, 2008).

However, PTI can be easily suppressed by virulent pathogens that can infect susceptible
hosts. To overcome PTI, virulent pathogens have developed specific effector molecules that can
penetrate the host cell. The effector molecules are subsequently recognized by resistance (R)-
gene products, which trigger a potent immune response known as effector-triggered immunity
(ETI) (Hammond-Kosack and Parker, 2003). ETI typically involves a local death program called
hypersensitive responce which helps limit pathogen invasion (Hammond-Kosack and Parker,
2003; Gohre and Robatzek, 2008). These two layers of immune systems are generally capable of
perceiving and restricting most of the invading pathogens and is known as basal resistance
(Jones and Dang, 2006). Basal resistance does not provide complete protection against
pathogens; instead, it limits their virulence. It can be described as a response triggered by
virulent pathogens in susceptible hosts, or as the remaining level of PTI (and weak ETI) in a
susceptible interaction, wherein various immune responses of PTI are suppressed by effectors

(Gohre and Robatzek, 2008).



Even with the immune barriers mediated by the host, virulent pathogens can still cause
infections in susceptible host plants and the host plant hormone auxin can be manipulate by
pathogens to propagate (Naseem et al., 2015). Pathogens can modulate auxin homeostasis,
biosynthesis, signaling, and transport in their plant host by secreting virulence factors. These
disturbances contribute to colonization events, allowing the pathogen to acquire the necessary
water and nutrients from the host to support its growth (Spaepen and Vanderleyden, 2011;
Naseem et al., 2015; Kunkel and Harper, 2018). For clubroot disease, it has been suggested that
P. brassicae stimulates the accumulation of IAA in the infected roots in a sink-dependent manner
(Ludwig-Miiller and Schuller, 2008; Ludwig-Miiller et al., 2009). It is proposed that the host
auxin biosynthetic pathways can be modulated by the pathogen, resulting in a re-direction of
water or nutrient flow towards the infected roots (Ludwig-Miiller et al., 2009). The de novo
biosynthesis of IAA in plants occurs via the tryptophan (Trp)-dependent pathway or by a Trp-
independent pathway, with most occurring through the Trp-dependent pathway (Zhao, 2012;
Zhao, 2014) (Figure 1.2). Trp-dependent IAA biosynthesis includes a series of enzymatic
reactions that convert tryptophan into IAA. The indole-3-pyruvic acid (IPA) pathway is the
major pathway in plants, and additionally the indole-3-acetaldoxime (IAOx) pathway occurs in
certain species including members of the Brassicaceae family. In the IPA pathway,
TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1) and TAAT1-
RELATED proteins (TARs) convert tryptophan into IPA, which is then converted into [AA by
enzymes from the YUCCA (YUC) family. The [AOx pathway involves the conversion of
tryptophan into IAOx by CYP79B2 and CYP79B3. IAOx, through a number of steps, is
metabolized to glucobrassicin which can be subsequently hydrolyzed by myrosinase and result
in the formation of indole-3-acetonitrile (IAN). Plant nitrilases have the ability to convert IAN
into IAA, while AMIDASE]1 (AMI1) facilitates the conversion of indole-3-acetamide (IAM)
into IAA (Bajguz and Piotrowska, 2009; Zhao, 2014; Malka and Cheng, 2017).

Several genes coding for key enzymes involved in either the IPA or IAOx pathway of
IA A biosynthesis and their enzyme activities were found to be differentially regulated during
clubroot formation. Nitrilase activity was increased in the roots of turnip (B. campestris L.) at 38
days after inoculation (DAI), when the level of IAA was also increased five-fold over healthy
roots, suggesting the elevated IAA concentration after P. brassicae infection was possibly due to

IAA synthesis via pathways involving nitrilase (Ugajin et al., 2003). Other studies also found



induced expression of genes encoding nitrilase at various stages of infection (14, 28, 35 DAI) in
A. thaliana and B. rapa (Siemens et al., 2006; Ishikawa et al., 2007; Robin et al., 2020). A
nitrilase (NI71) mutant (nit]) displays smaller root galls with fewer pathogen structures, along
with reduced free IAA levels in the clubbed roots of infected plants (Grsic-Rausch et al., 2000;
Neuhaus et al., 2000). These finds indicate that in general the increased production of IAA
through the nitrilase pathway likely influences gall formation during the later phase of infection.
Myrosinase activity was also up-regulated at 4 DAI in P. brassicae-infected A. thaliana roots
(Devos et al., 2006). Aldehyde oxidase (AO), which is involved in IAA biosynthesis through the
IAOx and TAM pathways, is presumed to be responsible for the conversion of indole-3-
acetaldehyde (IAAIld) to IAA. Rapid induction of Bn4A0O4 was observed in the roots of B. napus
at 3 DAI (Xu et al., 2016). In addition, the expression of BnFMOJ5, a member of the Yucca-
encoded flavin monooxygenase-like proteins (FMOs), was induced at 3—10 DAI in P. brassicae-
inoculated B. napus roots (Xu et al., 2016). These results suggest the involvement of these
enzymes in the early stages of clubroot infection.

An additional pathway for the biosynthesis of [AA is the hydrolysis of free IAA from
inactive conjugates. The reverse reaction from free IAA to auxin conjugates can be catalyzed by
the IAA amino acid conjugate synthetases (GH3) (Ludwig-Miiller et al., 2009). Several members
of the GH3 family involved in IAA-amino acid conjugate formation were significantly up-
regulated during clubroot infection, and it was suggested that the up-regulation may be due to
the initiation of a detoxification reaction by the host plant against high levels of auxin in the root
galls (Jahn et al., 2013; Robin et al., 2020). The modulation of free-IAA pools in root galls also
indicates that auxin signaling and transport are potentially modified by the pathogen. The role of
auxin signaling in clubroot development will be discussed in detail in the following sections. For
auxin transport, [AA transport is necessary for accurate plasmodial development. The inhibition
of host auxin transport at the onset of infection led to a decrease in clubroot development and a
lower presence of IAA in plasmodia (Devos and Prinsen, 2006). Furthermore, there was a
notable increase in the expression of polar auxin transport genes and proteins during clubroot
infection (Robin et al., 2020). Taken together, these findings indicate that auxin transport is
essential for early clubroot symptom development. With the availability of transgenic or mutant
plant lines modified in various parts of the auxin synthesis and response pathways, it is possible

to further understand the role of auxin during clubroot disease development even though



sometimes the mutation can be compensated by other parallel pathways that are present

(Ludwig-Miiller and Schuller, 2008).
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Figure 1.2 Trp-dependent IAA biosynthesis and auxin conjugation pathways. The Trp-
dependent IAA biosynthesis and conjugation pathways requires multiple enzymatic reactions.
The upper section illustrates the different pathways of auxin biosynthesis from Trp, while the
lower section depicts the various auxin conjugation pathways. For IAA biosynthesis, the IPA
pathway involves TAA1 and TARs converting Trp to IPA, which is subsequently converted to
[AA by YUC family enzymes. In the IAOx pathway, CYP79B2 and CYP79B3 convert Trp to
TAOx, primarily leading to the production of indole-3-methyl glucosinolate (glucobrassicin).
Glucobrassicin can be hydrolyzed by myrosinase to form IAN, which can then be converted to
IAA by plant nitrilases. Additionally, IAM can be converted to IAA by AMI1. The IAA
conjugation pathway involves the formation of sugar conjugates (IAA-glucose), amino acid
conjugates (IAA-Ala, IAA-Leu, IAA-Phe, IAA-Asp, IAA-Glu), and protein conjugates. Figure
from Liu (2023) with permission, based on Zhao (2014), Malka and Cheng (2017), and Bajguz
and Piotrowska (2009).
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1.3 AUXIN SIGNALING PROCESS IN PLANTS

Nuclear auxin signal perception and the resulting changes in gene expression are carried
out by three core auxin signaling protein families: the F-box TRANSPORT INHIBITOR
RESPONSE 1/AUXIN SIGNALING F-BOX PROTEIN (TIR1/AFB) auxin receptors, the
Auxin/INDOLE-3-ACETIC ACID (Aux/IAA) transcriptional repressors, and the AUXIN
RESPONSE FACTOR (ARF) transcription factors (Salehin et al., 2015; Lavy and Estelle, 2016).
The TIR1/AFB proteins are subunits of a ubiquitin protein ligase E3 complex called SCFTRIVAFB
(SKP-Cullin-F box [SCF]-type E3 ligase) (Wang and Estelle, 2014; Salehin et al., 2015). When
the auxin level in a cell is low, Aux/IAA repressors bind with ARFs, which recruit TOPLESS
(TPL) co-repressors to the chromatin, leading to the repression of auxin responsive gene
expression. When the auxin level in a cell is elevated, auxin promotes an interaction between the
F-box of TIR1/AFBs and Aux/IAA repressors, resulting in SCFTRVAFB mediated ubiquitination
of Aux/IAAs and degradation by the 26S proteasome complex. Therefore, the ARF transcription
factors are released and activate expression of auxin response genes (Figure 1.3). Auxin binding
does not appear to cause a notable change in the conformation of TIR1/AFB (coded by 6 genes
in Arabidopsis); instead, it functions as a ‘molecular glue’ to stabilize the interaction between
TIR1/AFB and the Aux/IAA protein (coded by 29 genes in Arabidopsis) therefore, these two

protein families act as co-receptors for auxin [reviewed in Hagen (2015)].
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Figure 1.3 Mechanism of auxin perception and response through the TIR1/AFB-mediated
pathway. At low levels of auxin, Aux/IAA proteins associate with ARF proteins, repressing
transcription of auxin-regulated genes. At high auxin levels, auxin acts as ‘a molecular glue’,
binding TIR1 and Aux/IAA proteins together, leading to poly-ubiquitination of the Aux/IAAs
and their degradation in the 26S proteasome. The released ARFs allows the transcription of
auxin responsive genes. Figure from Jayasinghege (2017) with permission, based on Wang and

Estelle (2014) and Salehin et al. (2015).
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1.3.1 TIR1/AFB auxin receptor gene family

Phylogenetic analysis showed that the TIR 1/AFB auxin-receptor protein family is
conserved across land plants and the family was divided into four clades: TIR1, AFB2, AFB4,
and AFB6 (Parry et al., 2009). Arabidopsis contains three TIR1/AFB clades with two alleles per
clade (AtTIR1 and AtAFB1; AtAFB2 and AtAFB3; AtAFB4 and AtAFBS5; Parry et al., 2009),
while pea (Pisum sativum L.) contains TIR1/AFB gene members from four clades (TIR1a and
TIR1b; AFB2; AFB4; AFB6; Jayasinghege et al., 2019). Their function as auxin receptors was
identified based on the structure and their role in regulating auxin response. TIR1/AFB proteins
consist of a C-terminal F-box domain and a N-terminal Leucine Rich Repeats (LRRs) domain
(Powers and Strader, 2020). The F-box domain is where the TIR1/AFB protein bind to
CULLINT1 (CUL1) in the ubiquitin ligase complex. The LRRs domain's upper surface contains a
single pocket, in which auxin directly binds to it and stimulates interaction between SCFTRVAFB
and the Aux/IAA substrate (Tan et al., 2007). Although all the auxin receptors can bind with
auxin, genetic analysis suggested that TIR1/AFB receptors have both overlapping and
specialized functions (Mockaitis and Estelle, 2008; Parry et al., 2009; Prigge et al., 2016; Prigge
et al., 2020). For example, the loss of a single functional member of TIR1 through AFB3 only
has a minor impact on plant growth and auxin response. However, the combination of tir/ and
afbl-3 mutations results in a significant reduction in auxin response and various developmental
abnormalities associated with auxin (Dharmasiri et al., 2005b). When all six TIR1/AFB proteins
are lost in Arabidopsis, it causes early embryo defects that eventually leads to seed abortion
(Prigge et al., 2020). These results suggested extensive functional overlap or functional
redundancy among the T/R1/AFB genes. Additional studies indicate that various TIR1/AFBs
also demonstrate distinct properties. Phenotypes of single mutants showed that TIR1 appears to
make the largest contribution followed by AFB2. Genetic analysis of various combinations of
tirl, afbl, afb2, and afb3 mutants in Arabidopsis found that TIR1 and AFB2 play a more
substantial role in regulating auxin response in the roots compared to AFB1 or AFB3 (Parry et
al., 2009). However, rapid root growth inhibition assay showed that the afb/-3 mutant is almost
completely resistant to auxin, suggesting that AFB1 plays a dominant role for this rapid,
nongenomic auxin inhibition of root growth. AFB1 was also found to be responsible for
regulating the initial phase of the root gravitropic response (Prigge et al., 2020). The function of
AFB4 and AFBS are less known, but the resistance of afb4 and afb5 mutants to the synthetic
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auxin picloram suggested that both AFB4 and AFBS5 are selective for the picloram family of
auxinic herbicides (Prigge et al., 2016). The afb4-8 and afb5-5 single mutants exhibit
heightened rosette branching compared to the WT, and the afb4-8 afb5-5 double mutants display
even further increased branching relative to their respective single mutants, indicating the

involvement of AFB4 and AFBS5 in shoot branching regulation (Ligerot et al., 2017).

1.3.2 Aux/IAA transcriptional repressor gene family

The Arabidopsis genome contains 29 Aux/IAA genes that are divided into genes that
code for canonical and non-canonical Aux/IAA proteins according to their conserved domains
(Sato and Yamamoto, 2008; Waseem et al., 2018). Aux/IAA proteins with four highly conserved
domains (I, II, III, IV) are known as the canonical Aux/IAAs, while those lacking at least one
conserved domain are regarded as non-canonical Aux/IAAs (Shi et al., 2020). The repression
domain, known as Domain I, contains an ethylene response factor (ERF)-associated amphiphilic
repression (EAR) motif "LxLxL" or "(L/F) DLN (L/F) xP", and recruits the corepressor
TPL/TPL-RELATED PROTEIN (Ke et al., 2015; Plant et al., 2021). This interaction leads to the
recruitment of HISTONE DEACETYLASEs (HDAC:), including the well-known HDA19,
which ultimately triggers chromatin condensation and represses the expression of ARF target
genes (Chapman and Estelle, 2009). Mutations in domain I can lead to complete loss of
repression, suggesting the important role of this domain in auxin response (Tiwari et al., 2001).
Domain II carries a highly conserved 13-amino acid degron motif (Gly-Trp-Pro-Pro-Val;
GWPPV) that interacts with SCFTRVAFB {5 mediate Aux/IAA degradation (Ramos et al., 2022).
The degradation rates or the half-life of Aux/IAAs is primarily determined by the property of
domain II, ranging from 10 minutes to several hours (Dreher et al., 2006). Mutations in this
domain often lead to a longer half-life and decreased auxin responsiveness by abolishing its
interaction with the SCF complex (Tiwari et al., 2001; Dharmasiri et al., 2005a; Kepinski and
Leyser, 2005). Among the 29 Aux/IAA proteins, 5 of them lack domain II (IAA20, TAA30,
IAA32, IAA33 and IAA34), which are considered as non-canonical Aux/IAA proteins (Sato and
Yamamoto, 2008). Because these non-canonical Aux/IAAs lack the conserved degron sequence
that binds with auxin receptors, their protein stability is highly increased (Sato and Yamamoto,
2008) and these types of proteins seem important for organ morphogenesis, since [AA20 and

IAA30 were required for the proper vascular patterning, IAA32 and IAA34 participated in
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regulating differential growth of the apical hook, and IAA33 was reported to control root distal
stem cell identity (Miiller et al., 2016; Cao et al., 2019; Lv et al., 2020). Although the canonical
auxin signaling pathway is very important for plant growth and development, recent studies also
suggest that non-canonical Aux/IAAs work together with the canonical Aux/[AAs to integrate
the auxin pathway with multiple signaling cascades and further modulate growth and
development (Lv et al., 2020; Shi et al., 2020).

The PB1 domain, which consists of Domains III and IV, is responsible for the formation
of dimers between Aux/IAA and ARF proteins (Luo et al., 2018; Waseem et al., 2018; Shi et al.,
2020). These interactions, which can be homo- or hetero-binding, inhibit ARF function and lead
to the repression of auxin-responsive transcription (Piya et al., 2014). Domain III is believed to
play a more critical role in dimer formation due to its beta-alpha-alpha (Baa)-fold structure
(Morgan et al., 1999). On the other hand, Domain IV also contributes to dimer formation by
containing a conserved "GDVP" motif that promotes electrostatic protein interactions (Guilfoyle
and Hagen, 2012). In addition to dimerization, Aux/IA A multimerization is essential for efficient
recruitment of the TPL/TPR co-repressor. Studies have shown that the binding affinity of TPL/
TOPLESS-related (TPR) increases in the presence of oligomerized EAR-motif containing
repressors (Ke et al., 2015). Although how the different Aux/IAAs regulate the large and
dynamic range of auxin responses has yet to be elucidated, it has been suggested that sequence
variation within domains among different members of the Aux/IAA family may regulate
interaction specificity leading to variation in auxin response (Luo et al., 2018; Powers and
Strader, 2020).

Aux/IAA proteins are involved in many aspects of plant growth and development
including embryo axis formation, response to light, embryonic patterning, hypocotyl elongation,
gravitropism, and leaf morphology, vasculature, and lateral root formation (Luo et al., 2018).
However, plants deficient in any one of the 12 Aux/IAA genes examined showed no visible
developmental defects compared with the wild type, suggesting a high level of redundancy in
function (Overvoorde et al., 2005). Even when closely related Aux/IAA4 genes such as iaa8-1,
iaa9-1, or iaa5-1, iaa6-1, iaal 9-1 are mutated in combination (double or triple mutant
combinations), the resulting plants still exhibit wild-type phenotypes (Overvoorde et al., 2005).
These results suggested that loss-of-function mutation cannot provide an accurate understanding

of the normal function of Aux/IAA genes since the mutations have minor effects on plant growth
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and development. On the contrary, the gain-of-function mutations sometimes can result in
distinct gain-of-function phenotypes, especially domain II mutations of various Aux/IAA
proteins (Liscum and Reed, 2002; Mockaitis and Estelle, 2008; Rinaldi et al., 2012). For
example, putative null mutations of iaa3/shy2 and iaa7/axr2 cause mild elongation of
hypocotyls, whereas the strong gain-of-function mutations of s4y2-2 and axr2-1 cause very short
hypocotyls (Tian and Reed, 1999; Nagpal et al., 2000). The notable gain-of-function phenotypes
do provide useful insight into the auxin-mediated developmental processes that Aux/IAA
proteins can regulate. A gain-of-function mutation in /4418 causes aberrant cotyledon placement
in embryos, suggesting that [AA18 can regulate embryonic apical patterning (Ploense et al.,
2009). laal2/bdl-1 mutant fail to initiate the root meristem during early embryogenesis (Hamann
et al., 1999; Hamann et al., 2002), and iaa7/axr2-1 and iaal7/axr3-1 mutants cause changed
gene expression pattern in the root meristem (Rouse et al., 1998; Sabatini et al., 1999). These
results suggested that Aux/IAA4 genes are involved in regulating tissue patterning. Second,
iaa7/axr2-1, iaal4/slr-1 and iaal 7/axr3-1 mutants have short root hairs (Rouse et al., 1998;
Nagpal et al., 2000; Guseman et al., 2015); iaa8-1, iaal 5-ox, and iaal 6-1 mutants have less
number of lateral roots (Arase et al., 2012; Rinaldi et al., 2012; Kim et al., 2020); msg2/iaal9,
shy2/iaa3, and shyl/iaa6 gain-of-function mutants exhibited short hypocotyls and up-curled
leaves (Kim et al., 1996; Tian and Reed, 1999; Tatematsu et al., 2004), suggesting that Aux/[AA
proteins regulate cell enlargement and cell division in various growing tissues. For the non-
canonical Aux/IAA proteins, the lack of domain II results in much higher stability than that of
the canonical Aux/IAA proteins, making it an interesting opportunity to understand the
molecular function in plant growth and development. For example, overexpression of 74420,
14430 and 14431 can cause auxin-related aberrant phenotypes, with /4420 overexpression
showing the most severe defects including modified gravitropic growth in the hypocotyl and
root, malformed vasculature of cotyledons and the collapse of root apical meristem that stops
primary root growth (Sato and Yamamoto, 2008). These results suggest that non-canonical

Aux/IAA proteins also play a significant role in hypocotyl, cotyledon and root formation.
1.3.3 ARF transcription factor gene family

ARFs are plant-specific transcriptional regulators that play a key role in regulating the

expression of auxin-responsive genes (Chandler, 2016; Cance et al., 2022). They interact
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specifically with TGTCTC auxin response elements (AuxREs) located in the promoters of these
genes and work in conjunction with Aux/IAA repressors, which dimerize with ARF activators in
an auxin-dependent manner (Roosjen et al., 2018). Like Aux/IAAs, the ARF proteins also
contains four domains. Domain I is a highly-conserved B3-type DNA binding domain (DBD),
which located at the N-terminus of the protein with a sequence of about 350 amino acids (Cancé
et al., 2022). The ARF-B3s bind to 6-bp sequences referred to as AuxREs, which were initially
discovered as TGTCTC sequences located in the promoters of auxin responsive genes. Thus, the
DNA binding properties of ARF-DBDs plays a crucial role in determining which genes are
regulated by auxin (Li et al., 2016). The middle region of ARF protein known as Domain II can
serve as either an activation domain (AD) or a repression domain (RD), which ultimately
determines whether the ARF protein functions as a transcriptional activator or repressor
(Roosjen et al., 2018). In Arabidopsis, ARFs that act as activators (ARF5/6/7/8/19) typically
contain a high proportion of glutamine, while ARFs that act as repressors are characterized by an
abundance of serine, threonine, and proline. This classification has been utilized to categorize
AREFs in different plant species (Chandler, 2016). Domains III and IV are collectively referred to
as the PB1 domain, or the carboxy-terminal dimerization (CTD) domain. This domain is
responsible for facilitating the formation of homodimers or heterodimers with Aux/IAAs or other
ARFs (Guilfoyle and Hagen, 2007). Arabidopsis has 22 full-length ARF genes, as well as one
partial-length gene (ARF23) that contains a stop codon within its DBD. In addition, ARF3, 13,
and 17 lack the conserved PB1 found in most ARFs, but these proteins do control auxin-
dependent development, suggesting that these ARFs have alternative or other auxin-sensing
pathway to regulate auxin responsive genes expression (Simonini et al., 2016; Cancé et al.,
2022).

Like Aux/TAA proteins, ARFs also showed widespread functional redundancy. T-DNA
insertion mutation analysis of 18 out of 23 ARF family members revealed clear phenotypes only
for arf2, arf3, arf5, arf7 and arf8 mutants. Notably, arf3-1 and arf3-2 mutants display atypical
gynoecium and floral patterning defects, characterized by an elevated number of sepals and
carpals, and the arf5-1 mutant fails to form a root meristem and normal cotyledons (Okushima et
al., 2005). In Arabidopsis, phenotypic analysis indicated that specific phylogenetically-related
pairs of ARFs act redundantly in a characteristically developmental manner (Okushima et al.,

2005). For example, single mutants of arf2 exhibit delayed flowering, leaf senescence, floral
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abscission, and silique ripening. These phenotypes are further intensified in arflarf2 double
mutants (Ellis et al., 2005; Okushima et al., 2005). The defects in embryo patterning and
vasculature observed in arf5 mutants are amplified in arf5arf7 double mutants (Hardtke et al.,
2004). Based on the observed phenotypes of individual arf7 and arf19 mutants, it is evident that
ARF7 primarily governs the regulation of auxin-dependent differential growth in hypocotyls,
while ARF19 plays a partial role in mediating auxin signaling in roots. However, in the arf7
arf19 double mutant, their phenotypes become significantly intensified, which exhibits
pronounced auxin-related characteristics, including severely impaired lateral root formation,
compromised gravitropic responses in both hypocotyls and roots, reduced organ size, and
enhanced apical dominance in the aerial parts of the plant (Okushima et al., 2005; Wilmoth et al.,
2005). These results also suggested that ARFs proteins play a crucial role in governing all facets
of plant growth and development, such as root and leaf development, flower maturation, fruit
ripening, senescence, etc. Other transcriptional factors may also be involved, working
collaboratively with ARFs at various plant stages to regulate plant growth. For example,
microRNA160 regulates root cap cell formation in Arabidopsis by targeting 4tARF'10 and
AtARF16 (Wang et al., 2005). The positive regulators 4AtARF6 and AtARF§ and the negative
regulator AtARF17 regulate each other’s expression at both transcriptional and
posttranscriptional levels by modulating miR160 and miR167 availability, thus controlling the
formation of adventitious roots (Gutierrez et al., 2009). Monopteros/4tARF'5 regulates the
initiation of embryonic roots by controlling a mobile transcription factor, and it is probable that
it plays a redundant role in the regulation of lateral root formation through transcriptional
activating the downstream target genes of AtARF7/19 (Schlereth et al., 2010). Understanding of
ARF regulatory mechanisms and their role during plant growth and development has improved
in the last 20 years, but much is still not known. Functioning through nuclear auxin signaling
only applies to activating ARFs, as there is little evidence indicating that repressor ARFs, which
make up most of the Arabidopsis ARF family, form heterodimers with Aux/IAA repressors
(Vernoux et al., 2011; Chandler, 2016). Therefore, understanding the mechanisms by which
repressor ARFs regulate gene repression, as well as the ways in which other transcription factors
and signaling proteins interact with ARF proteins, would be of significant interest. Furthermore,

knowledge of ARFs in plant species other than the model plant Arabidopsis is limited.
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1.3.4 Gretchen Hagen3 (GH3) protein family

One of the most important ways to control phytohormonal homeostasis is through
hormone conjugation. Conjugated hormones serve two primary functions: either as a storage
form, where the phytohormone is released through enzymatic hydrolysis when needed, or as a
form that will be further metabolized to a non-bioactive product (Piotrowska and Bajguz, 2011).
There are two types of phytohormone conjugates based on the type of bond involved. The first
type is ester conjugates, where the hormone is linked to a sugar or alcohol through an ester
linkage. The second type is amide conjugates, where the hormone is bonded to an amino acid,
peptide, or poly-peptide through an amide bond (Ludwig-Miiller, 2011). GH3 amido synthetases
(catalyze the biosynthesis of phytohormone-amino acid conjugates through the formation of an
amide bond between the carboxyl group of hormones and the amino group of an amino acid), are
proposed to play important roles in phytohormone homeostasis (Guo et al., 2022; Jez, 2022;
Wojtaczka et al., 2022). In Arabidopsis, 19 GH3 genes, along with additional partial genes
encoding an amino-terminal residues of a protein, have been identified (Hagen and Guilfoyle,
2002; Wang et al., 2008). While there are different classifications of the GH3 family based on
various criteria, it is generally divided into three groups based on phylogenetic relationships,
gene structure and protein function (Okrent and Wildermuth, 2011). Group I consists of GH3.10
and GH3.11. The largest group II has eight members, including GH3.1, GH3.2, GH3.3, GH3 4,
GH3.5, GH3.6, GH3.9, and GH3.17. It has been confirmed that all group II GH3 proteins
possess the ability to conjugate auxin to amino acids (Westfall et al., 2012). Group III contains
nine members, including GH3.7, GH3.8, GH3.12, GH3.13, GH3.14, GH3.15, GH3.16, GH3.18,
GH3.19. The functions of the majority of GH3 proteins within this group remain largely
unknown. Group II GH3 genes can be further subdivided into three sub-groups based on
phylogenetic relationships. Within each sub-group, GH3 genes show closer relationships to other
members of the same sub-group rather than to members from different sub-groups (Guo et al.,
2022).

The genetic redundancy among the GH3 genes in Arabidopsis has posed challenges for
the genetic dissection of the functions of each GH3. Single loss-of-function mutants of gh3./7 in
Arabidopsis exhibit only minor phenotypic changes including longer hypocotyls compared with
WT (Zheng et al., 2016). The gh3.5 gh3.6 double mutants closely resemble the WT Arabidopsis
except that the double mutants had more lateral roots (Guo et al., 2022). In this study,
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gh3(1/2/3/4) and gh3(5/6/9/17) quadruple knockout mutants were also generated. Both
quadruple mutants developed more lateral roots than WT, but gh3(1/2/3/4) had slightly longer
primary roots while the primary roots of gh3(5/6/9/17) were only half the length of those of WT
plants (Guo et al., 2022). Arabidopsis plants with inactivation of all group Il GH3 genes (gh3
octuple mutants) exhibit significant phenotypes associated with auxin over-accumulation. When
grown in light, the gh3 octuple mutants display short primary roots, elongated lateral roots,
dense and elongated root hairs, and elongated petioles. In dark-grown gh3 octuple seedlings, the
hypocotyls were noticeably shorter. Importantly, both IAA-Asp and IAA-Glu conjugates were
undetectable in the gh3 octuple mutants, indicating that these GH3 genes are primary
contributors to the synthesis of these IAA conjugates (Guo et al., 2022). In order to determine
the specific functions of individual GH3 genes, several gh3 septuple mutants were compared to
the gh3 octuple mutants. The results revealed that GH3.17 primarily regulates root elongation,

while GH3.9 predominantly controls fertility in Arabidopsis (Guo et al., 2022).

1.4 ROLES OF AUXIN DURING CLUBROOT DEVELOPMENT
1.4.1 TIRI/AFB family genes

Auxin has been implicated in development of stem/root hyperplasia and hypertrophy
during the secondary phase of clubroot in Brassica species (Ludwig-Miiller et al., 2009).
However, understanding the specific mechanisms of how the pathogen modifies the host’s auxin
biosynthesis, signaling and transport pathway to bring the hyperplasia and hypertrophy requires
more research. As a central component of auxin signaling, few studies have conducted research
on the role of auxin receptors in clubroot disease. In recent years, studies have suggested that
auxin receptors are involved in the process of clubroot formation (Ludwig-Miiller, 2014). In
two-week-old seedlings of B. juncea var. tumida, RT-qPCR analysis found that the expression of
BjuTIR1A4 and BjuAFB3B was markedly induced by P. brassicae treatment 6 to 72 hours after
inoculation (Cai et al., 2019). In Arabidopsis (Col-0), a significant increase in the expression of
TIRI and AFBI genes was observed at 24 and 28 DAI using RT-qPCR and microarray analyses
Conversely, a decrease in AFB2 transcript was observed at 10, 21, and 28 DAI (Jahn et al.,
2013). These data suggest that P. brassicae infection can modify auxin receptor gene
transcription in Brassica species roots. T-DNA insertion single mutants tir/, afbl, and the double

mutant afbl afb2 were tested for disease severity 28 DAI after P. brassicae inoculation (Jahn et
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al., 2013). At a lower spore inoculum density (10* spores/mL), all mutant lines exhibited an
increase in disease index (higher susceptibility) compared to the WT line. It should be noted that
TIRI and AFB2 are main auxin receptor genes involved in auxin responses in Arabidopsis roots,

so it would be useful to test the tir/ afb2 double mutant lines for susceptibility to P. brassicae.

1.4.2 Aux/IAA family genes

Aux/IAA proteins typically exhibit a size range of 20 to 35 kDa. They have a short
lifespan and are primarily found in the nucleus (Abel et al., 1994). Once auxin-induced
degradation of Aux/IAAs occurs to derepress the transcription of auxin responsive genes, the
transcription of Aux/IAA genes is quickly induced by auxin (Hagen, 2015) via the presence of
TGTCTC auxin response promoter elements or AuxREs in the Aux/IAA4 genes. This activation
occurs as early as 2 to 5 minutes after the application of auxin, leading to a rapid increase in their
mRNA and protein (Hagen and Guilfoyle, 2002; Hagen, 2015).

Studies assessing gene expression changes in Brassicaceae plant hosts have found that a
number of Aux/IAAs exhibit modified gene expression during various stages of clubroot disease
progression (Siemens et al., 2006; Jahn et al., 2013; Robin et al., 2020; Zhou et al., 2020; Wei et
al., 2021). In the roots of Chinese cabbage (Brassica rapa), the up-regulation of /442 (2.4-fold),
14A3 (1.6-fold), and /445 (2.8-fold) was observed at 14 DAI during the secondary infection
phase of P. brassicae (Robin et al., 2020). In Arabidopsis, /447 was up-regulated at 17, 21, and
24 DAI in the P. brassicae-infected roots, while /4428 was always down-regulated in this time
frame (Jahn et al., 2013). In addition, the comparison between P. brassicae-resistant and -
susceptible cultivars makes it much clearer to understand the differential regulation of host
Aux/TAA in response to the pathogen. According to the transcriptomic data analysis of the Zhou
et al. (2020) study completed in the Ozga lab (unpublished data), gene expression was down-
regulated for /442 and IAA3 at 7 DAI, and IAA16 and IAA18, at 7 and 14 DAI with P. brassicae
in the pathogen-resistant rutabaga cultivar (Brassica napus subsp. rapifera), while being either
minimally affected or up-regulated in the susceptible rutabaga cultivar. In contrast, /4426, and
I4A30 expression was up-regulated at 7 DAI, /4413 at 7 and 14 DAI, 144 19 at 14 DAI, and
IAA9 at 7, 14, and 21 DAI with P. brassicae in the pathogen-resistant rutabaga cultivar but either
minimally affected or down-regulated in the susceptible rutabaga cultivar. Among these

differentially regulated Aux/IAAs, IAA3, IAA16, IAA18, and IAA19, have been previously
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reported as negative regulators of lateral root formation (Tatematsu et al., 2004; Uehara et al.,
2008; Goh et al., 2012; Rinaldi et al., 2012), suggesting that the resistance might be build-up
through modification of the expression of genes that code for these Aux/IAAs during clubroot
disease development. Mutation analysis of axr3-/ found that the auxin-resistant and the no root
hair mutant axr3-1 exhibited partial resistance to clubroot compared to the wild-type (Alix et al.,
2007). The AXR3 gene encodes protein /AA 17 and the axr3-1 mutation results in increased
stability of /4417, leading to its accumulation at high levels. Expression of /4417 was down-
regulated at 7, 14, and 21 DAI with P. brassicae in the pathogen-resistant and susceptible
cultivars assessed in the Zhou et al. (2020) transcriptomic database (Ozga lab, unpublished data).
Other mutants in auxin response (axr/, axr2) did not show clear effects concerning a higher
tolerance against clubroot (Siemens et al., 2002). The different results might be due to the
functional redundancy of Aux/IAAs and the present of the parallel pathways in the host plant.
Therefore, the role of Aux/IAAs during clubroot development needs to be further explored.

1.4.3 ARF family genes

The expression levels of both activator and repressor ARFs can be changed in host plants
after infection with P. brassicae. ARF'5 gene expression showed down-regulation in the infected
roots of Arabidopsis at 14, 17, and 21 DAI, and ARF'7 a slight down-regulation at 14 and 17
DAI, while ARF§ showed a slight transcriptional up-regulation at 17 DAI (Jahn et al., 2013).
ARFS5 and ARF7 partially overlap in their function as positive regulators of lateral root
formation (Hardtke et al., 2004). Jahn et al. (2013) suggested that a reduction in their expression
levels could indicate a disruption of the organized tissue layers of roots and a reduction of lateral
roots in favor of undifferentiated gall formation. Transcriptome analysis of Arabidopsis roots
also revealed that ARF3 and ARF'S gene expression was elevated at 10 and 23 DAI with P,
brassicae compared to the control, whereas ARF7 expression was reduced at these time points
(Siemens et al., 2006). Expression trends in the rutabaga transcriptome (Zhou et al., 2020) show
that ARF3 and ARF19 at 14 and 21 DAI with P. brassicae, and ARF5 at 14 DAI, are up-regulated
or up-regulated to a greater extent in the roots of the susceptible cultivar compared to the resistant
cultivar (Ozga lab, unpublished). The genes of other repressor ARFs, such as ARF'11, which
negatively regulate primary root growth, and ARF2, which inhibit cell division and organ

growth, were highly expressed in a clubroot-resistant line of B. rapa L. ssp. Pekinensis (Yuan et
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al., 2021; Li et al., 2022). In addition, the gene expression of ARF'16, an ARF which represses
primary root length and the number of lateral roots, was up-regulated in symptomless roots
compared with gall tissue in B. oleracea var. gongylodes (Ciaghi et al., 2019). These results
suggest that these repressor ARFs could play roles in attempts by the host plant to enhance its
resistance against clubroot disease. The role of ARFs during clubroot infection can also be
associated with other transcriptional factors such as MicroRNAs (miRNAs). MiRNAs are a class
of small non-coding RNAs that are highly conserved and regulate gene expression through post-
transcriptional repression (Bartel, 2004). The up- or down-regulation of miRNAs during
clubroot development could modulate the root architecture and hormone homeostasis by
targeting other transcriptional factors such as ARFs and TIR1/AFBs (Xie et al., 2000; Verma et
al., 2014; Wei et al., 2023). For instance, in Brassica rapa L., ARF8 was found to be targeted by
bra-miR167. During P. brassicae infection, bra-miR319 and bra-miR 167 were inhibited, and
their targeted genes, TCP10 and ARF8, were highly expressed. The high expression of these
genes contributed to IAA synthesis, leading to cell division, gall initiation, and gall expansion

(Wei et al., 2023).

1.4.4 Gretchen Hagen3 (GH3) protein family

Disruption of plant hormone homeostasis is one of the most important changes that lead
to clubroot gall formation after infection with P. brassicae (Ludwig-Miiller and Schuller, 2008).
The group II of GH3 protein family capable of conjugation of free IAA to amino acids and
thereby inactivating the free auxin were reported to be involved in the regulation of auxin
homeostasis during clubroot development (Ludwig-Miiller, 2014). In Arabidopsis, several GH3
genes, including GH3.2, GH3.3, GH3.4, GH3.5, GH3.14, and GH3.17 were up-regulated in P
brassicae-infected roots at 10 to 28 DAI (Jahn et al., 2013), also GH3.3 and GH3.4 expression
was up-regulated at 10 and 23 DAI in an Arabidopsis transcriptome analysis (Siemens et al.,
2006). Similar results were also found in the roots of Chinese cabbage, where BrGH3.3 was
markedly up-regulated at 3 and 28 DAI, while BrGH3.4 was up-regulated at 3, 14 and 28 DAI
(Robin et al., 2020). The up-regulation of the group II GH3 genes can be interpreted as means of
the plant to control disease symptoms (Ludwig-Miiller, 2014). Furthermore, a double mutant of
gh3.5gh3.17 in Arabidopsis demonstrated higher susceptibility to the clubroot pathogen
compared to the wild type (Jahn et al., 2013). The susceptibility could be due to elevated levels
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of auxin when the conjugation of IAA to the inactive forms is reduced in the double mutant. The
GH3 protein family is also the target of ARF transcription factors and it has been reported that
GH3 gene expression is mediated via the nuclear auxin signaling pathway mediated by the TIR
receptor family of F-box proteins (Woodward and Bartel, 2005; Lavy and Estelle, 2016).
Therefore, the TIR pathway controls auxin balance through the up-regulation of the GH3 auxin
conjugate synthetases, which in turn leads to higher expression of GH3 genes that inhibit auxin
signaling by inactivating IAA via conjugation. This feedback loop could be a potential resistance

mechanism established by host plants against clubroot.

1.5 ROLES OF SALICYLIC ACID (SA) AND JASMONIC ACID (JA) RESPONSE
DURING CLUBROOT DEVELOPMENT

SA and JA are key phytohormones that regulate many physiological processes and
defense against various plant diseases. Current thinking is that SA induces resistance against
biotrophic and hemi-biotrophic pathogens, and JA induces resistance against necrotrophic
pathogens and most insect herbivores (Halim et al., 2006; Robert-Seilaniantz et al., 2011;
Gimenez-Ibanez and Solano, 2013). Plant immunity strongly relies on these two hormones,
however, the significant overlap and crosstalk between the defense responses mediated by SA,
JA, and other plant hormones make it difficult to clearly understand their role in plant resistance
(Robert-Seilaniantz et al., 2011). Until now, it has been found that JA and SA defense pathways
generally antagonize each other, that is, the accumulation of SA will prevent the accumulation of
JA and vice versa (Grant and Lamb, 2006; Thaler et al., 2012). This antagonism has been
reported in a total of 17 plant species, including 11 crop plants and six wild species and there is
increasing evidence for SA-JA antagonism across plant species (Thaler et al., 2012).

In general, biotrophic pathogen infections that induce SA production in plants tend to
inhibit JA-dependent defenses, indicating that the plants prioritize the allocation of resources
towards SA-dependent defense rather than JA-dependent responses. Conversely, when
pathogens trigger the JA pathway, it can suppress the SA response in plants, for example, the
application of JA depresses the expression of SA-dependent genes (Niki et al., 1998; Spoel et al.,
2007). Mutation analysis also support this trend. For example, mutations that affect JA signaling
that lead to an increase in the expression of the SA-dependent PR-/ gene, result in improved

resistance to P. syringae and P. parasitica (Kloek et al., 2001; Shah et al., 2001). Conversely,
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plants with mutations that hinder SA accumulation exhibit elevated levels of JA-dependent gene
expression when exposed to different stimuli compared to their wild-type counterparts (Gupta et
al., 2000). In recent years, the identification of receptors of both hormones as well as many
transcriptional factors or components involved in their signaling pathways has facilitated the
understanding of SA—JA crosstalk. In Arabidopsis, SA signaling pathway requires the 4tNPR1
(Non expressor of Pathogenesis-Related gene 1), a redox-sensitive master regulator and a SA
receptor (Tada et al., 2021). After being exposed to a pathogen, SA biosynthesis can be triggered
(Figure 1.4). In Arabidopsis, approximately 90 % of pathogen-induced SA originates from
isochorismate, a compound derived from chorismate through the enzymatic activity of
ISOCHORISMATE SYNTHASET1 (ICS1), which is localized in the plastids (Rekhter et al.,
2019). The downstream pathway of isochorismate involves only two additional proteins:
ENHANCED DISEASE SUSCEPTIBILITYS (EDSS), responsible for transporting
isochorismate from the plastids to the cytosol, and aviPphB SUSCEPTIBLE3 (PBS3), a
cytosolic amidotransferase. PBS3 plays a crucial role by catalyzing the conjugation of glutamate
to isochorismate, resulting in the formation of isochorismate-9-glutamate. This compound then
undergoes spontaneous decomposition, giving rise to SA and 2-hydroxy-acryloyl-N-glutamate
(Rekhter et al., 2019). The accumulation of SA leads to the expression of AtNPRI genes and
proteins. Then the AtNPR1 protein goes through conformational changes, which enable its
translocation into the nucleus where it indirectly activates PATHOGENESIS-RELATED (PR)
gene expression by recruiting TGACG-binding (TGA) transcription factors (Gimenez-Ibanez
and Solano, 2013; Withers and Dong, 2016; Backer et al., 2019). The accumulation of PRs
increases the host resistance against pathogens by inducing the systemic acquired resistance
(SAR), a long lasting systemic broad-spectrum resistance that provides eftective protection
against a diverse range of pathogenic organisms, including bacteria, fungi, oomycetes, viruses,
and nematodes (Klessig et al., 2018). Arabidopsis npr/ mutants that are deficient in SA signaling
showed decreased SAR-triggered PR gene expression, specifically PR/ and PRS and increased
disease susceptibility, suggesting a central role for PR gene-induced SAR in SA induced defence
response (Glazebrook et al., 1996). The JA signaling pathway is similar to the auxin signaling
pathway which involves SCF-TIR1/AFB receptor and AUX/IAA repressor components. JA
responses are regulated through the F-box COI1 (Coronatine-insensitive 1) SCF (Skip-Cullin-F-

box) E3 ubiquitin ligase complex and JAZ (jasmonate ZIM-domain) repressors. The recognition
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of JA through SCF-COI1 E3 complex leads to proteasome degradation of JAZ proteins
activating the downstream transcriptional responses (Thines et al., 2007). When JA
concentration is low, JAZ proteins cannot be degraded, they will repress the JA-responsive
ethylene-signaling genes EIN3 (Ethylene 3)/EILI (Ethylene insensitive 3 like 1), which when
expressed leads to suppression of SA synthesis (Chen et al., 2009). On the other hand, SA
inhibits JA signaling downstream of the SCF-COI1-JAZ receptor complex by targeting GCC-
box motifs in JA-responsive promoters via a negative effect on the accumulation of the
transcriptional activator ORAS59 (Octadecanoid-Responsive Arabidopsis 59; Van der Does et al.,
2013). SA reduces the accumulation of the GCC-box binding transcription factor ORAS59,
indicating that the antagonistic effect of SA on JA signaling is regulated through transcriptional
control by modifying the levels of ORAS59. Other regulatory factors that are known to be
involved in the SA—JA antagonism including NPR1, WRKY70 (WRKY DNA-binding protein
70), GRX480 (Glutaredoxin 480), ERF1 (Ethylene Response Factor 1), MYC2 (Jasmonate
Insensitive 1, Jinl), JAZ1-JAZ3 (Jasmonate Zim-Domain) (Thaler et al., 2012). Although there
is growing understanding of the involvement of genes and proteins in SA-JA antagonism, the
molecular mechanisms of antagonism remain unclear. In addition, it has been suggested that the
antagonism is highly variable both in terms of what is used to induce SA and JA, the timing of
induction, and the potential role of genetic variations underlying the antagonism (Thaler et al.,
2012). Recently, synergistic SA-JA interactions have also been found in Populus and rice,
indicating the complexity of crosstalk between SA and JA in plant defense (Ullah et al., 2023).
In the case of clubroot infection, exogenous SA and JA pre-treatment can reduce clubroot
disease significantly (Agarwal et al., 2011; Lovelock et al., 2013; Xi et al., 2021; Mencia et al.,
2022). It has been suggested that exogenous SA can elevate the levels of gene expression and
antioxidant enzyme activities, thereby reducing the contents of reactive oxygen species (ROS)
and membrane lipid peroxidation, leading to increased clubroot resistance (Ji et al., 2020).
However, the capacity to reduce disease symptoms seems to be dependent on several factors,
including application methods (treatment of the soil vs. dipping of the roots), different isolates of
P. brassicae, the specific timing of treatment, as well as the concentrations of SA or JA
employed (Lovelock et al., 2016). SA-JA antagonism also occurred and showed different
expression patterns in resistant and susceptible cultivars during clubroot infection. For instance,

genes involved in SA-mediate response or SA-signaling pathway were highly up-regulated in the

26



resistant cultivars of Chinese cabbage and rutabaga (B. napus), while JA-mediated responses
seemed to be mostly inhibited in these lines (Chen et al., 2016; Galindo-Gonzalez et al., 2020).
In Arabidopsis, when monitoring SA and JA responsive genes in infected roots of two
accessions: Col-0 (susceptible) and Bur-0 (partially resistant), it was found that SA signaling was
activated in Bur-0 but not in Col-0. On the other hand, the JA pathway showed weak activation
in Bur-0, whereas it was strongly induced in Col-0 (Lemarié et al., 2015). Also, the activation of
WRKY70 (a key regulator of antagonistic responses between SA and JA) was observed in
Arabidopsis Bur-0 upon P. brassicae infection and the induction of SA-mediated defenses and
the repression of JA-mediated responses were detected (Jubault et al., 2013). Overall, these
results suggest that SA-JA antagonism occurs during clubroot development.

Arabidopsis mutants that affect SA or JA biosynthesis, signaling, or transport pathway
were also used as tools to understand the role of SA and JA in clubroot disease defense. The
constitutive expressor of PR genes 5 (cpr5-2) and defense, no death (dndl) mutants, in which SA
responses are constitutively induced, were found to be more resistant to clubroot than the
corresponding wild type, while SA-deficient lines [(NahG, encoding an SA hydroxylase that
degrades SA to catechol), SA induction-deficient (sid2) and non-expresser of PR genes (nprl)]
that are impaired in SA signaling were highly susceptible to the pathogen (Lemarié¢ et al., 2015;
Lovelock et al., 2016). These results suggest that SA signaling is an important defense
mechanism against clubroot disease. Additionally, the JA signaling-deficient mutant jar/
exhibited heightened susceptibility to clubroot, indicating that JA signaling also plays a role in
partial inhibition of clubroot development. Moreover, the more pronounced resistance of the
cpr5-2 mutant to clubroot compared to the highly activated JA responses in eds5-1 implies that
the SA pathway is more effective than the JA pathway in conferring clubroot resistance (Lemarié
et al., 2015). In general, constitutive SA or JA supply to the plant results in stunted growth.
However, a recently characterized protein, Oxidation Resistant 2 (OXR2), was shown to enhance
the constitutive SA defense pathway without compromising plant growth in Arabidopsis.
Arabidopsis plants that overexpress A#OXR2 exhibited a significant reduction in clubroot
symptoms and improved growth performance compared to the wild type (Mencia et al., 2022).
The findings might help in controlling clubroot disease in the field other than SA or JA pre-

treatment.
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Figure 1.4 Pathogen-induced SA biosynthesis in Arabidopsis. Approximately 10 % of the
defense-associated SA is synthesized through the cytosolic PHENYLALANINE AMMONIA
LYASE pathway, while the majority, around 90 %, is derived from isochorismate produced by
the plastid-localized enzyme ICS1. The protein EDSS5 facilitates the transport of isochorismate
from the plastid to the cytosol. Within the cytosol, PBS3 metabolizes isochorismate, leading to
the formation of isochorismate-9-glutamate. Through subsequent nonenzymatic decomposition,

SA is generated. Figure from Rekhter et al. (2019), with permission.

1.6 HYPOTHESIS TO BE TESTED

The hypothesis to be tested is that the modulation of auxin signaling in the genetic model
species Arabidopsis that results in altered auxin response will modify P. brassicae-induced gall
development.
1.7 RESEARCH OBJECTIVES

Objective 1: Test the ability of P. brassicae to induce clubroot symptoms in Arabidopsis
double and quadruple auxin receptor mutant lines.

Objective 2: Characterization of the effects of clubroot infection on Arabidopsis auxin
receptor mutant lines and these lines expressing the pea AFB6 (PsAFB6) auxin receptor gene.

Objective 3: Determine if auxin and SA-related gene expression is differentially
regulated in Arabidopsis auxin receptor mutant and/or Ps4FB6-expressing lines when infected

with P. brassicae using QRT-PCR. The genes of interest would be marker genes in three different
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parts of the auxin response pathway where their gene expression was differentially modulated in
P. brassicae-resistant and susceptible cultivars of B. napus. The first category includes members
of the Aux/TAA transcriptional repressors of early auxin-signaling pathway, I4A49, IAA16, and
IAA19. The second category includes members of the auxin response factor family, ARF3, ARFS,
and ARF19. The third category includes members of the IAA-amino acid conjugate synthetases
(GH3 group II protein family) capable of conjugation of free IAA to amino acids, GH3.3 and
GH3.17. The link between the SA-mediated defense system and expression of PsAFB6 in
Arabidopsis auxin receptor mutant lines will also be explored by profiling gene expression
changes of the key SA biosynthesis (isochorismate synthase 1; ICS1). As a central component of
the SA signaling pathway, and the PR gene (PR5) will be monitored to find out if SA signaling
pathway was significantly changed after clubroot infection in the Ps4AFB6-expressing auxin

receptor mutant lines.
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Chapter 2: Effect of pea PsAFB6 auxin receptor on auxin-induced root

inhibition in PsAFB6-transformed Arabidopsis auxin receptor mutant lines

2.1 INTRODUCTION

Recent advancements in auxin biology, specifically in Arabidopsis thaliana, have yielded
substantial progress in understanding the components and mechanisms responsible for auxin
perception and response (Salehin et al., 2015; Lavy and Estelle, 2016). As discussed in Chapter
1, at low levels of auxin, Aux/IAA proteins associate with ARF proteins, repressing transcription
of auxin-regulated genes. At high auxin levels, auxin acts as ‘a molecular glue’, binding
TIR1/AFB receptor and Aux/IAA proteins together, leading to poly-ubiquitination of the
Aux/IAAs and their degradation in the 26S proteasome. The released ARFs allows the
transcription of auxin responsive genes (Lavy and Estelle, 2016).

Phylogenetic analysis revealed that the TIR1/AFB auxin-receptor protein family is
divided into four clades (TIR1, AFB2, AFB4, and AFB6), with Arabidopsis containing three
clades (AtTIR1 and AtAFB1 through AtAFBS; Parry et al., 2009), while pea (Pisum sativum L.)
harbors gene members from all four clades (TIR1a and TIR1b; AFB2; AFB4; AFB6;
Jayasinghege et al., 2019). All six members of the TIR1/AFB family of receptors in Arabidopsis
(Mockaitis and Estelle, 2008; Parry et al., 2009; Prigge et al., 2016; Prigge et al., 2020), and all
five members of the TIR1/AFB family of receptors in pea (Ozga et al., 2022), were able to bind
Aux/IAA co-receptors in an auxin-dependent manner.

Most studies focused on the functions of auxin receptors are in the model species
Arabidopsis. Loss or gain-of-function mutation analysis revealed that TIR1 and AFB2 have a
prominent role in regulating auxin response in roots (Parry et al., 2009), while AFB1 primarily
controls the initial phase of root gravitropic response (Prigge et al., 2020). The Arabidopsis
Atafb4-8 single mutant possessed a larger proportion of small axillary branches (< 5 mm) in
comparison to WT, indicating that AtAFB4 controls shoot branching in Arabidopsis (Ligerot et
al., 2017). For pea auxin receptors, root elongation assays were performed to determine the role
of PsTIR1a, PsTIR1b, and PsAFB2 in Arabidopsis (Jayasinghege et al., 2019). Transgenic
Arabidopsis plants expressing PsTIR1a, PsTIR1b, or PsAFB2 exhibited 2,4-D-induced
inhibition of root growth in Arabidopsis mutants #ir/-10 and/or tirl-10afb2-3, reaching levels

similar to those observed in mutants expressing the AtTIR1 transgene and resembling the auxin
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root-inhibiting activity seen in wild-type seedlings. This restoration of auxin-sensitive root
growth in the auxin-resistant mutants demonstrated that these pea auxin receptor genes can
complement A¢TIR] as an auxin receptor in Arabidopsis plants, and indicate that they have a
prominent role in regulating auxin response in pea roots (Jayasinghege et al., 2019). In pea, the
RMS?2 gene was found to encode the pea auxin receptor AFB4 (Ligerot et al., 2017). The rms2
mutant exhibited reduced transcript levels of Strigolactones (SLs) biosynthesis genes as well as
increased shoot branching, indicating that AFB4 regulates SLs biosynthesis and shoot branching
in pea (Ligerot et al., 2017).

Little is known about the function of the AFB6 auxin receptor clade in plants. The
presence of the AFB6 clade prior to the divergence of angiosperm and gymnosperm lineages and
their continued existence in certain plant families imply that they might have distinct or
specialized functions (Parry et al., 2009). In tomato, SIAFB6 is implicated in compound leaf
development (Ben-Gera et al., 2012). In pea (Pisum sativum L.), pericarp (ovary) PSAFB6
expression was suppressed by seeds and auxin (4-CI-IAA), and increased more than 3-fold in
response to pericarp deseeding (seed removal; Ozga et al., 2022). Ethylene increased PsAFB6
transcript abundance during early pericarp development suggesting a unique role for PSAFB6 in
ethylene signaling during fruit development (Ozga et al., 2022).

To further explore the function of AFB6 auxin receptors, Arabidopsis auxin receptor
double (tirl afb2) and quadruple mutant (zir! afb2 afb4 afb5) lines transformed with the pea
auxin receptor PsAFB6 were used as a tool to test if the pea AFB6 auxin receptor modifies

response to auxin in Arabidopsis root growth assays.
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2.2 MATERIALS AND METHODS
2.2.1 Plant materials

A description of the Arabidopsis auxin receptor mutant and pea auxin receptor PsAFB6-
expressing Arabidopsis lines used in this study and the method for transformation of the
transgenic lines, are given below. All the Arabidopsis lines used in this study in Chapter 2 were
created prior to this project by other members of the Ozga lab. All Arabidopsis lines are in the
Columbia ecotype background (Col-0). The wild-type (Col-0 WT designated as WT), auxin
receptor double mutant #ir/-10 afb2-3 C (designated as tirlafb2C), and auxin receptor quadruple
mutant tirl-10 afb2-3 afb4-8 afb5-5 (designated as tirlafb245) were used. The auxin receptor
double and quadruple mutant lines were created using the available single T-DNA insertion
mutants from the Arabidopsis Biological Resource Center (Jayasinghege et al., 2019). The T-
DNA insertion information of the double and quadruple mutant lines is shown in Appendix
Figure Al. The tir/—10 allele (SALK 090445C) had a T-DNA insertion within the coding region
near the 5’ end of the gene and was unable to generate full-length transcripts (Parry et al., 2009).
In contrast, the afb2—3 allele (SALK 137151) had T-DNA inserted 37 bp upstream of the
transcriptional start site that produced reduced levels of 4FB2 transcript, suggesting the afb2-3
line likely retained some AFB2 function (Parry et al., 2009). The afb4-8 (SALK 201329) and
afb5-5 (SALK 110643) lines with T-DNA insertions in exon 2 and intron 1 regions of the genes,
respectively, resulted in the loss of production of full-length mRNA suggesting these alleles are
null mutants (Prigge et al., 2016).

The expression of the pea auxin receptor gene Ps4AFB6 is driven by the constitutive
CaMV-35S promoter in the Arabidopsis transgenic lines. Two independently transformed lines in
the auxin receptor double mutant background (PsAFB6 in tirl-10 afb2-3 4-8 designated as
PsAFB6/+ 4-8 tirlafb2; PsAFB6 in tirl-10 afb2-3 3-3 designated as PsAFB6/+ 3-3 tirlafb2),
and three independently transformed lines in the quadruple auxin receptor mutant background
(PsAFBG6 in tirl-10 afb2-3 afb4-8 afb5-5 1-6 designated as PsAFB6/+ 1-6 tirlafb245; PsAFB6
in tirl-10 afb2-3 afb4-8 afb5-5 3-2 designated as PsAFB6/+ 3-2 tirlafb245); PsAFB6 in tirl-10
afb2-3 afb4-8 afb5-5 5-9 designated as PsAFB6/+ 5-9 tirlafb245) were used. The transgenic
PsAFB6-expressing Arabidopsis lines were created using a GV3101-pCam1300 plasmid
containing PsAFB6 driven by the CaMV-35S promoter. Agrobacterium-mediated transformation

using the floral dip method was used for generating Arabidopsis Ps4FB6-expressing transgenic
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lines (Jayasinghege et al., 2019). PCR was used to confirm Ps4AFB6 gene insertion and

hygromycin was used to select for homozygous PsAFB6 lines.

2.2.2 Arabidopsis root growth assays

The auxin receptor double mutant line #ir/afb2C and quadruple mutant line tir/afb245,
along with PsAFBo6-expressing lines in the double (PsAFB6/+ 4-8 tirlafb2; PsAFB6/+ 3-3
tirlafb2) and quadruple auxin receptor mutant (Ps4AFB6/+ 1-6 tirlatb245; PsAFB6/+ 3-
2 tirlafb245; PsAFB6/+ 5-9 tirlafb245) background, as well as the Columbia wild-type (WT)
line were tested for their ability to exhibit auxin-induced (2,4-D) inhibition of root growth with
standard root growth assays (Jayasinghege et al., 2019).

For performing root growth assays, Arabidopsis seeds were surface sterilized with 1.5
mL of 70 % ethanol for 2 minutes, followed by second sterilization with 1.5 mL of 2 % NaOCl
containing 0.1 % Tween-80 for 10 minutes while vortexing every 2-3 minutes. After
sterilization, seeds were washed with sterile water at least three times and re-suspended in 1 mL
of sterile water. The seeds were then kept in dark at 4 °C for four days for seed stratification for
all lines. Following seed stratification, using a 1 mL sterile pipette tip, individual drops with 1-2
seeds per drop (reduced to 1 seed per drop on plate) were placed in 2 parallel lines (as shown in
Appendix Figure A2) onto round plastic 100 x 20 mm Petri plates (TC Dish 100, Sarstedt,
Niimbrecht, Germany) containing 1 % aqueous (w/v) bactoagar prepared in half-strength
Murashige and Skoog (MS) medium and 1 % (w/v) sucrose (seeds of one mutant or transformed
line per plate). Excess water was removed from the plates, the plates were sealed with breathable
tape (3M Micropore, St. Paul, Minnesota, USA) and plates were moved to the growth chamber
maintained at 22 °C supplemented with continuous (24 h light) cool white-fluorescent light at
155 + 20 uE m? s 2 measured using a LI-188 photometer (Li-Cor Biosciences, Lincoln,
Nebraska, USA). The Petri plates were placed in a vertical position and seeds germinated and
seedlings were grown vertically for 4 days in a growth chamber for all seed lines except for the
auxin receptor quadruple mutant and Ps4FB6 transformed lines in the quadruple mutant
background. Seeds of the auxin receptor quadruple mutant grown together with PsAFB6
transformed lines in the quadruple mutant background were placed onto the petri plates
following four days of stratification and then plates were moved to the growth chamber for 5

days to allow an extra day of growth of these quadruple mutants and transformed plants. Four- or
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five-day-old uniform-sized seedlings (uniform size across all lines that were grown together)
were transferred with a sterilized tweezer to newly prepared bactoagar plates with or without
2,4-D (70 nM) with one exception. On the day of seedling transfer from the bactoagar plates to
assay plates with or without 2,4-D, the uniform sized quadruple mutant tir/afb245 seedlings
were shorter in length compared to the uniform-sized seedlings of WT and auxin receptor double
mutant tir/afb2C in the growth assays where these lines were grown together. To prepare the
bactoagar plates supplemented with 2,4-D, filter-sterilized 2,4-D solution was added to
autoclaved bactoagar media that was warm and still in liquid state to make the final of 2,4-D
concentration to 70 nM. The bactoagar solution (with or without 2,4-D) was mixed thoroughly
by swirling and approximately 25 mL of media was poured into each plate. The plates were used
within 1-2 days after media preparation. In total six seedlings belonging to three different lines
(2 technical replicates per line, 3 lines per Petri plate) were transferred to each bactoagar plate
with or without 2,4-D, as shown in Appendix A Figure A2.

Root growth in length was assessed 3 days after transferring seedlings to the root assay
plates (media with or without 2,4-D). Lateral root number was counted and root length was
measured 5 days after transferring seedlings to the root assay plates to calculate the lateral root
density. Sets of root growth assays were conducted with seedlings belonging to different lines
categorized in groups as shown in Appendix A Figure A2. Seedlings of different lines within
each group were grown together as a set in a growth chamber, two or three sequential sets of
seedlings belonging to different lines within each group were grown in the same growth chamber
and data from 2 or 3 sequential sets were pooled for obtaining percent root elongation data. The
root growth assays for comparing WT, tir/afb2C and tirlafb245 lines categorized in group 1
were conducted in two sequential sets [one set = 38-40 plates per treatment (control or 2,4-D);
76-80 plates total per set] in the same growth chamber (see Appendix A Figure A2 for details).
For performing root growth assays with Arabidopsis Ps4FB6-transgenic lines in the auxin
receptor double mutant background categorised in group 2 of Appendix A Figure A2, a total of
six seedling per plate composed of two seedlings each of WT, ftir/afb2C and the independent
PsAFB6-transgenic lines in the double mutant background represented in two different
combinations (combination ii: PSAFB6/+ 4-8 tirlafb2 or combination iii: PsAFB6/+ 3-3
tirlafb2) were performed in two sequential sets in the same growth chamber. The first set

consisted of a total of 40 plates [10 plates each of control and 2,4-D media for each transgenic
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line (PsAFB6/+ 4-8 tirlafb2 line and PsAFB6/+ 3-3 tirlafb2 line)]. The second set consisted of
80 plates total [20 plates each of control and 2,4-D media for each transgenic line (Ps4AFB6/+ 4-
8 tirlafb2 line and PsAFB6/+ 3-3 tirlafb2 line); see Appendix A Figure 2 for details]. For
performing root growth assays with Ps4AFB6-transgenic lines in the auxin receptor quadruple
mutant background categorised in group 3 of Appendix A Figure A2, a total of six seedling per
plate composed of two seedlings each (technical replicates) of tirlafb245 along with two
seedlings each of Ps4AFB6-transgenic lines in three different combinations (combination iv:
PsAFB6/+ 1-6 tirlafb245 and PsAFB6/+ 3-2 tirlafb245; combination v: PsAFB6/+ I-

6 tirlaftb245 and PsAFB6/+ 5-9 tirlafb245; combination vi: PsAFB6/+ 3-2 tirlafb245 and
PsAFB6/+ 5-9 tirlatb245; Appendix A Figure A2) were performed in three sequential sets in the
same growth chamber. The first two sets had a total of 30 plates each (5 plates each of control
and 2,4-D media for each line combination within group 3 noted above. The third set was
composed of 10 plates each of control and 2,4-D media for each line combination within group 3
noted above; see Appendix A Figure 2 for details).

The plates were initially scanned with an Epson Perfection V850 Pro flatbed scanner
(https://epson.ca) and images were captured using winRhizo 2020 software on the day the
uniform-sized seedlings were transferred to assay plates with or without 2,4-D (day 0 of assay).
After scanning, the plates were moved back to the same growth chamber and positioned
vertically for further seedling growth. After 3 and 5 days of vertical growth in the growth
chamber (days 3 and 5 of assay), the inner surface of the lid of each plate was wiped with a
Kimwipe under a laminar flow hood to remove moisture and were rescanned as noted above.
The root length of each seedling was measured in the captured images using ImageJ software

(http://rsb.info.nih.gov/ij/). To accurately measure the root length of each seedling in the

software, free hand line was selected to trace the length of the root for measuring the root length
at day 3 and day 5 of the root growth assay. Since each image was scanned at original scale, the
measured root length was the actual root length. The root length measurements were also
validated using a measuring ruler at day 3. The increase in root length for each seedling after 3
days of growth in the assay plates with or without 2,4-D was calculated by subtracting the root
length at day 0 from that at day 3 of assay. Root elongation of seedlings was calculated in the
auxin-containing medium and expressed as a percentage compared to the same line grown in

medium without auxin. Root growth data obtained from two or three subsequent sets of
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seedlings belonging to different combinations of lines grown together were pooled to calculate
percent root elongation. The number of lateral roots was counted manually and the root length
was determined using ImagelJ software for each seedling using the images of each line 5 days
after the transfer to the assay plates with or without 2,4-D. The lateral root density (cm™') was

determined by dividing the number of lateral roots for each line by the root length at day 5.

2.2.3 RNA extraction and Tagman qRT-PCR assays

To quantify PsAFB6 gene expression in the Arabidopsis PsAFB6-expressing double and
quadruple mutant transgenic lines, seedlings were harvested from control media root growth
assay plates (no 2,4-D added) after measurement of lateral root numbers (on day 5-6 of growth
in these plates) and they were dissected into roots and shoots with a scalpel and collected
separately into 15 mL plastic scintillation vials placed onto dry ice and stored at -80 °C. Four
biological replicates of shoot tissues per line were used for total RNA extraction where each
biological replicate was a pool of shoots obtained from 6 randomly selected seedlings for each
line. Root tissue was limited, and problems with contamination occurred in the root samples.
One biological replicate was successfully extracted for the Arabidopsis auxin receptor double
mutant line and the two lines expressing the pea auxin receptor PsAFB6 in the double mutant
background (composed of a pool of roots obtained from 78 seedlings for tirlafb2, 40 seedlings
for PsAFB6/+ 4-8 tirlafb2 and 39 seedlings for PsAFB6/+ 3-3 tirlafb2). Two biological
replicates of root tissues from the Arabidopsis auxin receptor quadruple mutant line and three
lines expressing the pea auxin receptor PsAFB6 in the quadruple mutant background were
extracted for total RNA, where each biological replicate was a pool of roots obtained from 47-48
seedlings for tirlafb245, 31-32 seedlings for PsAFB6/+ 1-6 tirlafb245, 34-36 seedlings for
PsAFB6/+ 3-2 tirlafb245 and 33-34 seedlings for PsAFB6/+ 5-9 tirlafb245.

For RNA extraction, a modified Trizol-based method as described in Ozga et al. (2003)
was used. The frozen root or shoot tissues were placed in 2 mL microcentrifuge tubes and
ground to a fine powder with 8 3-mm glass beads per tube using a Mini-BeadBeater (Biospec
Products) for duration of 30 seconds. Subsequently, 1 mL of Trizol reagent (Ambion, USA) was
added to the ground tissue samples, vortexed and incubated at room temperature for 30 minutes
and 200 pL of chloroform was added to separate RNA from protein and DNA. After chloroform

addition, the tubes were vigorously shaken and incubated at room temperature for 5 minutes,
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followed by centrifugation at 4 °C for 15 minutes at 14,800 rpm. The supernatant containing
total RNA was carefully transferred to a 1.5 mL microfuge tube. To eliminate polysaccharides
and proteoglycans, total RNA was precipitated with 400 pL isopropanol, 250 pL of 1 M sodium
citrate (EMD Millipore, USA) and 250 pL of 1 M sodium chloride (Promega, USA). The
samples were thoroughly mixed, incubated at room temperature for 15 minutes, and then
centrifuged at 4 °C for 15 minutes at 14,800 rpm. Once the supernatant was removed, the RNA
pellet was washed with 200 puL of 75 % ethanol to dissolve any organic impurities. Following
centrifugation at 4 °C for 5 minutes at 14,800 rpm, the supernatant was discarded. Subsequently,
the RNA pellet was resuspended in 600 pL of nuclease-free water (Invitrogen, USA).

For further purification and selective precipitation of RNA, the total RNA extract was
subjected to an overnight incubation at 4 °C after adding 200 pL of 8 M lithium chloride (LiCl).
The following day the tubes were centrifuged at 4 °C for 30 minutes at 14,800 rpm, and the
supernatant was discarded. The RNA pellet was then resuspended in 400 pL of nuclease-free
water and subjected to reprecipitation with 40 puL of 3 M sodium acetate (Sigma Aldrich) and
800 pL of 100 % ethanol. After an overnight incubation at -20 °C, the solution was centrifuged
at 4 °C for 10 minutes at 14,800 rpm, and the supernatant was discarded. The RNA pellet was
washed with 200 pL of 75 % ethanol, followed by centrifugation at 4 °C for 5 minutes at 14,800
rpm, and subsequent removal of the supernatant. The resulting RNA pellet was air-dried for 10
minutes at room temperature to eliminate any remaining ethanol and was then dissolved in 20 pL
of nuclease-free water. The concentration of total RNA was determined using a NanoDrop (ND-
1000 spectrophotometer, Thermo Fisher Scientific), while the purity was evaluated by measuring
absorbance ratios at 260/280 nm and 260/230 nm for each sample. The total RNA samples were
stored at -80 °C for DNase treatment.

To eliminate any residual DNA contamination, the high-quality total RNA samples were
DNase-treated using the DNA-free kit (Ambion, USA), following the instructions provided by
the manufacturer. In a new 1.5 mL microfuge tube, an aliquot of 25 pg of total RNA was diluted
with nuclease-free water to a final volume of 88 pL per sample. Su