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Abstract

Polyamines (PAs) are small cationic metabolites, essential for eukaryotic organisms and many
prokaryotes. In plants, PAs are important for growth, development, gene expression, and
abiotic and biotic stress responses, and their levels are finetuned through transcriptional and
translational regulation of PA synthesis and catabolic enzymes (Chen et al., 2019). Synthesis
of the most abundant PAs in plants, putrescine, spermidine, and spermine, predominantly starts
with decarboxylation of arginine to agmatine by arginine decarboxylase (ADC, typically
encoded by two genes, ADCI and ADC?2). Interestingly, all examined land plant ADC
transcripts contain a highly conserved GC-rich ~50 bp sequence in their 5’ untranslated region
(5’UTRs), termed the “4DC-box” (Wu et al., 2019). Using transient reporter assays, the ADC-
box was found to inhibit translation of the downstream coding sequence, possibly by forming
an RNA secondary structure that prevents ribosomal scanning. In addition to the ADC-box,
ADC 5’UTRs contain a small uORF ~150 bp 5’ to the ADC-box; however, no clear role for
this uUORF was found (Wu et al., 2019).

This work aimed to determine if the ADC-box and uORF regulate ADC translation in planta
and investigate how the ADC-box translational regulatory mechanism functions. CRISPR/Cas9
mutagenesis of ADC-boxes in tomato, Arabidopsis thaliana, and Marchantia polymorpha
(relative of the first land plants) was conducted. As a proxy for measuring in planta ADC
protein levels, a previously established liquid chromatography-mass spectrometry (LCMS)-
based ADC activity assay (Wu et al., 2019) was further optimised, improving sensitivity ~600-
fold and number of measured PA-related metabolites. Increased ADC activity and levels of
some PA-related metabolites were found in tomato, A. thaliana, and M. polymorpha adc-box
mutants, demonstrating that the ADC-box is a repressor of ADC translation in planta and that
its role has likely been conserved throughout land plant evolution. The tomato ADC-box RNA
secondary structures were experimentally and computationally determined using SHAPE
analysis, finding a triple hairpin ADC-box structure. Through analysing ADC activity levels
across adc-box mutants, it seems that the central hairpin, which is conserved across vascular
and early non-vascular land plants, is essential for ADC-box functionality. CRISPR/Cas9
mutagenesis of the tomato ADC uORFs resulted in reduced ADC activity compared to wildtype
(WT) and a shorter plant phenotype with fewer leaves and flowers, suggesting that this uUORF
not only positively regulates ADC translation but is also essential for plant development.
Overall, these findings suggest that plant ADC translation is both negatively and positively
regulated by two highly conserved 5’UTR elements that finetune ADC protein levels and

maintain PA homeostasis under various conditions.



In addition to influencing PA levels, ADC activity also correlated with levels of phenolamides,
compounds made from PA conjugation to hydroxycinnamic acids (HCAs), which are both
antimicrobial compounds and substrates for the formation of physical barriers in roots (i.e.,
lignin and suberin). Interestingly, the broad-host bacterial pathogen Ralstonia solanacearum,
which infects plants via their roots, injects a conserved effector protein (RipTAL) into host
cells to transcriptionally activate plant ADC genes and boost PA levels (Wu et al., 2019).
Through this work, we hypothesise that R. solanacearum uses RipTALs to manipulate host
phenolamide levels to either alter the plant microbiome or production of physical barriers in
the roots. In brief, through expanding our capabilities of PA measurement by LCMS and our
understanding of how ADCs influence the PA network, new experimental approaches and
hypotheses as to how R. solanacearum benefits from a RipTAL-induced PA boost have been

developed.



Zusammenfassung
Polyamine (PAs) sind kleine kationische Stoffwechselprodukte, die fiir pro- und

eukaryontische Organismen von wesentlicher Bedeutung sind. In Pflanzen sind sie wichtig fiir
Wachstum, Entwicklung, Genexpression und abiotische und biotische Stressreaktionen (Chen
et al., 2019). Der PA-Gehalt wird durch die transkriptionelle und translationale Regulierung
der PA-Synthese und der katabolen Enzyme fein abgestimmt. Die Synthese der in Pflanzen am
hiufigsten vorkommenden PAs, Putrescin, Spermidin und Spermin, beginnt in erster Linie mit
der Decarboxylierung von Arginin zu Agmatin durch Arginin-Decarboxylase (ADC,
typischerweise kodiert von zwei Genen, ADCI und ADC?2). Interessanterweise wurde eine
hochkonservierte GC-reiche ~50 bp Sequenz in der 5' untranslatierten Region (5'UTR) aller
untersuchten ADC-Transkripte von Landpflanzen entdeckt, die als ,,ADC-Box* bezeichnet wird
(Wu et al., 2019). Mithilfe von transienten Reporter-Assays wurde festgestellt, dass die ADC-
Box die Translation der stromabwiérts gelegenen kodierenden Sequenz hemmt, moglicherweise
durch Bildung einer RNA-Sekundérstruktur, die das ribosomale Scanning verhindert.
Zusitzlich zur ADC-Box enthalten ADC 5'UTRs einen kleinen uORF ~150 bp 5' zur ADC-Box;
es wurde jedoch keine klare Rolle fiir diesen uORF gefunden (Wu et al., 2019).

Mit dieser Arbeit sollte festgestellt werden, ob die ADC-Box und der uORF die ADC-
Translation in Pflanzen regulieren und wie der ADC-Box-Translationsregulationsmechanismus
funktioniert. Es wurde eine CRISPR/Cas9-Mutagenese der ADC-Boxen in Tomate,
Arabidopsis thaliana und Marchantia polymorpha (Verwandte der ersten Landpflanzen)
durchgefiihrt. Als Proxy fiir die Messung der ADC-Proteinspiegel in Pflanzen wurde ein zuvor
etablierter ~ Fliissigchromatographie-Massenspektrometrie (LCMS)-basierter ~ ADC-
Aktivititsassay (Wu et al., 2019) weiter optimiert, wodurch die Empfindlichkeit um das 600-
fache und die Anzahl der gemessenen PA-bezogenen Metaboliten verbessert wurde. In den
adc-box-Mutanten von Tomate, A. thaliana und M. polymorpha wurden eine erh6hte ADC-
Aktivitdt und ein erhdhter Gehalt an einigen PA-verwandten Metaboliten festgestellt, was
zeigt, dass die ADC-Box ein Repressor der ADC-Translation in Pflanzen ist und dass ihre Rolle
wahrscheinlich wihrend der gesamten Evolution der Landpflanzen konserviert wurde. Die
Sekundérstrukturen der ADC-Box-RNA der Tomate wurden experimentell und rechnerisch mit
Hilfe der SHAPE-Analyse bestimmt, wobei eine dreifache ADC-Box-Haarnadelstruktur
gefunden wurde. Die Analyse der ADC-Aktivitét in verschiedenen adc-box-Mutanten ergab,
dass die zentrale Haarnadel, die in vaskuldren und frithen nicht-vaskuldren Landpflanzen
konserviert ist, fiir die Funktionalitit der ADC-Box wesentlich ist. Die CRISPR/Cas9-
Mutagenese des ADC uORFs der Tomate fiihrte zu einer verringerten ADC-Aktivitdt im



Vergleich zum Wildtyp (WT) und einem kiirzeren Pflanzenphénotyp mit weniger Blittern und
Bliiten, was darauf hindeutet, dass dieser uORF nicht nur die ADC-Translation positiv
reguliert, sondern auch fiir die Pflanzenentwicklung wesentlich ist. Insgesamt deuten diese
Ergebnisse darauf hin, dass die pflanzliche ADC-Translation durch zwei hoch konservierte
5'UTR-Elemente sowohl negativ als auch positiv reguliert wird, um die ADC-Proteinspiegel
fein abzustimmen und die PA-Homdostase unter verschiedenen Bedingungen
aufrechtzuerhalten.

Neben der Beeinflussung des PA-Gehalts korrelierte die ADC-Aktivitit auch mit dem Gehalt
an Phenolamiden, Verbindungen, die aus der Konjugation von PA zu Hydroxyzimtsiduren
(HCA) entstehen, die sowohl antimikrobielle Verbindungen als auch Substrate fiir die Bildung
physikalischer Barrieren in Wurzeln (d. h. Lignin und Suberin) sind. Interessanterweise
injiziert das bakterielle Pathogen Ralstonia solanacearum, das Pflanzen iiber ihre Wurzeln
infiziert, ein konserviertes Effektorprotein (RipTAL) in die Wirtszellen, um pflanzliche ADC
Genen transkriptionell zu aktivieren und den PA-Gehalt zu erhohen (Wu et al., 2019). Durch
diese Arbeit stellen wir die Hypothese auf, dass R. solanacearum RipTALs verwendet, um den
Phenolamid-Spiegel des Wirts zu manipulieren, um entweder das Pflanzenmikrobiom oder die
Produktion von physischen Barrieren in den Wurzeln zu verdndern. Kurz gesagt, durch die
Erweiterung unserer Moglichkeiten der PA-Messung mittels LCMS und unseres
Verstindnisses, wie ADCs das PA-Netzwerk beeinflussen, wurden neue experimentelle
Ansdtze und Hypothesen dariiber entwickelt, wie R. solanacearum von einem RipTAL-

induzierten PA-Boost profitiert.
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1. Introduction

Plants were one of the first multicellular forms of life to conquer land, as barren and
unforgiving as it was ~500 million years ago (Rensing, 2018). From this point onwards, plants
have been exposed to very unpredictable and changing environments and, as they are unable
to move to more favourable conditions, have evolved many methods to defend themselves and
thrive. All animals, including humans, now totally rely on plants and their ability to provide
sustenance. Yet, in the face of the climate change crisis, plants, particularly our crops, must
withstand even more unpredictable environmental changes to survive and maintain yields
(Seppelt et al., 2022). To improve crop resilience and therein food security in the future,
development of durable lines, resistant to multiple stresses is essential (Kopec, 2024). To
generate such lines, understanding of how plants detect stress, activate responses to cope with
it, and how these responses are regulated is imperative.

One ancient mechanism that plants have used for mitigating stress since their arrival on land is
through increasing production of secondary metabolites to protect cellular components and
alleviate the stressor (Rensing, 2018). Polyamines (PAs) are one group of protective
metabolites that have increased synthesis in response to both biotic and abiotic stress and can
mitigate these stresses through a variety of mechanisms (Alcazar et al., 2010a; Mustafavi et al.,
2018; Chen et al., 2019; Gonzalez et al., 2021). Understanding how metabolites such as PAs
can protect plants in the face of multiple stresses may help to generate more resilient crops for
the future.

In this work, an ancient regulatory mechanism that controls expression levels of a key PA-
synthesising enzyme, arginine decarboxylase (ADC) is investigated, alongside its impact on
the wider PA network. Although plants typically induce PA production to resist pathogen
attack, Ralstonia solanacearum, the causal agent of the devastating plant bacterial wilt disease,
injects an effector protein into host cells to boost their PA production. Therefore, to understand
this seemingly counterintuitive action by R. solanacearum, and to better understand the role
that PAs have in progression of bacterial wilt disease, various experimental approaches were

developed in this work.
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1.1 Polyamines are essential metabolites that have a multitude
of cellular functions in plants.

PAs are found ubiquitously in all living organisms and are essential for eukaryotic life
(Michael, 2016). They are low molecular weight metabolites that are positively charged at
physiological pH and contain at least two amino groups (Kusano et al., 2008). In plants, the
most abundant PAs are putrescine, spermidine, and spermine, which are predominantly found
in free forms, but are also commonly bound to other molecules (Chen et al., 2019). PAs can be
covalently bound via their positive charges to negatively charged macromolecules such as
nucleic acids, proteins, lipids, and cell wall components, or conjugated to hydroxycinnamic
acids (HCAs) to form phenolamides (also known as phenylamides or hydroxycinnamic acid
amides [HCAAs]). Due to their cationic binding capabilities and abundance, PAs have a
plethora of cellular interactors and functions. Through genetic and metabolic studies, PAs have
been implicated in many processes such as gene expression (i.e., transcription and translation;
Childs et al., 2003; Dever and Ivanov, 2018; Poidevin et al., 2019; Jimenez-Bremont et al.,
2022), development and growth (i.e., embryogenesis and organogenesis; Chen et al., 2019),
flower and fruit development (Applewhite et al., 2000; Anwar et al., 2019; Gao et al., 2021),
senescence (Sobieszczuk-Nowicka, 2017), abiotic stress responses (i.e., drought, heat, salt, and
cold and freezing tolerances; Alcazar et al., 2010a; Chen et al., 2019), and responses to biotic
stresses (i.e., bacterial, fungal, and viral; Gonzalez et al., 2021). In addition to these benefits
for the plants themselves, humans also require PAs. Although we can synthesise PAs, dietary
intake of PAs, including from plant-based sources, provides antioxidant and other health
promoting benefits, demonstrating the importance of PAs in crops for human consumption
(Mufioz-Esparza et al., 2019).

Due to their many roles and interactions, it is challenging to determine the exact mode of action
PAs have in each of these aforementioned processes as they most likely operate simultaneously
on many different levels (Michael, 2016; Chen et al., 2019). PAs bind nucleic acids, influencing
chromatin packing, DNA and RNA conformation and stability, gene expression, and
translation (Childs et al., 2003; Dever and Ivanov, 2018). Yet PAs are also considered
regulators of redox homeostasis as they protect cellular entities by increasing antioxidant
enzyme activity, scavenge reactive oxygen species (ROS), and stabilising membranes during
periods of oxidative stress (Chen et al., 2019). While on the other hand, during pathogen attack,
PA catalysis is induced, resulting in increased ROS production, contributing to an oxidative

burst that reduces pathogen proliferation (Gonzalez et al., 2021). PAs can also inhibit ion
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channels, helping to regulate levels of calcium and ions during stresses to limit their damaging
effects on cells (Napieraj et al., 2023). Additionally, PA levels and expression of PA
synthesising enzymes have also been correlated with changes in levels of various
phytohormones, growth regulators, and signalling molecules, such as auxin, cytokinin,
jasmonates, gibberellic acid, abscisic acid (ABA), ethylene, salicylic acid, and nitric oxide,
further confounding their direct and indirect effects (Chen et al., 2019; Napieraj et al., 2023;
Tyagi et al., 2023). Covalently bound or conjugated PAs have additional molecular interactors
and roles, further diversifying the impacts and functions of PAs in plants. And finally,
differential localisation, regulation, and synthesis of PAs and their conjugated forms means
that their roles may change depending on the developmental time, tissue, environment, and
stress status of the plant (Chen et al., 2019; Tyagi et al., 2023). Therefore, although PAs are

rather small and abundant metabolites they have many complex roles.

1.2  Polyamine synthesis and catabolism in plants.

In plants, there are two main reported pathways of PA synthesis, starting with either arginine
or ornithine (Chen et al., 2019). The main PA synthesis pathway in plants uses arginine to
generate agmatine via arginine decarboxylase (ADC) enzymes; ADC represents an essential
point in PA synthesis in plants as without this enzyme, insufficient PA levels result in no flower
and/or seed production (Figure 1; Urano et al., 2005; Alcazar et al., 2010a; Winter et al., 2015;
Alcazar and Tiburcio, 2018; Chen et al., 2019). Plant ADCs belong to group IV pyridoxal 5-
phosphate (P5P)-dependent decarboxylases (Sandmeier et al., 1994) and typically exist as two
paralogues (i.e., ADC1 and ADC2; Maruri-Lopez and Jimenez-Bremont, 2017). ADCs form
head-to-tail homo- and hetero-dimers, with two PLP co-factor and substrate binding sites
between the dimer interfaces (Hanfrey et al., 2001). After decarboxylation by ADC, agmatine
is then converted into N-carbamoyl putrescine, which is further hydrolysed into putrescine by
N-carbamoyl putrescine amidohydrolase (AIH). Putrescine acts as a central point in the PA
synthesis pathway (Mattoo et al., 2015; Gonzalez-Hernandez et al., 2022a), as it can either be
further metabolised into spermidine and then spermine, or used to generate various spermidine
derivatives, GABA, H>O», or other secondary metabolites such as alkaloids (Tiburcio and
Galston, 1986; Docimo et al., 2012; Gonzalez et al., 2021). Spermidine and spermine are
produced by addition of decarboxylated S-adenosylmethionine, which is derived from

methionine and also used for ethylene synthesis.
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Figure 1: Plant polyamine (PA) metabolic pathways and enzymes.

The main PAs in higher plants are putrescine, spermidine, and spermine, which are catalysed from arginine and ornithine
via the arginine decarboxylase (ADC)- and ornithine decarboxylase (ODC)-dependent pathways (bolded arrows). Putrescine
is converted to the higher PAs through addition of dc-AdoMet, which is derived from methionine and also used for ethylene
synthesis. Cadaverine is another PA catalysed from lysine via a separate pathway. ADC (orange); 4. thaliana ADC1 (light
orange), representing its neofunctionalised role as an N°-acetylornithine decarboxylase. All other enzyme abbreviations are
shown in blue: glutamine synthase (GnS); glutamate synthase (GtS); glutamate decarboxylase (GAD); ornithine-carbamoyl
transferase (OTC); arginosuccinate synthase (ASSY); arginosuccinate lyase (ASL); arginase (ARGAH); ornithine
decarboxylase (ODC; green); N-acetyltransferase activity 1 (NATA1); S-adenosylmethionine synthase (SAMsyn); 1-
aminocyclopropane-1-carboxylate synthase (ACCsyn); l-aminocyclopropane-1-carboxylate oxidase (ACCox); S-

adenosylmethionine decarboxylase (SAMDC, also called AdoMetDC); and, lysine decarboxylase (LDC).

The second pathway is dependent on ornithine, which is directly decarboxylated into putrescine
by ornithine decarboxylase (ODC; Winter et al., 2015; Alcazar and Tiburcio, 2018; Chen et
al., 2019) and is also a member of the group IV P5P-dependent decarboxylases (Sandmeier et
al., 1994). Interestingly, many Brassicaceae species, including the common model plant
Arabidopsis thaliana have lost their ODC, resulting in total dependence on ADC for PA
production (Hanfrey et al., 2001). To compensate for this loss, 4. thaliana ADC1 has
neofunctionalised into an NP-acetylornithine decarboxylase to convert N°-acetylornithine to
acetylputrescine, thereby linking ornithine to putrescine production without an ODC (Lou et
al., 2020). A third PA synthesis pathway has also been reported in sesame, which converts
citrulline to putrescine via citrulline decarboxylase (CDC), yet this has not been observed in

other plants (Chen et al., 2019).
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Another PA, cadaverine, is produced via decarboxylation of lysine by lysine decarboxylase
(LDC), and while its roles in plants have not been as well characterised as the other PAs, it still
contributes to plant development and stress responses (Jancewicz et al., 2016). Interestingly,
many LDC and ODC enzymes are dual functioning and can either produce cadaverine or
putrescine from lysine or ornithine, respectively (Bunsupa et al., 2012).

Catabolism of putrescine and cadaverine is conducted by diamine oxidase (DAO) enzymes,
which produce H>O» and NH3 in the process (Moschou et al., 2008). Subsequent catabolism
leads to production of GABA (y-aminobutyrate), a signalling molecule important for
development and during plant stress responses (Shelp et al., 2012; Sebastia et al., 2021).
Spermidine and spermine are catabolised by polyamine oxidase (PAO) enzymes, also
producing H>O»> in the process (Moschou et al., 2008). Putrescine, spermidine, and spermine
can also be acetylated by N-acetyltransferase activity (NATA) enzymes to fine tune the
available PA pool and regulate H,O» production during periods of stress (Lou et al., 2016;
Shahul Hammed et al., 2024 bioRxiv).

As mentioned above, agmatine, putrescine, spermidine, and spermine can all be conjugated to
different hydroxycinnamic acids (HCAs) to generate various phenolamides (Figure 2; Bassard
et al., 2010; Roumani et al., 2021; Xu et al., 2023). This conjugation is catalysed by N-
hydroxycinnamoyl transferase (HCT) enzymes, which are part of the BAHD acetyltransferase

super family (Xu et al., 2023). Phenolamides have diverse roles in plants and are commonly

Hydroxycdnnamic Hydroxycinnamoyl

acids esters Phenolamides Polyamines

Sinapicacid ~—» Sinapoyl-CoA e Sinapoyl-based amines . Agmatine

l ! '
Ferulicacid —» Feruloyl-CoA —> Feruloyl-based amines Putrescine
/
! ! ¢
\
Phenylalanine Caffeicacid  —» Caffeoyl-CoA —> Caffeoyl-based amines Spermidine
l PAL T T l
Cinnamicacid —» p-coumaricadd —» p-coumaryol-CoA —»  Coumaryol-based amines \_  Spermine
\_ ]
-
Lignin and suberin

Secondary metabolites

Figure 2: Phenolamide synthesis in plants.

The PAL pathway, named after the enzyme phenylalanine ammonia-lyase (PAL), is responsible for synthesis of
phenylpropanoids (i.e., HCA derivatives). Hydroxycinnamic acids (HCAs; blue) can have CoA moieties added by lyases to
form hydroxycinnamoyl-CoA esters (purple); these are substrates for synthesis of lignin and suberin, and secondary
metabolites. Additionally, they can be conjugated to polyamines (yellow) by N-hydroxycinnamoyl transferases (HCT) to form
phenolamides (pink).
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found to play protective roles against abiotic and biotic stresses. Various enzymes or
transcription factors producing or regulating phenolamide levels have been implicated in
resistance against bacterial, viral, fungal, and insect pathogens in a variety of different plants
as either antimicrobial compounds or by reinforcing the secondary cell wall (Bassard et al.,
2010; Roumani et al., 2021). HCAs are also required for synthesis of lignin and suberin,
important protective cell wall polymers, as well as other secondary metabolites such as

flavanols and anthocyanins.

1.3 Regulation of polyamines in plants.

As PAs have so many influential roles in plants, their pools must be tightly controlled through
regulation of enzymes involved in their synthesis and catabolism. Overall, their levels are
maintained based on cellular needs by fine tuning their synthesis, catabolism, conjugation, and
transport, enabling rapid and dynamic changes to PA pathway flux and their abundance. As
this thesis focuses on plant ADCs, the following sections highlight their regulation
transcriptionally and translationally, yet many components of the PA pathway are regulated by

similar means to adjust PA levels.

1.3.1 Transcriptional regulation of PA-related genes.

While there is an abundance of reports regarding changes to expression of PA-related genes in
response to different stressors or throughout development in different tissues at different time
points, a detailed knowledge on the upstream transcription factors (TFs) controlling PA levels
is somewhat lacking (Chen et al., 2019). Some cis-regulatory elements have been identified in
multiple PA-related gene promoters, which may explain how PA synthesis and catabolism are
regulated at the transcriptional level; these elements are typically light-, hormone-, stress-, and
various developmental-responsive elements (Alcazar et al., 2006; Sun et al., 2014; Wu et al.,
2016; Liu et al., 2018; Ebeed, 2022). For example, ODC promoters across multiple plant
species were found to contain cis elements related to ethylene responses, light-dependent
pathways, plant architecture, and alkaloid and carotenoid biosynthesis (Sivakumar et al., 2022).
Specific TFs, such as MYB, ABF, and WRKY TFs, have been identified to either bind to cis-
elements in promoters of PA-related genes and/or influence PA levels (Liu et al., 2015). For
example, an abiotic stress-induced MYB TF from orange (Citrus senensis) binds to ADC
promoters, increasing transcription and PA levels (Sun et al., 2014). Similarly, over expression
of a cotton MYB in transgenic tobacco also increased ADC and S-adenosylmethionine

decarboxylase (SAMDC) expression (Chen et al., 2015). Expression of PA biosynthetic genes,
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particularly ADCs, are also increased following up regulation of ABF TFs, which are activated
following ABA signalling under abiotic stresses such as drought and osmotic stress (Huang et
al., 2010; Yoshida et al., 2010; Liu et al., 2015; Zhang et al., 2015). Interestingly, ADC
expression is also positively regulated by at least one member of the large WRKY TF family,
WRKY70 from Kumquat (Fortunella creassifolia), which is induced following drought and
ABA treatment (Gong et al., 2015). Interestingly, the NAC72 TF from orange was found to act
as a repressor of ADC expression and in tobacco lines overexpressing NAC72, ADC expression
and putrescine levels were reduced. Through these studies, ADC genes have been shown to be
regulated by multiple TFs and over expression of these TFs influences ADC expression, PA
levels, and plant’s ability to respond to abiotic stresses. Therefore, transcriptional control of
ADCs may be central for fine tuning PA levels to the plant’s current needs.

Expression of plant ADCs is typically upregulated in response to many abiotic and biotic
stresses, such as cold, drought, osmotic, salt stress, wounding, and pathogen attack (Hussain et
al., 2011; Chen et al., 2019; Gonzalez et al., 2021; Gonzalez-Hernandez et al., 2022b; Nandy
et al., 2022). In line with this, over expression of ADCs increases resistance to drought, salt,
cold, freezing, wounding, and pathogen stress, while adc knock out or silenced lines are more
susceptible to such stresses (Roy and Wu, 2001; Perez-Amador et al., 2002; Urano et al., 2004;
Alcazar et al., 2010b; Wang et al., 2011; Kim et al., 2013; Rossi et al., 2015; Espasandin et al.,
2018; Kou et al., 2018; Hidalgo-Castellanos et al., 2019; Liu et al., 2020; Chavez-Martinez et
al., 2020; Ran et al., 2022). Interestingly, addition of exogenous putrescine in adc knock out or
silenced lines often at least partially restores stress responses. Overall, ADCs are
transcriptionally activated in response to both abiotic and biotic stress responses and play an

important role in regulating PA pathway flux.

1.3.2 Translational regulation of PA-related proteins

While transcriptional regulation of the PA pathway is important, PA levels and enzyme
activities do not always correlate with transcript abundance, supporting the idea that PA pools
are also controlled at the post transcriptional level (Paschalidis and Roubelakis-Angelakis,
2005; Wu et al., 2019; Jimenez-Bremont et al., 2022). In fact, many PA-related proteins are
regulated by translational regulatory mechanisms, often involving upstream open reading
frames (UORFs) in both plants and animals (Dever and Ivanov, 2018), as well as multiple
examples of prokaryotic riboswitches controlled by PA-related metabolites (Kavita and
Breaker, 2023; Salvail et al., 2023). Translational regulation allows for rapid and dynamic

changes to protein levels and can be influenced by many cellular signals and stimuli to alter
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protein abundance. In the case of PA-related proteins in plants, uUORFs have been identified
and at least partially characterised in ADC, ODC, SAMDC (also known as AdoMetDC), and
PAO-2, -3, and -4 mRNAs (Zhang et al., 2020a; Jimenez-Bremont et al., 2022). These uORFs,
as is the case for most described uORFs, have an inhibitory effect on translation of their
downstream coding sequences (von Arnim et al., 2014; Hellens et al., 2016; Zhang et al.,
2020a). Typically, the presence of a uORF start codon in a transcript’s 5’ untranslated region
(5’UTR) will cause scanning ribosomes to initiate translation. After completing uORF
translation, translation termination occurs, and majority of the ribosome subunits disassociate
from each other and the transcript. Therefore, very few of these ribosomes continue scanning,
resulting in much lower translation initiation at the main ORF (mORF) start codon, thereby
reducing mORF translation. The mORF can also be translated if scanning ribosomes do not
recognise the uORF start codon, either due to a poor Kozak context or through external (i.e.,
trans) regulation influencing initiation factor activities; this process is called ‘leaky scanning’
(von Arnim et al., 2014; Hellens et al., 2016; Zhang et al., 2020a).

While these are general inhibitory mechanisms of uORFs, many can also regulate mORF
translation depending on cellular conditions or environmental stimuli. Some uORFs in 5’UTRs
if PA-related genes can regulate translation of their mORF in a PA level-dependent manner.
For example, in the 5’UTR of SAMDC, two highly conserved overlapping uORFs (called ‘tiny’
and ‘small’) regulate levels of SAMDC translation in response to PA levels. Tiny, the most 5’
uOREF is responsible for allowing SAMDC translation under low PA levels, while the small
uORF inhibits SAMDC translation; differential start codon initiation at either tiny or small in
response to PA levels therefore fine-tunes SAMDC levels (Hanfrey et al., 2005). On the other
hand, the PA catabolic enzyme POA?2 in 4. thaliana has a uORF that inhibits POA?2 translation
with low PA levels, thereby reducing PA catabolism (Guerrero-Gonzalez et al., 2014;
Guerrero-Gonzalez et al., 2016). Although the mechanisms of the ADC and ODC uORFs have
not yet been thoroughly investigated, they have both been reported to either inhibit their
respective mORFs (Chang et al., 2000; Kwak and Lee, 2001). Overall, it seems that controlling
PA-related enzyme expression via uORFs could be a common PA regulatory mechanism.
However, it is not currently understood exactly how these uORFs sense cellular PA levels
beyond the suggestion that these uORFs regulate translation of their mORF simply by
amplifying the impact that PA levels have on global translation (Hanfrey et al., 2005).
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1.3.3 Translational regulation of plant ADCs by highly conserved 5’UTR
elements.

A recent publication identified a highly conserved and ancient cis element that regulates
translation of plant ADCs, termed the ADC-box (Wu et al., 2019). Remarkably, the ADC-box
was discovered through studying an effector protein from the plant pathogen Ralstonia
solanacearum, the causal agent of bacterial wilt disease; this is further introduced in more detail
below (section 1.5).

The ADC-box is a~50 bp, GC-rich sequence that is found in the ADC 5’UTR of all investigated
higher plants, with a primitive form of this sequence also found in Marchantia polymorpha
(Figure 3A, Supplementary Figure 1; Wu et al., 2019). As M. polymorpha is a relative of the
first land plants that evolved ~ 450 million years ago (Bowman et al., 2017) and that so far, all
plant ADCs have an ADC-box, it is likely that this is a very ancient plant element. Using in vivo
and in vitro reporter assays in Nicotiana benthamiana leaves and cell free lysates respectively,
removal of the ADC-box increased downstream translation (Wu et al., 2019). Due to the high
GC-content of the ADC-box sequence, it was hypothesised that it forms an RNA secondary
structure, and through computational analysis, a double stem loop structure was predicted

(Figure 3B). All together, these findings suggested that the ADC-box forms an RNA secondary

A Land plants | ADC-box |

Marchantia polymorpha CJ
Physcomitrella patens E 2
Selaginella moellendorffi —GGCIAIEECAA - GCCGGGCTC AA
Azolla filiculoides CG AEAG AGC GAGGCTCC

Rl G A T TRGAGGGGGAGCCGAGGCTIEC

Gymnosperms |: Pinus taeda
Pseudotsuga menziesii
Solanum lycopersicon
Angiosperms |: Tarenaya hassleriana
Brachypodium distachyon
consensus

Non-vascular I:
Seedless vascular

Land

Seed

[ RDRB |
RDRa
B
Seedless plants Seed plants
Cttc chguU
c9Igeereac gggeeuces Y
CyCGGaGCc C¢CGGgGCC a
G G A
t Aga-5 t Ay-gk
RDRB RDRB G-C
RDRa — $-§
G-C
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5=cuuuUGa accu
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Figure 3: The ADC-box is a highly conserved GC-rich sequence that is predicted to form an RNA secondary structure.

Alignment of ADC-box sequences, including tomato and M. polymorpha with the conserved GC-rich regions highlighted in
purple and blue (A). These GC-rich regions were hypothesised to join, forming the predicted RNA secondary strucutres; due
to only having one set of GC-rich regions, seedless plants have a smaller single stem loop predicted structure. (B) Figure 4F

and G from Wu et al., 2019.
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structure that inhibits ADC translation, possibly by preventing movement of scanning
ribosomes.

Interestingly, Wu et al., 2019 found that almost all investigated ADC 5’UTR sequences also
contained a uORF that, at least in angiosperms, was typically found ~150 bp upstream of the
ADC-box (Supplementary Figure 2). Despite this intriguing level of conservation, the ADC

uORF was found to have no dramatic impact on downstream translation using transient dual

reporter assays (Wu et al., 2019).

N. benthamiana_ADCZ .1 C-CCATAACAAAACCCTTCCGTT-AGGTTTCCGTCCTAGTTTTCTCATCTTCTCCGTTTCCTCTTCTGAAATCACATCTG
N. benthamiana_ADCZ .2 C-CCATAACAAAACCCTTCCGTT-AGGTTTCCGTCCTAGTTTTCTCATCTTCTCCGTTTCCTCTTCTGAAATCACATCTG
S. lycopersicum ADC2 T-CCATTACAG-———--—-—— CCGCT-AGGTTTCCGTCC——————————————————— ACTTCTTCTTCTCCATTAATATCTIG
S. lyCOperSiCum_ADCl —--TCTT-TTTTCCGGTTACCGTTTAGGTTTCCGACCAA---TTTTCTTCTTCTCCGGTGAACTATTCCGGTTAAAAGTTG
N. benthamiana_ADCl CGTCTTATTTTCCGGTAACCGTTTAGGTTTCCGACCATATCCTTTGTTCTTTTCCGGCAGCCAATTTCGGTTTATATCTG
A. thaliana ADC1 TCTCTTC-CCTGAAACTTTCCCGAGAAAATTCTCAATCCTCTATTTTCTCGAGAAAATTCTCATTCTCATTTTCTTITCAG
A. thaliana_ADCZ ATTCCTTCACATTCTCTC-CTTTTCCTCTTTTTAATTCCTCACCACCTCAAA--TTCTTCATAARAC-AAATCCACTTCTG
* * *
N. benthamiana_ADCZ .1 TAT_GGTGTTTTTCTTGTTCGAATTTEGATTTGTTTTGAATTTAATACCTGTAAACCTTATAATT—CTCTGTTTAAACC
N. benthamiana ADC2.2 TATGETGTTTTTCTTGTTCGAATTTTAGATTTGTTTTGAATT TAATACCTGTAAACCTTATAATT-CTCTGTTTAAACC
S. lycopersicum ADC2 TATGGTGTTCTTCTTTTTTGAATTCTAGATTTT TTCT - -~ TTGAATTCTTGT TAATCTTTAATTTTCTTTGT TTAAATC
S. lyCOperSiCum_ADCl TAT_GGTGGGGTGTTTGTTTGAATCTEGGTTTGTGTTTCTGTTGGTT————TTGAGTTTTAATTCTTTGTTTTGATTTA
N. benthamiana ADC1 TATGGTGTTETGTTTGTTTGACTCTTAGGTTTGAT TTGATTTCGATT-—--CGATAATTCTATT--TTGTTTTGAAC-A
A. thaliana_ADCl GGAAAAGTT-TTGTTGTTGAA--TACAGATTTGGA---AACTTCATT----TGTTTTTTTCCGTTTTTAACCAAAATTT
A. thaliana_ADCZ CAT_GGTTGGGA.GA ------ 2:% TCTGTEGAGAATTTTTGTTGTTGTTGGG—TTCAGATTT—GGAAAATTT—CC—TTTTTT
* *k kK *k  Kkkk * *k
N. benthamiana_ADCZ .1 AAAAAATTAGCTTCTTCTGAA---GTCAGGGTGGGGATTTTTGGATCGTGTAAGAGTGTGTTAGAGGGTGATTATCTTT
N. benthamiana ADC2.2 AAAAAATTAGCTTCTTCTGAA-—-GTCAGGGTGGGGATTTTTGGATCGTGTAAGAGTGTGATAGAGGGTGATTATCTTT
S. lycopersicum ADC2 AAGAAATTAGCTTCTTCTGAA---GTCAGGGTGGGGATTTTTGGATCGTGTCAAAGTGTGTTAGAGGGTGATTATCTTT
S. lyCOperSiCum_ADCl GAAAATTTTGCTTCTTCTGAA---GTCGTTGTGGGGATATTCGGGTCGTGTAAGAGTGTGTTAGAAGGTGATTATCTTT
N. benthamiana ADC1 TTAAAATTTGCTTCTTCTGAAA-GGTCAGCGTGGGGATTTTTGGTTCGTATAGTTGTGTATTAAGAGGTGATTATCTTT
A. thaliana ADC1 TTAAAAAAGCTTTCTTCTGAAC-GTTAATCGTGGAGAGTTTCGGGTCGGGTCGGGTCGTAAAAGGCGGGTTTCACGGTG
A. thaliana ADC2 TCG----- AGTTTCTTCTGAATTATTCATCGTGGAGATTCTCGGATCGGGARGGGCTGCGAGAGGTGGTTTTCACGGCG
*k k ok Kk kk ok kk * *hkkk  kk * kk kkk * * * % * %
N. benthamiana ADC2.1 TGATTCAGTTCCTTTTTTGCTT-CTTTTe!Neleleleeiv-Xerhllelele/elee oleuelciesleiyelelcolelecyy yipy v\ v Teloleelols—
N. benthamiana ADC2.2 TGATTCAGTTCCTTTTTTGCTT-CTTTT{e) Neeleleeiv.Neghllelsleeee olousleideslsiieeesleceyyiypy.v.Uy.Teolsoles
S. lycopersicum ADC2 TGATTCACTTGTTTTTTTGCTT-CTTTT(e\elelelelelv.-TesErreloleleleeloloy JoleRle ololyoleieole eles yiyiniv.V.U v Telolololels—
S. lycopersicum ADC1 TGATTAAGTTCTTTTTTTGCTT-CTTTTelNeleleleleiv-Yephllelele/clele oh jodnciesleiyeleicelelecyyohv.y.Ny Teloleeleols -
N. benthamiana ADC1l TGATTAAGTTCTCTTTTTGCTT-CTTTTe! Neleleleeiv-Neghllelsle/elee oijolale e slsiyeee sleee)ysyy.v.0y Telslslelels
A. thaliana ADC1 GTGATAGATTCACCTCCTGCTTCCTTCT(e:leleleleledy v-Nelololaloler.Telelod Loty Vole alolioleie ole eled iy 00.V.V. Uik elelelele
A. thaliana ADC2 GGGATAGATTCATCTTCTGTCTTCTCCTel YeeleleeivXephlleololerYele ob yolalcile oleiielele olee) ui iy V.Sl YoleleleT A
- * * % K kk Kk kk kkAXRKRKRRK K T Tk kk Ak E kKK Kk Ak = *
N. benthamiana ADC2.1 AAACCCTT---AATTTAG
N. benthamiana ADC2.2 AAACCCTT---AATTTAG
S. lycopersicum ADC2 =  --------AACTATTACAAC-ATTGGG-AAGAAGAACATCAA-TCTGTACAAA--—-———————- CCCTT---AAGTTAG
S. lycopersicum ADCl ~  ------—--AGCTATTACAAC-ATTGGTCAACAA----ATCATTTCTGTATAA--——-——————————= TT---AGTTTTA
N. benthamiana_ADC1 AATCCTTT---AATTTTC
A. thaliana ADC1 ~ -—-————-- AAATCTAACAA--ACTC——-————- ACAGATTCATTTTCTCCATTTTIT-——-TTTGTTTGTTGAAAATTTGA
A. thaliana_ADCZ CCTTTACAAATTCTGGGAAATTAGAAARAAAAAAAGGTTTGATTTTTCAGTTTTTGCTCTGTTCTTCTCTCGAAAGTTTTT
* * ok * x *  * * * * * * * %
N. benthamiana_ADCZ .1 GTTAATTTTCTGTATTCTT-TGATTTTTT-———~ TAACAGAAGAA GA———GIiGCCGGCCCTA
N. benthamiana ADC2.2 GTTAATTTTCTGTATTCTT-TAATTCTTT-——-- TAACAGAAGAA GAAGAGATGCCGGCCCTA
S. lycopersicum ADC2 TTTTTCTTTTTA-ATTCTT-TGATTCTTTCTTCTTAACAAATCAAAACA-———— GATCGGGGAAGAGATGCCGGCCTTA
S. lycopersicum_ADCl CAC--ATTCTTTGATTCTT-TTTTTTT----——~ TGTGAA--———————————— GATTTT——ACGAG&GCCTGCTTTA
N. benthamiana_ADCl TCTCTATTCTTTGATTCTT-TTGCTTTATACTTTCGTAAAAGAAAAACA-———— GATTAGGGAAGAGALGCCTGCCTTA
A. thaliana ADC1 ATC--——- CACAAATTT---TGAATTCA--TTTGTAACCGTTCGTITGAA-———-———— GAAGAAGAAGATGCCTGCTCTA
A. thaliana_ADCZ GTTTTGTTCGAGAATTTCTGTAAAGTGAGATTGTTGATCGTTTGCTGATAAGAGGGTGRAAGATAAAGATGCCTGCTTTA

* Kk * *hkhkkkk Kk **

Figure 4: Alignment of 4. thaliana, tomato, and N. benthamiana ADC 5'UTR sequences.

A. thaliana ADCI 5°UTR has sequence differences as well as having neofunctionalised to be an NP-acetylornithine

decarboxylase; there is no clear 424DC1 uORF in the same location as other ADC 5’UTRs and the ADC-box contains

additional nucleotides. The uORF and start of ADC coding sequence is highlighted in grey with start and stop codons

underlines; ADC-box sequence has white text with a black background and conserved GC-rich sequences underlined in

blue and purple; an asterisk under the alignment indicates identical nucleotides at that position.

30



While there are very high levels of conservation regarding the location and sequence of the
ADC uORF and ADC-box, particularly in angiosperms, A. thaliana ADCI seems to have
alterations to its 5’UTR sequence (Figure 4), as well as evolving a new N°-acetylornithine
decarboxylase function (Lou et al., 2020). Specifically, the A. thaliana ADC1 ADC-box
(AtADC1-box) has additional sequences in the 5’ regions of the ADC-box, while AtADCI
5’UTRs also appear to lack a uORF (i.e., no identified start codon 5’ to the predicted
transcriptional start site). Therefore, AtADC1 may have not only evolved to have a new
catalytic function, but also may have altered translational regulation through to these ADC-box
and uORF changes.

Overall, identification of the ADC-box indicates translational regulation of PA synthesis may
not be limited to uORFs, and that this ancient element may control flux through the entire
pathway. However, whether is functions in planta and how it can control ADC translation

remains unclear.

1.4 RNA secondary structures regulate translation through a
variety of mechanisms.

The composition of 5’UTRs can massively influence translational efficiency. In general, higher
GC content and longer 5’UTRs often correlate with reduced translational efficiency, as
ribosomes must continuously scan the 5°UTR whilst their helicases unwind regions with strong
pairing (Leppek et al., 2018). For example, mammalian ODC transcripts have a long and highly
structured 5’UTR that represses ODC translation (Manzella and Blackshear, 1990). However,
there are many cases of local RNA secondary structures that regulate translation of the
downstream coding sequence. One of the most well studied class of RNA structures that
regulate translation are riboswitches, which are predominantly found in prokaryotes (Garst et
al., 2011; Kavita and Breaker, 2023). Such RNA structures are made up of multiple stem loops
(i.e., hairpins) to form highly structured arrangements that, upon binding their ligand (i.e., ions,
vitamins, and metabolites) undergo a conformational change to regulate translation rates of the
downstream coding sequence. While this is a common and likely very ancient mechanism of
translational regulation in prokaryotes, only one riboswitch class has been properly
characterised in eukaryotes (i.e., TPP riboswitches regulating Thiazol Biosynthesis 1 (THI1)
translation; Bocobza et al., 2007; Wachter et al., 2007). Another couple of other potential
riboswitches have been found in fungi regulating translation of arginine and spermidine

synthesis enzymes, yet further confirmational experimental evidence is required (Borsuk et al.,
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2007; Sun et al., 2020; Kavita and Breaker, 2023). Although simpler in their structure, another
type of well characterised RNA structures are hairpins, which can be specifically bound by
RNA binding proteins that then prevent ribosome binding to or scanning along the 5’UTR. One
example of these hairpins are the iron response elements (IREs) that form hairpin structures
near the 5’ cap, which, upon binding of an iron regulatory protein, prevent ribosome access
and recognition of the 5’ cap, thereby reducing translation of the downstream CDS (Leppek et
al., 2018). RNA G quadruplexes (RGQs) are another type of RNA structure that can regulate
translation either positively or negatively (Varshney et al., 2020). These are highly stable G-
rich structures made up of four sets of repeating guanine nucleotides (i.e.,
G>3NxG>3NG>3NxG=>3Ny) that form a stacked tetrad, typically stabilised with a positive ion in
the centre or a protein. RGQs have predominantly been characterised in vitro but have recently
been identified and found to regulate translation in vivo in plants, also influencing their growth
(Yang et al., 2020). Interestingly, multiple RGQs have been found to regulate expression of
mammalian PA biosynthetic enzymes and proposed to maintain PA homeostasis (Lightfoot et
al., 2018). Another types of RNA secondary structure that regulates translation are internal
ribosome entry sites (IRES), which typically promote translation of the downstream coding
sequence by recruiting ribosomes in a 5’ cap-independent manner (Hellen and Sarnow, 2001).
Interestingly, the highly structured and repressive mammalian ODC 5°’UTR contains an IRES
that promotes translation at specific points during the cell cycle (Pyronnet et al., 2000). Overall,
there are a multitude of RNA structures that can regulate translation both positively and
negatively through various mechanisms and interestingly, many of these are found in
transcripts encoding PA-related proteins. However, the mechanism by which the ADC-box
RNA secondary structure regulates translation of ADCs and if this is PA level-responsive has

not yet been determined.

1.5  Ralstonia solanacearum boosts host PA levels via a highly
conserved T3SS effector by inducing ADC over expression.

1.5.1 Ralstonia solanacearum is the causal agent of bacterial wilt disease.

Bacterial wilt disease is one of the most devastating plant diseases, infecting approximately
450 plant species, many of which are economically important crops, such as members of the
Solanaceous family (i.e., tomato, potato, and eggplant), as well as banana, ginger, flowers and
ornamentals (e.g., geraniums), forest trees, and some spices (Paudel et al., 2020; Sharma et al.,

2021). Bacterial wilt disease is caused by pathogenic bacteria of the Ralstonia solanacearum
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species complex (Rssc), made up of four globally distributed phylotypes residing in tropical
and subtropical regions (Genin, 2010; Wicker et al., 2012; Vailleau and Genin, 2023).
Phylotype I and Phylotype III found in Asia and Africa respectively, and belong to the R.
pseudosolanacearum species, infecting Solanaceous plant species. Phylotype II is found in the
Americas, and although all strains belong to the R. solanacearum species, this phylotype is
broken into two groups (i.e., IIA and IIB), which have strains infecting bananas (Musa
acuminata), as well as Solanaceous species such as potatoes (Solanacearum tuberosum).
Phylotype IV strains, coming from the R. syzygii species, are typically found in Indonesia and
in northern Australia infecting Solanaceous species, bananas, and cloves. Through
phylogenetic analyses, phylotypes II and IV are thought to have evolved first and then
Phylotypes I and III emerging more recently (Vailleau and Genin, 2023).

These strains (commonly referred to as R. solanacearum in this work) reside in the soil and
following migration and attachment to host roots, enter roots through small wounds, natural
openings (i.e., emerging lateral roots), or root tips (Xue et al., 2020; Kashyap et al., 2021;
Planas-Marques et al., 2020). For a successful infection, R. solanacearum must then travel
through the root to the vasculature, where upon entering the xylem, it travels up through the
plant proliferating greatly. Due to the amount of R. solanacearum, it eventually clogs the

vasculature, causing wilting and death of its host plant.

1.5.2 R. solanacearum has a TALE-like effector, called a RipTAL.

To facilitate a successful infection, R. solanacearum, like many plant pathogens, injects
effector proteins into the plant cells via a type III secretion system (T3SS) to both dampen the
host’s immune system and manipulate the plant into creating a favourable infection
environment (Genin, 2010; Macho et al., 2010). One of these effectors shares functional and
structural homology to Transcriptional Activator Like Effectors (TALEs or TAL effectors)
from the Xanthomonas genus and are termed RipTALs (Ralstonia injected protein with
similarity to TAL effectors; de Lange et al., 2013; Schandry et al., 2016).

These effectors have a remarkable structure, enabling them to manipulate expression of specific
host genes. Both TALEs and RipTALs have an N-terminal T3SS signal and C-terminal nuclear
localisation signal (NLS) and acidic activation domains (AAD, also known as the transcription
factor binding [TFB] domain; Boch and Bonas, 2010; Bogdanove et al., 2010). Between these
two terminal domains, TALEs and RipTALs have a central DNA binding domain, consisting
of 34-35 amino acid near identical repeats. Each of these repeats only differ at their 12" and

13" residues, which are collectively called the repeat-variable diresidue (RVD). Following
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injection, TALEs and RipTALs are translocated to the host nucleus where they bind to a
specific sequence in the host genome called an effector binding element (EBE). It is the RVDs
that bind to the host DNA bases in an EBE, with each RVD having a unique base preference,
thereby giving the unique binding specificity of TALE and RipTALs (Boch et al., 2009; de
Lange et al., 2013). Following this binding, the TALE or RipTAL recruits the host RNA
polymerase complex through the TFB domain and induces transcription approximately 50 bp
downstream of the EBE, generating a non-native transcript with a shorter 5’UTR. Through the
specificity of the RVD-EBE interaction, TALEs and RipTALs can specifically activate certain

host genes to promote infection.

1.5.3 RipTAL:s activate host ADC transcription to boost PA levels.

The first characterised RipTAL was from the R. solanacearum reference strain GMI1000
(phylotype I) and called Brgl1 (Salanoubat et al., 2002; Macho et al., 2010; Wu et al., 2019).
This RipTAL was found to bind an EBE in host ADC promoters, activating transcription,
leading to increased ADC activity and putrescine levels, but not spermidine or spermine levels
(Wu et al., 2019). ADC activity and levels of PAs and some associated metabolites were
measured from the same plant extract sample using a liquid chromatography-mass
spectrometry (LCMS)-based method established by Wu et al., 2019.

Interestingly, RipTALs from the other Rssc phylotypes were also found to activate host ADC
genes, despite their global distribution, different host plant species, and having diverged
approximately 180 million years ago (Gallas et al., 2023). This suggests that since this time,
RipTALs have maintained ADCs as their target; a feat that is vastly different from the rapidly
evolving Xanthomonas TALEs (Hutin et al., 2015). This conservation has possibly been due
to the EBE being part of the genomic ADC-box sequence; the highly conserved translational
regulatory element found in the ADC 5’UTR of all land plants (section 1.3.3; Wu et al., 2019).
Yet despite the remarkable conservation of RipTALs targeting host ADCs, no growth
promoting benefit of R. solanacearum or Xanthomonas strains containing an ADC-targeting
RipTAL or TALE were found (Wu et al., 2019). It was then hypothesised that R. solanacearum
may boost host PA levels to inhibit growth of other niche microbes, giving R. solanacearum a
competitive advantage. This hypothesis was supported by a reduction of Pseudomonas
syringae growth in tomato leaves when co-infecting with a Xanthomonas strain delivering
Brgll but not with the negative control Xanthomonas strain (i.e., delivering the defective
RipTAL, Hpx17; Wu et al., 2019). Previous works have shown that ADC over expression and

increased putrescine levels can inhibit Pseudomonas growth; however, both R. solanacearum
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and P. syringae excrete putrescine during infection in response to an oxidative environment
(Lowe-Power et al., 2018; Vilas et al., 2018; Liu et al., 2020; Solmi et al., 2023). Therefore, it
remains unclear as to how exactly R. solanacearum benefits from boosting host PA levels via

ADC induction and how these metabolic changes may influence growth of other microbes.

1.5.4 Experimental methods of R. solanacearum infection may have negated
the role of RipTALs, leaving their impact on infection progression yet
undiscovered.

One reason for why a RipTAL-dependent growth advantage has not been observed so far may
be due to differences between a natural infection scenario and the artificial infection methods
and highly controlled growth conditions used in laboratory experiments. If R. solanacearum
uses RipTALs to boost PAs to inhibit growth of potential competitors, infections in a laboratory
setting with ideal conditions and comparatively clean soil would not result in a dramatic growth
promoting benefit for strains containing an ADC-targeting RipTAL. For many experimental
infection procedures, all plants are raised in ideal greenhouse conditions, ensuring that the
plants are perfectly healthy and experience little biotic or abiotic stressor prior to experimental
infections. Fresh commercially bought soil is also used for growing the plants, which is
unlikely to contain the diverse microbial community found in agricultural or natural soils.
Therefore, if the role of RipTALSs is to inhibit growth of competitive niche microbes, this is
unlikely to be observed in this experimental setting.

The methods used to infect plants with R. solanacearum may have also eluded the biological
role of RipTALs, particularly if this role is important during the early stage of infection. For
example, in soil drench assays, liquid R. solanacearum culture with an ODgoo of 0.01 (107
CFU/mL) is tipped over the soil in each pot, which is a much higher bacterial load than found
in a natural infection scenario (i.e., 103-10° in infected soils; Shi et al., 2023). Additionally, in
most soil drench infection protocols, the roots are wounded to increase the chance of R.
solanacearum infection; this is typically done with a knife or a large pipette tip (Wu et al.,
2019; Xu et al., 2022a). Another common infection methods include blunt end syringe
infiltration into leaves, infection of plants on sterile agar plates, and fine needle injection of R.
solanacearum directly into the lower plant stem (Macho et al., 2010; Khokhani et al., 2018;
Wu et al., 2019, Morcillo et al., 2020; Xue et al., 2020; Yu and Macho, 2021; Xu et al., 2022a;
Gallas et al., 2023; Yu et al., 2023). Overall, these experimental infection methods aim to infect
plants in a regularised and methodical manner, ensuring all plants are infected with the same
bacterial load at the same time to minimise experimental error. However, these methods

generally do not mimic the natural infection scenario, where a low amount of R. solanacearum
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is present in the soil, and only a small number of bacterial cells enter the host roots via small,
natural openings caused by lateral root emergence or wounds (Xue et al., 2020). These cells
then need to successfully travel through the root, passing the plants defensive barriers, to the
xylem tissue, where they rapidly multiply to establish an infection. The methods described
above bypass this initial infection stage or the roots entirely, leaving the possibility that the role
of many effectors, including RipTALs, may not be observed if they are important for root entry,
bypassing root barriers and defences, or for establishment of the xylem infection.

Furthermore, if RipTAL activity is important during the very early stages of infection when
bacterial load is relatively low, prior analyses on a whole plant or tissue level may not have
been suitable for uncovering the role of RipTALs. During the early stage of infection (i.e., from
adhesion to host roots and entry into the roots, but prior to penetration of the vasculature), few
R. solanacearum cells are present, meaning that only a small number of host cells would likely
be injected with effectors. Therefore, sampling bulk infected root tissue early in the infection
is highly unlikely to show any RipTAL-induced effects on tissue morphology or metabolite
levels, as the number of effector-injected cells is substantially lower than non-injected cells,
resulting in a massive dilution effect. This was previously seen when roots of tomato plants
and seedlings were infected with either WT GMI1000 or Abrgl1 R. solanacearum strains using
either soil drench assays of 4-week-old plants or vacuum infiltration of tomato seedlings (Wu
et al., 2019). The characteristic short Brgll-induced SIADCI/2 transcripts were clearly
observed from WT infected roots, but not Abrg/ I-infected roots using all infection protocols,
demonstrating that Brgl1 had been delivered in all cases. However, no differences in overall
SIADC1/2 transcript levels were observed using any infection method, and induction of ADC
activity and PA levels was only seen when R. solanacearum was vacuum infiltrated into tomato
seedlings (Wu et al., 2019). Therefore, clear RipTAL induction of SIADCI/2 transcription,
ADC activity, and PA levels was likely missed due to massive dilution of cells that had been
injected with RipTALs compared to the large number of root cells that did not. Consequently,
to investigate the pathological role of ADC induction by RipTALs, especially during the early
stages of R. solanacearum infection, alternative approaches and biological tools are required
to specifically visualise, isolate, and study root cells that receive Brgl1 at this infection stage.
Overall, while manipulation of host metabolism via effectors is not uncommon (Cai et al.,
2023), RipTALs are particularly extraordinary as they have maintained their ADC targets for
~180 million years. Therefore, understanding the role of RipTALs on a molecular level in

infected host roots may provide insight into R. solanacearum infection.
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1.6 Aims of this project

The overall goal of this project was to improve the understanding of ADC translational
regulation in planta and to use this knowledge to better understand how RipTAL activation of

host ADCs may benefit R. solanacearum.

Previously, Wu et al., 2019 discovered the ancient ADC-box and how conserved the ADC
uORF was. Through preliminary investigations into the impact of the tomato ADC-box and
uORF on ADC translation, they found that the ADC-box inhibits downstream translation in a
cis manner. However, it remained unclear if and how these elements functioned to regulate
ADC translation in planta. Additionally, it was not known if the ADC-box function was as
highly conserved as its sequence. Therefore, the primary aims of this work were to:

- Establish whether the ADC-box and uORF regulate ADC translation in planta,

- Determine if the primitive ADC-box found in M. polymorpha was also able to repress

ADC translation in planta, and
- Elucidate the molecular mechanism used by the ADC-box to repress downstream

translation and if this can be altered to the cellular need for PAs.

To better understand how R. solanacearum may benefit from inducing host ADCs and boosting
PA metabolism, investigation into how ADC levels influence the greater PA metabolic network
was required. To do this, as well as investigate levels of ADC translation in planta, the
previously published ADC activity and PA measurement method using LCMS (Wu et al.,

2019) required optimisation.

Finally, to further investigate the impact of RipTAL activity in host plants, new experimental
approaches needed to be developed. These approaches would aim to:
- Identify and monitor host cells that receive RipTALs during R. solanacearum infection
and to specifically isolate their nuclei for transcriptomic experiments,
- Determine the metabolic and morphological changes induced by RipTALs and how

these changes may impact the microbiome.
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2. Materials and Methods

2.1 Materials

2.1.1 Plant genotypes:

Plant lines that were used for this work were wildtype (WT) Nicotiana benthamiana,
Arabidopsis thaliana Col-0 (referred to here as A. thaliana), Solanum Ilycopersicum
Moneymaker (referred to here as tomato), and male WT Marchantia polymorpha line TAK1.

Previously established mutants of these backgrounds used in this work described in Table 1.

Table 1: Previously established mutant plant lines used in this work.

Mutant name:  Background: Generated by: Mutant details:

bs4 Tomato WT Schenstnyi et al., 2022 CRISPR/Cas9-induced knock out
mutation of Bs4, the TALE-detecting
nucleotide-binding leucine-rich repeat
(NLR) resistance protein.

adcl Tomato WT Wu et al., 2019 CRISPR/Cas9-induced 4 bp deletion
causing premature stop codon
adc? Tomato WT Wuet al., 2019 CRISPR/Cas9-induced 52 bp deletion

causing premature stop codon

adcl/? Tomato WT Wu et al., 2019 Generated through genotyping
progeny of a homozygous adc/ and
heterozygous adc2ADC?2 parent

odcl Tomato WT Dousheng Wu, unpublished” CRISPR/Cas9-induced 5 bp deletion
causing premature stop codon

Mpadc-box* M. polymorpha Dr. Ezgi Siiheyla Karaaslan® CRISPR/Cas9-induced mutations
TAK1 described in detail in section 3.1.3

Footnotes:

*Generated while in Lahaye Laboratory, ZMBP

*Multiple ADC-box and control mutants described in detail in section 3.1.3
* In Prof. Chang Liu’s Laboratory when they were at ZMBP

2.1.2 Bacterial strains used:

For general cloning, Escherichia coli Topl0 (Invitrogen™) cells were used. For in planta
delivery of T-DNAs or effector proteins, Agrobacterium tumefaciens strain GV3101 (Holsters
et al., 1980) and Xanthomonas euvesicatoria pathovar vesicatoria strain 85-10 (Adlung et al.,
2016) were used, respectively. Ralstonia solanacearum phylotype 1 strain GMI1000
(Salanoubat et al., 2002) and phylotype IIA strain K60 (Remenant et al., 2012) were used for
N. benthamiana infections, alongside the GMI1000 mutant GRS473, lacking two T3SS
effectors (AvrA and PopP1) that are recognised in N. benthamiana (Poueymiro et al., 2009).
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Both R. solanacearum K60 and GRS473 were gifted to Lahaye Laboratory by Stéphane
Genin’s Laboratory (UMR CNRS-INRAE, Castanet Tolosan, France).

2.1.3 Plant and bacterial media and antibiotics:

Table 2: Bacterial and plant media composition

Media name:

Media composition:

Organism grown on media:

LB

1% (w/v) tryptone
1% (w/v) NaCl
0.5% (w/v) yeast extract

E. coli

YEB

0.5% (w/v) beef extract
0.5% (w/v) peptone
0.5% (w/v) saccharose
0.1% (w/v) yeast extract
2 mM MgSO4

A. tumefaciens

NYG

0.5% (w/v) peptone
0.3% (w/v) yeast extract
0.2% glycerine

X euvesicatoria

1% (w/v) peptone

0.1% (w/v) yeast extract
0.1% (w/v) tryptone
0.5% (w/v) glucose
0.005 % TTC*

R. solanacearum

Y2 MS

0.44% (w/v) Murashige & Skoog (MS) + vitamins

0.05% (w/v) MES
1% sucrose*
pH to 5.8 with KOH

Add 0.8% PhytoAgar for solid media

A. thaliana

Tomato
growth media

0.44% (w/v) Murashige & Skoog (MS) + vitamins
0.01% (w/v) myo-inositol

pH to 5.8 with KOH

Add 0.8% PhytoAgar for solid media

Tomatoes

%2 BS

0.15% Gamborg B5
0.05% MES

0.0005% Myo-inositol
pH to 5.6 with KOH

Add 1.5% PhytoAgar for solid media

M. polymorpha

Footnotes:

For solid bacterial media, 3% (w/v) bactoagar

#1% sterile 2, 3, 5-triphenyl tetrazolium chloride (TTC) solution (stored at 4 °C) added to melted ¢ agar media prior to pouring plates

*No sucrose was added to plant media in final LCMS experiments as sucrose induces ADC transcription.

Table 3: Antibiotic and herbicide stock and working concentrations

Antibiotic: Stock concentration: Working dilutions:
N 1:1000 (solid) for E. coli
Ampicillin 100 mg/mL (water) 1:2000 (liquid) for E. coli
1:1500 for R. solanacearum*
Gentamycin 15 mg/mL (water) 1:1000 for E. coli and X. euvesicatoria
1:300 for A. tumefaciens
. . 1:2500 for R. solanacearum
Spectinomycin 100 mg/ml. (water) 1:1000 for all other bacteria
. . 1:500 for R. solanacearum
Rifampicin 100 mg/mL (DMF) 1:1000 for A. tumefaciens and X. euvesicatoria
Tetracycline 10 mg/mL (70% EtOH) | 1:200 for R. solanacearum*
1:1000 for E. coli
Kanamycin 25 mg/mL (water) 1:250 for A. tumefaciens and X. euvesicatoria
1:500 for A4. thaliana
Cefotaxime 200 mg/mL (water) 1:1000 for 4. thaliana
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1:2000 for M. polymorpha
Hygromycin 50 mg/mL 1:5000 for M. polymorpha
BASTA® 200 g/L 1:500 for spraying A. thaliana

Footnotes:
*When growing on plates, ' strength used

2.1.4 Antibodies:

Table 4: Antibodies used for this work.

Antibody: Details: Raised in: Working dilution:
Anti-HA-HRP Monoclonal; Roche Rat 1:5000
Anti-GFP-HRP Monoclonal; SantaCruz Biotechnology | Mouse 1:5000

Anti-c myc Monoclonal; Sigma Mouse 1:5000
Anti-mouse-HRP | Whole molecule; Sigma Rabbit 1:10000

Footnotes:

Working dilutions of antibodies were stored at -20 °C and reused no more than 3 times within 2 months.

2.2 Methods

2.2.1 Plant methods:

2.2.1.1 Plant growth conditions:

Table 5: Plant growth conditions.

Plant: Temperature: Humidity: Day length:

A. thaliana 20 °C in light; 18 °C in dark 30-40% 16 hrs light; 8 hrs dark
M. polymorpha 20 °C in light; 18 °C in dark 30-40% 16 hrs light; 8 hrs dark
Tomato 20 °C-22 °C 40-50% 16 hrs light; 8 hrs dark
N. benthamiana 20 °C-22 °C 30-35% 16 hrs light; 8 hrs dark

2.2.1.2 Seed propagation and harvesting:

A. thaliana plants with yellowing siliques were bagged (in paper) and left to dry; seeds were
then separated from fully dried plant material using a fine sieve. N. benthamiana seeds were
harvested by picking opened seed pods from plants and letting them dry in an open paper bag.
Tomato fruits were collected once they turned fully red and seeds were harvested from the cut

fruit into a sieve, then washed with cool water and left to dry on a plastic plate.

2.2.1.3 M. polymorpha propagation of adult plants and from gemmae:

To maintain M. polymorpha lines, pieces of adult plants were cut off and placed onto fresh,
deep, solid 2 B5 media with an additional petri dish bottom on top to provide extra growth
space. This was repeated when plants overgrew, or the media began to dry (~every 4 months).
M. polymorpha were also propagated through their asexual reproductive gemmae. Due to
issues with long term storage of M. polymorpha mutants containing large amounts of A.
tumefaciens, gemmae had to be sterilised before plating on fresh /2 BS plates. For this, a lot of
gemmae were scooped out from the gemmae cups with tweezer tips and put into 1.5 mL

Eppendorf tubes containing 500 pL sterile Milli-Q water. 500 pL of 2x sterilisation solution
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was added (1% Triton and ~1% sodium hypochlorite solution in water) and incubated for
exactly 2 minutes with ~3-4 inversions. This solution was removed and the gemmae washed

with sterile Milli-Q water 6-8 times before being spread onto fresh 2 B5 plates.

2.2.1.4 Stable transformation of V. benthamiana and tomato:

Stable transformations of N. benthamiana and tomatoes was conducted under sterile conditions
by the transformation unit in the central facilities of ZMBP based on the publication of
Wittmann et al., 2016 and protocols published on their website:
https://uni-tuebingen.de/fakultaeten/mathematisch-naturwissenschaftliche-
fakultaet/fachbereiche/zentren/zentrum-fuer-molekularbiologie-der-pflanzen/central-
facilities/plant-transformation/.

For preparation of A. tumefaciens cultures for transformation, A. tumefaciens carrying final
constructs in plant expression plasmids were grown on solid and then in liquid YEB media
containing appropriate antibiotics. Subcultures were used to make a 250 mL culture, which was
then centrifuged at 4000-5500 rpm for 10 minutes and the ODsoo adjusted to ~1.0 in 10 mM
MgCl; (for N. benthamiana) or 10 mM MgSO4 with 0.1-0.2 mM Acetosyringone (for tomato)
without antibiotics.

For preparation of N. benthamiana plants for transformation, leaves from plants grown in
sterile jars were cut and incubated with the 4. fumefaciens solution for 2 days. The leaf pieces
are then transferred to media containing the selective antibiotic (i.e., kanamycin) and left to
develop into a callus for some weeks. Any shoots were transferred to root inducing media.
Once sufficient roots have grown, the transformant/plantlet can be transferred to soil with high
humidity for ~5 days and darkness for the first 2 days.

For preparation of tomato plants for transformation, sterilised seeds were germinated on media
and grown in the dark for ~12 days. Opened cotyledons were cut into pieces and moved to
conditioning media for 2 days, before 2 drops of A. tumefaciens solution was added to each
piece and incubated for another 2 days. The infected cotyledon pieces were then moved to
selective media to form callus tissue. Once regenerated shoots appeared, they were cut and
grown on rooting media. Again, once they had sufficient root tissue, they were transferred to
soil in a high humidity environment.

All plantlets were then genotyped for the presence of the transgene using diagnostic PCRs.
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2.2.1.5 Transient transformation in V. benthamiana:

A. tumefaciens containing desired plasmids are grown in liquid YEB media containing
appropriate antibiotics overnight. Cultures were centrifuged at max speed for 5 minutes at room
temperature (RT) before being resuspended in infiltration buffer (Table 6) and left to shake at
28°C for at least 1 hour. Cultures were then diluted to a final ODgoo of 0.4 in infiltration buffer;
if two strains are co-infiltrated, then they are diluted to ODsoo of 0.8 and mixed 1:1. A4.
tumefaciens solutions were then infiltrated into the underside of N. benthamiana leaves using
a blunt end 5 mL syringe; this process has been referred to as ‘agroinfiltration’ throughout this

work. Unless otherwise specified, samples were taken 2 days post infiltration (DPI).

Table 6: Infiltration buffer for A. tumefaciens infiltration into N. benthamiana.
Component: Stock concentration: Final concentration:
MgCl, 0.5M 10 mM

MES 100 mM 5mM
Acetosyringone 250 mM 150 uyM
Footnotes:

Sterile stock solutions are mixed freshly just before use

2.2.1.6 Leaf infiltrations of X. euvesicatoria and R. solanacearum:

X. euvesicatoria and R. solanacearum were also infiltrated into N. benthamiana leaves using
the same method but were suspended in water rather than buffer. R. solanacearum was diluted

to different ODsoo, but this is specified in appropriate results sections.
2.2.1.7 Stable transformation of A. thaliana:

To generate stable A. thaliana transgenic lines, 4. tumefaciens containing a plasmid the desired
T-DNA were grown on YEB plates with appropriate antibiotics for 2 days before being grown
in liquid YEB media overnight. This culture was used to make a 25 mL culture in YEB with
antibiotics, which was used to make a 300 mL overnight culture. The next day, the culture was
centrifuged at 4600 rpm for 10 mins at RT. The supernatant was removed, pellet resuspended
in a 50 g/L sucrose solution to an ODsoo of 0.8 to 500 mL, and 250 puL of Sylwet L-77 was
added. Then, flowering A. thaliana plants were dipped into this solution for 5-10 seconds
before being laid down on damp paper towels in a tray and then kept covered/dark overnight.
The next day, the pots were stood up and plants kept for seed production.

To identify transgenic progeny selected with antibiotics, seeds were sterilised, spread onto 2
MS plates containing appropriate selective antibiotics (i.e., kanamycin) vernalised at 4°C for
2-3 days, and then placed into the growth chamber. For transformants with a hygromycin

selection gene, seeds were sown to soil and after ~2 weeks, were sprayed with BASTA®
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solution at least twice with ~4 days interval between sprayings. Any seedlings surviving
antibiotic or BASTA® treatment were transferred to individual pots with soil. In addition to the
T1 seeds, WT and antibiotic-resistant or BASTA-resistant seeds were always sown as negative

and positive controls, respectively, to ensure selection worked as expected.

2.2.1.8 A. thaliana seed sterilisation:

In a 2 mL Eppendorf tube 4. thaliana seeds were rinsed with 1 mL of 80% EtOH with 0.05%
Triton X-100 and mixed thoroughly before the supernatant removed. Another I mL of the same
solution was added and incubated for up to 15 minutes on a rotation wheel. Under a sterile
bench, the supernatant was removed and 1 mL of 100% EtOH was added, mixed, and then
removed again. This was repeated twice, but on the last time, seeds in 100% EtOH were tipped

onto sterile filter paper to dry.

2.2.1.9 Sterilising tomato seeds and growing seedlings in vitro:

Tomato seeds were surface sterilised by shaking for 3 minutes in 200 mL 70% ethanol, then
10 minutes in 200 mL 1.5% hypochlorite solution containing 50 pL 0.001% Triton W-100.
The seeds were then washed three times in 200 mL of sterile MilliQ H>O. Note that it is easiest
to use autoclaved tea strainers to hold tomato seeds and transfer them to the next solution.

Sterile seeds were then kept on damp filter paper in a sealed petri dish in the fridge for 2 days,
before being transferred to a growth chamber. After 3 days, germinated seeds could be
transferred agar plate containing solid tomato growth media and allowed to grow vertically for

up to 10 days.

2.2.1.10 Tomato phenotyping:

Adult tomato plants were phenotyped in this work by measuring their height, leaf number,
internode length, and number of flowers. Seeds of each genotype were sown to soil and once
big enough, the seedlings were transferred to larger pots (n = 20). Two plants per genotype
were kept on the same tray to reduce any bias of position in the greenhouse on their growth
and the trays were also frequently swapped around. On day 30 after sowing the seed, the
measurements began and were repeated every 3 days another 4 times (i.e., day 30, 33, 36, 39,
and 42). To measure plant height, a ruler was placed with 0 cm at the cotyledons (to reduce
bias of the depth each seedling was planted when transferred to new pots) and the height at
which the new leaves emerged was measured (explanatory photographs in Supplementary

Figure 3). Photos of each replicate plant were taken on day 36 using a black background.
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2.2.2 Bacterial methods:

2.2.2.1 Growth of bacteria:

Table 7: Bacterial growth conditions.

Bacteria: Media type: Temperature: Shaking speed:
E. coli LB 37°C 200 rpm

A. tumefaciens YEB 28 °C 180 rpm

R. solanacearum ) 28 °C 200 rpm

X. euvesicatoria NYG 28 °C 180 rpm

2.2.2.2 Transformation of bacteria:

To transform E. coli, 25 pL aliquot of chemically competent Top10 cells were removed from
-80 °C onto ice and left for 10 minutes before 4 pL of reaction mix or 100 ng of plasmid was
added. After another 10 minutes on ice, the tubes were incubated in a water bath set at 42 °C
for 1 minute, before being immediately returned to ice and incubated for 2 minutes. 250 pL of
sterile LB media was added and the tubes incubated at 37 °C shaking at 300 rpm for 1 hour. 80
nL was then spread onto fresh LB agar plates containing appropriate antibiotics and incubated
at 37°C overnight.

To transform A. tumefaciens, 50 pL aliquot of electro-competent GV3101 cells were removed
from -80 °C onto ice and left for 10 minutes before 100 ng of plasmid was added. After another
10 minutes on ice, the mix was transferred to MicroPulser Electroporator (BioRad) tubes,
which were then electro-pulsed using the “Agr” setting and quickly returned to ice. 500 pL of
sterile YEB media was mixed in and the entire solution transferred to a fresh 1.5 mL Eppendorf
tube to be incubated at 28 °C, shaking at 300 rpm for 1 hour. Then 100 pL was spread onto
fresh YEB agar plates containing appropriate antibiotics and incubated at 28 °C for 2 days.

2.2.2.3 A. tumefaciens co-transformation of pGreenll and pSoup plasmids

It is important to note that for pGreenll-based plasmids used for dual luciferase assays, co-
transformation of a pSoup helper plasmid is also required. A. tumefaciens is unable to replicate
the pGreenll plasmid (including the kanamycin resistance gene) without pSoup, which contains
a tetracycline resistance gene. However, A. tumefaciens co-transformed with both pGreenll
and pSoup plasmids will not initially grow on YEB media containing all appropriate antibiotics
(i.e., rifampicin, gentamycin, kanamycin, and tetracycline). To circumvent this, initial selection
of freshly transformed A. fumefaciens on YEB plates containing only rifampicin and
kanamycin was conducted, followed by a colony PCR and re-streaking onto YEB plates

containing all four antibiotics.
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2.2.2.4 Long term storage of bacterial stocks:

Long term stocks of all bacteria used in this work were generated by combining equal volumes
of bacterial culture and 60% sterile glycerol in cryogenic tubes and immediately frozen in

liquid N2; these were stored at -80 °C.

2.2.3 Molecular methods:

2.2.3.1 General notes on cloning:

In general, golden gate cloning, based on the toolkit created by Binder et al., 2014, was used
to generate all plasmids in this work. Any element that was not present already in this toolkit
was generated in this work. Any plasmid systems (i.e., pGrDL SPb dual luciferase plasmid
system; Moyle et al., 2017) or components (i.e., promoters or 5’UTR sequences from gDNA)
that were not golden gate compatible were modified to make them compatible. This was
typically done by adding restriction enzyme (i.e., Bsal or Bpil) recognition sites and overhang
sequences. Sometimes elements from gDNA or plasmids from other cloning systems contained
Bsal or Bpil sites within the element. Such sites had to be removed to prevent them interfering
with the desired golden gate cloning sites; this was done through site directed mutagenesis of
the unwanted restriction site. All plasmids that were generated were Sanger sequenced to verify
their sequence. For a full list of primers and final plasmids used in this work, refer to
Supplementary Table 1 and Supplementary Table 2, respectively. General methods used for

cloning and construct assembly are presented below.

2.2.3.2 Polymerase chain reaction (PCR) methods:

Polymerase chain reactions (PCRs) were set up using the reaction scheme shown in Table 8

and then run in a thermocycler using the program settings in Table 9.

Table 8: PCR reaction scheme. Table 9: Standard PCR cycle settings.
Component: Volume: Temperature: Time: Repeat:
MilliQ H.0 5.2 uL 95 °C 5 minutes

HF buffer (5x) NEB 4 pL 95°C 20 seconds

PRECES 4 uL x °C* 20 seconds x 30
dNTPs (2 mM) 2 uL 72 °C *

Forward primer (1 pmol/uL) 2 uL 72 °C 10 minutes

Reverse primer (1 pmol/uL) 2 ul e

Phusion polymerase 0.2 uL # - dependent on primer annealing temperature

Taq polymerase 0.1 uL * - dependent on PCR product length (~30-45 seconds per 1 kbp)
Template 0.5 uL

Total volume: 20 pL
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2.2.3.3 DNA digestion, ligations, and cut ligations:

Restriction enzyme digestions were set up using Table 10: Restriction enzyme reaction scheme.
. . Component: Volume:
the reaction scheme in Table 10 and then run for Appropriate buffer (10x) 2 ul
1 hour at 37 °C (or 30 minutes for fast digest |Lnzyme (ThermoScientific) 0.5 ulL
DNA (~200-500 ng) x pL
enzymes) and stopped by incubation at 65 °C or | Milli Q H20 Up to 20 uL
Total volume: 20 pL

80 °C for 5 minutes.

Ligation reactions were set up using the | raple 11: Ligation reaction scheme.

reaction scheme in Table 11 and then either |-Component: Volume:
Ligase buffer (10x) 1 puL

incubated at 20 °C for 1 hour or left at RT | T4 DNA Ligase (ThermoScientific) 1 uL

. . PEG4000 1 puL

overnight. Typically, the vector backbone [ecior backbone Xl

was linearised using a blunt end cutting | DNA insert x pL
Milli Q H>O Up to 10 uL

restriction enzyme (i.e., Smal) and a PCR | Total volume: 10 uL

product was ligated; the vector-to-insert was estimated at a ratio of 1:5-10.

Cut ligation reactions were used for golden gate-based assembly of higher order plasmids
(Binder et al., 2014). Here, lower-level plasmids (i.e., LI or LII plasmids) were combined to
ensure all restriction enzyme-cut overhangs could be connected, generating a higher-level
plasmid (i.e., LII or LIIT). The reaction scheme is shown in Table 12 and the thermocycler

program shown in Table 13.

Table 12: Cut-ligation reaction scheme. Table 13: Standard cut ligation program.
Component: Amount: Temperature: Time: Repeat:
Final vector 40 fmol/pL. 37 °C 2 minutes 4
Lower-level plasmids Each 40 fmol/uL 16 °C 5 minutes x 2540
Ligasc buffer (10x) 2L 37°C 10 minutes

Bovine serum albumin (10 mg/mL) 2 uL 50 °C 10 minutes

T4 DNA Ligase (ThermoScientific) 0.5 uL 80 °C 10 minutes

Restriction enzyme 1 pL i

Milli Q H.O Up to 20 pL # - depends on efficiency of cut ligation (i.e., number of
Total volume: 20 ulL components to combine).

2.2.3.4 Plasmid isolation:

To isolate plasmids from bacteria, ~6 mL of culture grown overnight was centrifuged at max
speed for 5 minutes and the supernatant discarded. Plasmids were then isolated using the
NucleoSpin® Plasmid DNA Purification Kit by Machery-Nagel GmbH & Co. KG following
the kit’s instructions. The quality and concentration of each plasmid preparation was
determined using the NanoDrop® ND-1000 UV-Vis Spectrophotometer (ThermoFischer

Scientific).

46



2.2.3.5 Genomic DNA (gDNA) isolation:

To isolate gDNA from tomato, A. thaliana, N. benthamiana, and M. polymorpha, a fingernail
sized piece of plant tissue was removed and put into a 2 mL Eppendorf tube with a ceramic
ball and immediately frozen in liquid N2. All samples were ground using the TissueLyser II
(Qiagen®) for 30 seconds at 22 Hz in adapters pre-cooled to -20 °C and then rapidly transferred
back to liquid Na. 500 pL of gDNA extraction buffer (Table 14) was added to each sample
individually and then vortexed until homogenised and fully thawed. All samples were then
centrifuged for 5 minutes at 15,000g, after which 350 pL of supernatant was taken to a new 1.5
mL tube already containing 350 pL of isopropanol and mixed gently. Samples were centrifuged
at 15,000g for 10 minutes. Supernatant was removed and 500 pL of 70% EtOH was added,
mixed gently, and the samples centrifuged at 15,000g for 5 minutes. The supernatant was
removed and then once the pellet was dry, 150 pL of MilliQ H>O was added. Tubes were
vortexed, then left at 4 °C overnight and vortexed again before use to fully dissolve the gDNA.

Table 14: gDNA extraction buffer.

Component: Stock concentration: Final concentration:
Tris HC1 pH 9 0.5M 200 mM

LiCl IM 400 mM
EDTA 0.5M 25 mM

SDS 10 % 1%

Footnotes:

Stock components and final buffer made up in MilliQ H.O

500 pL buffer was used per sample, except for M. polymorpha, where 150 pL was used.

2.2.3.6 RNA isolation from tomato leaf tissue:

To isolate RNA from tomato leaf tissue, 8 leaf disks (6 mm) were added to a 2 mL Eppendorf
tube containing a ceramic ball and immediately frozen in liquid N2. Samples were ground using
the TissueLyser II (Qiagen®) for 30 seconds at 22 Hz in adapters pre-cooled to -20 °C, then
transferred back to liquid N2. A Universal RNA Purification Kit from Roboklon GmbH was
used to extract RNA, mostly following the manufactures instructions, with a few amendments.
In brief, 400 pL of RL buffer (containing 1 % [-mercaptoethanol) was added to each sample
and vortexed until completely homogenised and thawed. Samples were centrifuged for 3
minutes at max speed before the supernatant was added to a homogenisation spin column and
centrifuged again at max speed for 2 minutes. 350 pL of 70% ethanol was added to the
flowthrough, mixed, and pipetted onto an RNA binding spin column. Samples were centrifuged
for 1 minute at 11,000 g and the flow through discarded. 400 pL of wash buffer D1 was added,
and samples centrifuged again 1 minute at 11,000 g. To degrade all DNA, an ‘on-column’

DNase treatment was done by adding 50 pL of DNR buffer with 2 uL of DNasel
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(ThermoFischer Scientific) directly onto the column membrane and incubated for 15 minutes.
To wash the column membrane, 400 pL. of Wash Buffer RB1, 650 uL of Wash Buffer RBW,
and then 350 pL of Wash Buffer RBW were added sequentially with a centrifugation step of 1
minute at 11,000 g between each wash. An additional centrifugation was done to dry the
column and then 40 pL of RNase-free water was added to each column membrane and samples
centrifuged again for 1 minute at 11,000 g.

The quality and concentration of extracted RNA was determined using the NanoDrop® ND-
1000 UV-Vis Spectrophotometer from ThermoFischer Scientific. As SIADCI and SIADC?2 do

not contain introns, meaning their cDNA and gDNA cannot be distinguished, an additional

DNase treatment was conducted to ensure NO [Fabic73: Post RNA exiraction DNase
remaining gDNA had contaminated the sample. 2000 | reatment scheme.
Component: Amount:
ng of RNA was used (reaction scheme in Table 15), | DNase buffer (10x) 1 uL
) o ) o DNase (ThermoScientific) 0.5 pL
then incubated at 37 °C for 45 minutes, then at 65 °C [RNA 2000 ng
for 10 minutes. Samples were once more analysed on | Milli Q HxO Up to 10 pl.
Total volume: 10 uL

the NanoDrop® and stored at -80 °C.

2.2.3.7 Complementary DNA (cDNA) synthesis via reverse transcription:

To make cDNA, the ThermoScientific Table 16: cDNA synthesis reaction scheme.

RevertAid First Strand cDNA Synthesis Kit was | Component: Amount:
) ) Reaction buffer (5x) 2 uL
used. The reaction scheme shown in Table 16 | RiboLock RNase inhibitor 0.5 uL
. Oligo (dT)1s 0.5 uL
o
was used and samples were incubated at 42 °C dNTP (10 mM) I L
for 1 hour and then at 70 °C for 5 minutes. |RevertAid Reverse Transcriptase 0.5 pL
RNA 850 ng
cDNA samples were finally diluted 1:10 with | Milli Q H.O Up to 10 uL
Total volume: 10 uL

RNase-free water and stored at -20 °C.

2.2.3.8 Real Time-quantitative PCR (RT-qPCR):

RT-qPCRs were used to quantify relative SIADC transcript abundance based on the method
used by Wu et al., 2019. 8 uL reactions were set up as per Table 17, MESA Blue gPCR™
Mastermix Plus for SYBR® Assay (Eurogentec). Three technical replicates were used for each
biological replicate, which were all loaded into a 384 well plate, and an RT-qPCR run using a
CFX384™ Real-Time System from BioRad with the program outlined in Table 18. Reference
gene primers were always included for all replicates; here, tomato 7/P41 primers were used.
The threshold cycle (Ct; where the amplified signal is detected) for each biological replicate

was calculated by averaging the Ct of each technical replicate. To calculate the relative
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transcript abundance, the Ct value of each gene was divided by the Ct value of the reference

gene in that biological sample.

Table 17: RT-qPCR reaction scheme. Table 18: RT-qPCR cycle settings.

Component: Amount: Temperature: Time: Repeat:

MESA 4L 95 °C 5 minutes

Forward primer (1 pmol/uL) 1 pL 95 °C 15 seconds

Reverse primer (1 pmol/uL) 1 uL 39 °C 20 seconds x 39
DNA (1:10 diluted 2 ulL

cDNA (1:10 diluted) . 59-95 °C 0.5 °C increments for melt curve

Total volume: 8 uL

2.2.4 Protein based methods:
2.2.4.1 Immunoblotting:

To  specifically ~ detect proteins Table 19: Protein gel composition.

expressed transiently in N. g Volurpe for 10% Volurpe for 4%

stacking gel: stacking gel:
benthamiana leaves or in transgenic | 1.5 M Tris pH 8.8 25 mL -

li lant tei tract 0.5 M Tris pH 6.8 - 7.5 mL
ines, plant protein extracts were runon =% "crc TmL 300 il
denaturing SDS gels and then a western | 10% APS 1 mL 300 pL
) ) 30% Acrylamide 33 mL 4 mL
blot conducted wusing specific | TEMED 100 pL 30 uL
. . . MilliQ H.O 40 mL 18 mL
antibodies. In more detail, all glass Total volame: 100 mL 30 mL

plates were cleaned with 0.5 M NaOH, rinsed with MilliQ water, and then again with 70%
ethanol. Then, protein gels were made with 10% separating and 4% stacking gels as per Table
19, and left to fully dry before use (stored at 4 °C if not used immediately for max. 3 days).

Leaf disks (2-4 at 6 mm) were harvested into a 2mL Eppendorf tube containing a ceramic bead,
frozen immediately in liquid N>, then the tissue ground using a TissueLyser II (Qiagen®) for
30 seconds at 22 Hz in adapters pre-cooled to -20 °C. 100 puL of protein extraction buffer (Table
20) was added to each sample, then vortexed until homogenised and thawed. Then, 40 pL of
4x loading dye (20 mM Tris-HCI pH 8.6, 40% (v/v) glycerol, 10% (v/v) B-mercaptoethanol,
and 0.1% (w/v) bromophenol blue) was added, tubes vortexed again, and finally, the samples

were incubated at 90 °C for 10 minutes.

Table 20: Protein extraction buffer for protein gels.

Component: Final concentration:
100 mM Tris pH 7.5 (+ 3% SDS) 80 mM (+ 2.4% SDS)
500 mM EDTA pH 6.8 50 mM

25x protease inhibitor solution (cOmplete

ULTRA Tablets, Roche) 2.5x strength

Samples were loaded onto protein gels with a marker in one lane (i.e., PageRuler™,
ThermoScientific) and run at 170 V for 1 hour 15 minutes or until the dye front ran off the gel.

Proteins were transferred to a PVDF membrane (Immobilon®-P, 0.45 um pore size) with a
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Trans-Blot® Turbo Transfer System (BioRad) using the mixed molecular weight pre-
programmed settings. The membrane was then blocked with 5 % milk (in 1x TBST; 50 mM
Tris-HCI, 150 mM NaCl, 0.05% Tween-20) for minimum of 2 hours. A primary antibody to
specifically detected proteins of interest in the sample was added to the milk (final dilution of
1:5000) and the blot left to rock gently at 4 °C overnight. The next day, the primary antibody-
containing milk solution was removed, and the membrane washed three times with TBST for
10 minutes and once in TBS (TBST with no Tween-20) for 10 minutes, all with gentle rocking.
If a secondary antibody was required, this was added at a final dilution of 1:10,000, also in 5
% milk in TBST for at least 2 hours, before the membrane was washed as previously described.
The membrane was then ready to be imaged. As all antibodies used in this work were
conjugated with a Horseradish Peroxidase (HRP), 500 puL of ECL Select™ Western Blotting
Detection Reagent (Amersham™, cytiva) was incubated with the membrane to label the
antibodies and an Amersham™ Imager 600 (GE Healthcare Life Sciences) was used to detect
and image the membrane. After imaging, membranes were stained for total protein with
Ponceau stain (0.1% (w/v) Ponceau S, and 5% (v/v) glacial acetic acid) for ~30 minutes,

washed with water and left to dry.

2.2.4.2 Extraction of bands from protein gels for mass spectrometry:

To detect proteins using a mass western, protein gels were cast, proteins samples generated,
and gels run as in the previous section (2.2.4.2). To detect proteins within the gel, the gels were
incubated with InstantBlue® Coomassie Protein Stain (Abcam) for at least 1 hour and then
scanned with some water to obtain an image. Using a light box, specific protein bands or
regions of the gel where a protein was expected were cut using a sterile razor blade or scalpel
and transferred to an Eppendorf tube, which was then given to the Central Facilities, ZMBP

for digestion and analysis.
2.2.4.3 Dual luciferase assays from N. benthamiana leaf tissue:

To measure luciferase and renilla luminescence for a dual luciferase assay, a Dual-Luciferase®
Reporter Assay System Kit (DLR™, Promega) was used. Initially, 4 or 5 leaf (6 mm) from N.
benthamiana agroinfiltrated tissue were harvested 2 dpi into 2 mL Eppendorf tubes containing
a ceramic ball and immediately frozen in liquid N2. Samples were ground using a TissueLyser
IT (Qiagen®) for 30 seconds at 22 Hz in adapters pre-cooled to -20 °C. While keeping tubes on
ice as much as possible, 1x Passive Lysis Buffer was added (50 pL per leaf disk) and vortexed

until thawed and homogenised. All samples were centrifuged at 11,000 g for 10 minutes at 4
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°C to give a clear supernatant. 5 pL of supernatant from each sample was pipetted into 1 well
of a white 96 well microplate (Greiner Bio-One International GmbH) and the plate kept cold
and covered with foil until ready to measure, which should be done at RT. 40 pL of firefly
Luciferase Assay Buffer II (containing the Luciferase Assay Substrate, luciferin) was added to
each well and the plate inserted into a TriStar> LB 942 Multimode Reader (Berthold
Technologies GmbH & Co0.KG) to measure luciferase luminescence using the settings shown
in Table 21. After saving the luciferase luminescence data, the 96 well plate was removed at
40 puL of Stop & Glo® Reagent (containing the Stop & Glo® Substrate) was added to each well.
This reagent not only contains the renilla substrate (coelenterazine), but also an agent that
quenches all luciferase luminescence. Therefore, only renilla luminescence in detected when
the same procedure and settings (Table 21) are used as for luciferase luminescence. For each

sample, the luciferase luminescence was divided by the renilla luminescence for normalisation.

Table 21: Luminescence detection settings for the Tristar? LB 942 Multimode Reader.

Setting name: Setting:

Shake 0.5 sec, normal speed, between each well measurement
Measurement mode Measure by well, moving linearly across plate, 0.1 second count time
Detection settings Photon counter, no emission filter, endpoint measurement

2.2.4.4 GUS staining of leaf tissue:

GUS stain solution was prepared as per Table 22 and the GUS substrate, X-Gluc, added just
before use. Typically, 2-3 leaf disks (6 mm) per biological replicate were taken for GUS
staining and placed in a tube containing 250-500 pL GUS staining solution and vacuum
infiltrated until all samples were soaked with stain. Samples were wrapped in tin foil and
incubated overnight at 37 °C. The next day, the GUS stain solution was removed, 80% ethanol
was added, and the samples incubated at 60 °C. The solution was replaced until the tissue

became white, and then each replicate was transferred to a plastic sleave and scanned.

Table 22: GUS staining buffer.

Component: Stock concentration: Final concentration:
Sodium phosphate pH 7** 1M 100 mM
EDTA 0.5M 5mM
Potassium ferrocyanide (I1) K4[Fe(CN)s]" 0.1 M 1 mM
Potassium ferricyanide (I11) K3[Fe(CN)s]" 0.1 M 1 mM
Triton-X-100 10% 0.1%

Notes:

“Made by mixing 1 M NaH,PO4 and 1 M Na,HPO4 buffers together; this should be pH 7.
"Made fresh when making GUS staining buffer.

Use MilliQ HO to top up to final volume.

Filter sterilise solution and wrap glass bottle in tin foil and store at 4 °C.

X-Gluc | 2% (0.5 mg/mL in DMSO) | 0.05%

Notes:
Add X-Gluc into GUS staining solution just before use (i.e., 25 pL of 2% stock to 1 mL GUS stain solution).
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2.2.4.5 Fluorescence microscopy:

To detect fluorophore fluorescence from transiently transformed or transgenic plant material,
leaf disks (6 mm) were cut and placed upside on a microscopy slides with water. Typically,
samples were analysed using a Laser Scanning Microscope (LSM) 880 confocal microscope
(Zeiss Microscopy) using a x40 objective. GFP was detected with an excitation/emission of
488 nm/500-530nm, mCerulean3 with 458 nm/461-516 nm, RFP with 561 nm/579-634 nm,
and chlorophyll autofluorescence with 561 nm/653-693nm. An epifluorescent Leica DMI3000

B microscope was also used to detect fluorescence of GFP and RFP using appropriate filters.

2.2.4.6 Fluorescence detection using Typhoon:

To detect GFP fluorescence from whole agroinfiltrated N. benthamiana leaves, leaves were
placed flat into a Typhoon™ FLA 9500 (GE Healthcare Life Sciences). GFP was excited with
the 473 nm laser at 700V and the emission filter BPB1/DBR530DF20 used.

2.2.5 Liquid Chromatography, Mass Spectrometry (LCMS) to detect and
quantify proteins and metabolites:

LCMS was used in this work in an attempt to detect ADC peptides, as well as to measure ADC
activity and PA-related metabolites based on a method published by Wu et al., 2019. This
LCMS method to measure PA-related metabolites was optimised in this work in section 3.2.
Below is an outline of the principal of LCMS (section 2.2.5.1; Pitt, 2009), the ADC activity
assay and PA measurement method published by Wu et al., 2019 (section 2.2.5.2), and then
the optimised processes for sample preparations (sections 2.2.5.3 and 2.2.5.4) and the LCMS

method (section 2.2.5.5) used for assays from section 3.3 onwards.

2.2.5.1 An overview of LCMS:

LCMS uses liquid chromatography (LC) to specifically separate molecules, such as metabolites
or peptides, based on certain characteristics like molecular weight or polarity, and then quantify
their abundance using mass spectrometry (MS). Initially, samples are injected onto a column
to separate molecules based on their specific characteristics (i.e., LC), after which the
molecules are ionised and vapourised in the ion source of the mass spectrometer (Figure 5).
These ionised analytes are then specifically selected in the first quadrupole (Q1) based on their
mass to charge ratio (m/z) and only those pre-programmed selected “parent” compounds
allowed to pass into the collision cell (Q2) to be fragmented into “daughter ions”. These

fragmented ions are selected once more based on their m/z in the third quadrupole (Q3). Their
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Figure 5: Principal for ionisation, fragmentation, selection, and detection of compounds using LCMS.

Following injection, compounds are ionised, then selected for in the first quadrupole (Q1) based on their molecular mass.
Compounds are then fragmented in Q2 and then the fragmented daughter ions are then selected in Q3 before being detected
and quantified by the detector. Figure taken from Uchida et al., 2013 and adjusted for this work.

abundance is then detected and displayed as peaks of m/z intensity across LC retention time
(minutes).

Using LCMS to specifically detect and quantify peptides (i.e., a bottom-up MS proteomics,
also known as a mass western) requires some preparation of the samples prior to injection into
the LCMS. Initially, protein samples are digested with a protease, commonly trypsin, to
produce peptides that are then separated by size and polarity using LC coupled to MS, capable
of MSMS function. As trypsin digests polypeptides at known cleavage sites, the resulting
cleaved peptide masses and their m/z ratios can be predicted, even to include common post-
translational modifications. Therefore, each m/z peak in an MS mass western can be allocated
to specific trypsin-digested peptides, and subsequently used to assess amounts of known
proteins within the sample.

In the case of using a targeted LCMS approach to detect and measure levels of certain
metabolites, fragmentation transitions of these compounds must be predetermined and
programmed into the LCMS. Here, the molar mass of each desired compound is used to for
selection in Q1, then the mass of the fragmented daughter ions is used to select which ions are
allowed to pass into Q3 and then to be quantified by the detector; such molar masses are termed
“transitions”.

A calibration curve is simultaneously run alongside LCMS samples using a series of known
concentrations of the certain metabolites or peptides that are aimed to be measured in the assay
samples. The calibration curve is used for two purposes. Firstly, to confirm that the predicted

transitions of fragmented daughter ions are correct and eluting at the expected retention time.
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Secondly, to calculate the concentration of each compound by comparing the m/z peak areas

from the samples to those of the calibration curve. Therefore, by using a calibration curve and

standards, LCMS can be used to measure the exact concentration of a selection of metabolites

or peptides from a complex sample matrix.

2.2.5.2 Overview of the ADC activity assay protocol published by Wu et al., 2019.

The method for LCMS measurement of ADC activity and PAs within the same sample was
originally published by Wu et al., 2019 and subsequently used by Gallas et al., 2023. ADC

activity is determined as the amount of agmatine produced by ADC within a given time frame.

To differentiate the agmatine already in the plant extract
to the agmatine produced within the assay incubation, a
stable heavy isotopic variant of arginine is added to the
assay buffer and LCMS is used to measure the
accumulation of heavy agmatine. Heavy isotopic variants
then can be distinguished from the normal variants found
in biological tissues as their heavier weight can be
selected for in the LCMS Q1 and Q3. Therefore, both
ADC activity and PA-related metabolites can be
measured within the same plant extract sample.

The Wu et al.,, 2019 sample preparation and LCMS
method is summarised in Figure 6 and is as follows:
bacterial-infected plant tissue was frozen in liquid No,
homogenised in an ADC activity isolation buffer (Table
23; 3 puL buffer/mg tissue), centrifuged at max speed, and
90 pL of the supernatant was transferred to a new tube.
The supernatant was then mixed with 5 pL of I mM heavy
arginine (final concentration of 50 M) and incubated for
1 hour at 37 °C. The reaction was stopped via acidification
of all proteins with SuL of heptafluorobutyric acid
(HFBA), centrifuged again, before being diluted in
solvent (water, 0.1% aqueous formic acid, 0.05% HFBA)
for LCMS profiling using an Ekspert Micro-LC 200 and
QTRAP4000 (ABSciex, USA).

Multiple Reaction

et el <o el < <t <— W

Bacterial infection
18-24 hours

Harvest
50 mg, into liquid N2

Homogenise
Extraction buffer

Centrifuge
4°C,20 minutes, 17,000 g

Collect supernatant
90uL to new tube

Add 50 uM 13C arginine
Incubate
37°C 1 hours, 300 rpm

Stop
with 5uL HFBA

Centrifuge
10°C 20 minutes, 14,0009

LCMS
Dilute supernatant
for analysis

Figure 6: Previously published ADC activity

Monitoring (MRM) response peaks were analysed using assay protocol by Wu ez al., (2019).
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Table 23: ADC activity assay buffer components used by Wu et al., 2019

Component Concentration Role in ADC extraction buffer
Tris (pH 7.5) 5mM Buffers to physiological pH
Ascorbate 1 mM Antioxidant

Pyridoxal 5’-phosphate (P5P) 50 mM ADC co-factor
Polyvinylpolypyrrolidone (PVPP) 5% Binds polyphenols

Heavy arginine” 50 uM Heavy substrate for ADC activity

* After extraction and centrifugation, 90 pL of the sample supernatant was mixed with heavy arginine.

the MultiQuant software to measure the area under each peak. This area was then used to
calculate the concentration of each metabolite by comparing the area to that of the calibration
curve, which was run in conjunction to each LCMS experiment. Metabolite concentrations

were typically presented as femtomoles per milligram of sample fresh weight (fmol/mg FW).

2.2.5.3 General ADC activity assay and sample preparation for LCMS used in this

work:

During this work, the extraction buffer, sample preparation, and LCMS method was optimised
from the Wu et al., 2019 method. It is important to note that the extraction buffer (Table 24)
used for these assays contains heavy isotopic variants of multiple metabolites, depending on
the purpose of the experiment or plant species examined. Specifically, different isotopic
variants of arginine were used during this work and are shown in Supplementary Figure 4. D7
5Ny arginine (+11, 187 g/mol; Eurisotop) was used for tomato, N. benthamiana, and A.
thaliana samples due to its affordability and that it produces heavy putrescine at least 3 g/mol
heavier (i.e., D7 N, putrescine (+9), 98.1 g/mol) than the putrescine isotopic variant produced
by ODC with the ornithine isotopic variant ('3C; ornithine (+7), g/mol from [Eurisotop]
producing 3Cs putrescine (+6) g/mol). Using this D7 "Ny arginine isotope enables clear
distinction between these putrescine variants and allows simultaneous measurement of ADC
and ODC activity within the same sample. Additionally, *Ce arginine (+6, 182 g/mol; Carl
Roth®) was used, but only for M. polymorpha samples due to a contaminating peak from this
plant confounding the D7 N4 agmatine (+11) peak. Other isotopic variants used in this buffer
were Ds tryptophan (Sigma-Aldrich®) and '*C; D; citrulline (Eurisotop) as internal standards.
For the sample preparation method, 50 mg of fresh weight (FW) tissue was weighed (exact
weight recorded), transferred to a 2 mL Eppendorf tube with a ceramic ball, and immediately
frozen in liquid N>. Samples were ground using a TissueLyser II (Qiagen®) for 2x 30 seconds

at 22 Hz in adapters pre-cooled to -20 °C. While keeping tubes on ice as much as possible, 300
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Table 24: ADC activity assay buffer.
Component: Stock Final Role in ADC extraction buffer

concentration: | concentration:
Tris (pH 7.5) + PVPP* 20 mM + 3% 5mM Buffers to physiological pH

PVPP binds polyphenols

Ascorbate 100 mM 1 mM Antioxidant
Pyridoxal 5’-phosphate (P5P) 1 mM 50 uM ADC co-factor
Heavy arginine” 10 mM 500 uM Heavy substrate for ADC activity
13Ci D; citrulline 100 uM 2 uM Allow for quantification of citrulline
D:s tryptophan 100 pM 2.5 uM Internal normalisation control
Protease inhibitor 1 tablet 1x solution Reduce protein degradation during assay
Footnotes:
Stocks and final buffer made up to final volume in sterile MilliQ H>O.
300 pL of buffer is used per sample unless specified otherwise.
If ODC activity was also measured, a final concentration of 500 pM *C7 ornithine (+7) was also included in this buffer.
* PVPP = Polyvinylpolypyrrolidone
# D7 *Ny arginine (+11) was used for tomato, N. benthamiana, and A. thaliana samples; '*Cs arginine (+6) was only used for M.
polymorpha samples due to a contaminating peak confounding the D7 '"N4 agmatine (+11) peak.

pL of extraction buffer (Table 24) was added to each sample, which was then vortexed until
thawed and completely homogenised with regular breaks and re-cooling on ice.

To determine the metabolite levels prior to the ADC assay, so-called ‘stop samples’ were taken,
where 100 pL of this extraction was taken and mixed immediately with 5 uL of HFBA to
denature any proteins and stop further metabolism occurring; these samples were kept on ice.
The remaining 200 pL of sample was incubated at 37 °C for 1 hour with 350 rpm shaking for
the ADC activity assay and then transferred back to ice. 5 puL of the assay sample was then
transferred to a new tube containing 45 pL of water and used to roughly measure total protein
content using the A280 absorbance on the NanoDrop® ND-1000 UV-Vis Spectrophotometer
(ThermoFischer Scientific). Then 5 pL of HFBA was mixed into the assay samples to stop any
further reactions occurring in these assay samples.

All samples (assay and stop samples) were then centrifuged at maximum speed for 30 minutes
at 4 °C. The supernatant could then be diluted in 0.1% formic acid with 0.1% HFBA and used
for LCMS analysis. The dilution factor depends on plant species and treatment and must be
checked prior to running a whole experiment (i.e., metabolite levels of interest in the sample

must be within the linear section of the calibration curve).

2.2.5.4 Additional clean up extraction required for N. benthamiana samples.

N. benthamiana tissue requires an additional clean up (section 3.2.12), whereby 80 pL of

stopped assay sample (prior to centrifugation step) is taken to a new tube. 200 pL. of methanol
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and 100 pL of chloroform was added to each sample, vortexed, then incubated at 25 °C for 10
minutes at 950 rpm. 120 pL of water was added and samples incubated again for another 10
minutes at 25 °C with 950 rpm shaking. The samples were then centrifuged at maximum speed
at RT for 10 minutes. 100 pL of the supernatant was then taken to a new tube and speed
vacuumed for 1 hour to dry. 80 pL of 0.1% formic acid with 0.1% HFBA was used to dissolve
the pellet, before samples were centrifuged again at max speed for 10 minutes at 4 °C. The

supernatant could then be used directly or diluted for LCMS analysis.

2.2.5.5 LCMS method for ADC activity and PA-related metabolite detection.

LCMS profiling was conducted using a QTRAP6500+ with an LC M5-TE (Trap-Elute, AB
Sciex, USA) as per Gallas et al., 2023, which was based on the Wu et al., 2019 method. 50 pL
were injected from each sample first onto a Trap column (Luna 5 um C18(2) 100 A; 20 x 0.5
mm; Phenomenex) then onto a HaloFused C18 column (150 x 0.5 mm, 2.7 um, 90A; AB Sciex,
USA) for chromatographic separation with a binary gradient at a flow rate of 16 pL/min at
50°C. Gradient: solvent A 0.1% formic acid, 0.05% HFBA; solvent B acetonitrile, 0.1%
formic acid, 0.05% HFBA; timing shown in Table 25.

Analytes were ionised using an Optiflow Turbo V ion source with a SteadySpray T
microelectrode (10-15 pL/min) in positive ion mode. The following LCMS instrument settings

were applied: nebuliser and heater gas were nitrogen at 25 and 45 psi; curtain gas: nitrogen, 30

psi; collision gas: nitrogen, medium; source | Table 25: LCMS gradients.

temperature: 200 °C; ion spray voltage: +4800 Time émin): SOlvge;lt A: SOIVf;tB:
V; entrance potential + 10 V; collision cell exit 0.2 85 15
potential + 10V; scan time: 10 milliseconds. ;2 350 ;2
The transitions monitored for each metabolite i 855 ?g
presented in this work are shown in 5 85 15
Supplementary Table 3.

2.2.6 Computational methods and programs used:

2.2.6.1 Sequence analysis:

NCBI BLAST was used to identify and download sequences. CLC Main Workbench (Qiagen)
was used for in silico cloning, primer design, and sequence analyses. To generate sequence
alignment figures used in this work, the Clustal Omega Multiple Sequence Alignment server

was used with the Clustal W parameter output selected.
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2.2.6.2 Data analysis and figure generation:

Microsoft® Excel for Mac and R Studio (version 12) were used to analyse data. An ANOVA
was used with a Tukey’s post hoc test to determine statistical significance (to o = 0.05) with 3
or more compared groups. When comparing only two groups, a two-way Student’s T test was
used to determine statistical significance. Typically, in this work boxplots are displayed with
letters above each group, where different letters indicate a statistically significant difference.
See Supplementary Figure 5 for exemplar R studio script for statistical analysis and generation
for boxplots, including all packages used for such analysis. FIJI (ImageJ2, version 2.14.0;
Schindelin et al., 2012) was used for processing of confocal microscopy images. Adobe

Ilustrator and R studio were used to generate figures for this work.

2.2.6.3 Writing and referencing tools:

For writing this work, Microsoft® Word for Mac was used, alongside Clarivate™ EndNote ™

20 for referencing.
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3. Results

3.1 CRISPR mutagenesis of conserved ADC S’UTR elements

Previously, Wu et al., 2019 identified the ADC-box as a highly conserved GC-rich element in
the 5’UTR of plant ADC transcripts. Using transient dual reporter assays in N. benthamiana,
they found that removing part, or the whole SIADCI-box increased translation from the
SIADC1 5’UTR, demonstrating its repressive role on translation of the downstream coding
sequence (CDS). However, it remained unclear if this repression also occurred in a native plant
context, rather than transient expression, and to what extent each of the conserved GC-rich
regions were required for this regulation. Therefore, CRISPR/Cas9 mutagenesis was used in
tomato, 4. thaliana, and M. polymorpha to generate a range of stable, inheritable mutations in
the ADC-box to examine its role on ADC translation in planta and to determine which
conserved regions were most vital for this regulatory mechanism.

Tomato was selected for this work as it is a model Solanaceous species and as various
experimental systems (i.e., LCMS-based ADC activity assays) and mutant genotypes (adcl,
adc2, adcladc?2, odcl, and ebe mutants) had already been established for tomato in the Lahaye
Laboratory (Wu et al., 2019). Additionally, both SIADCI- and SIADC2-boxes were targeted for
mutagenesis as previous transient work had only investigated the SIADC1-box.

A. thaliana ADCI- and ADC2-boxes were also targeted for CRISPR/Cas9 mutagenesis, as A.
thaliana is a unique species in terms of PA synthesis. 4. thaliana does not contain an ODC, so
all PA precursors must be generated via ADC enzymes. However, AtADCI has evolved a new
enzymatic function, converting N°-acetylornithine to N-acetylputrescine, enabling ornithine to
once more be used to generate putrescine and compensating for the loss of ODC (Lou et al.,
2020). AtADCI continues in its exceptionality as the 5S’UTR structure differs in terms of the
sequence variation in the AtADCI-box compared to that of 4t4DC?2 or other closely related
species and lack of uORF (Figure 4).

Finally, the primitive ADC-box of M. polymorpha, a relative of the first land plants, was also
mutagenised by CRISPR/Cas9 to determine if its repressive role on ADC translation was likely
present in the early periods of plant evolution (collaboration with Dr. Ezgi Siiheyla Karaaslan

in Prof. Chang Liu’s Laboratory). M. polymorpha was also selected as it only contains a single
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ADC, possibly amplifying any impacts of CRISPR/Cas9-induced MpADC-box mutations and
subsequent PA synthesis (Bowman et al., 2017).

In addition to mutagenesis of the ADC-box the tomato ADC uORFs were also targeted. The
impact of the SIADCI uORF had also been previously analysed in transient reporter assays
(Wu et al., 2019). Here, it was found that the translational efficiency was only marginally
increased when mutating the uUORF ATG, indicating that the uORF does not greatly contribute
to regulating ADC translation. Contrastingly, the carnation (Dianthus caryophyllus L..) DcADC
uORF was suggeted to produce a peptide that inhibited downstream translation of DcADC in
in vitro experiments (Chang et al., 2000). It is therefore possible that the role, if any, of the
ADC uORFs may be better elucidated in the native in planta context. Therefore, the of SIADC1
and S/IADC2 uORFs were targeted by CRISPR/Cas9 mutagenesis to assess their role in SIADC
translation in planta.

The sections below present the mutagenesis and genotyping of CRISPR/Cas9 generated
mutants in tomato (section 3.1.1), 4. thaliana (section 3.1.2), and M. polymorpha (section

3.1.3).

3.1.1 CRISPR mutagenesis of tomato ADC uORFs and ADC-boxes.

To assess the impact of the conserved elements on SIADC translation in planta, CRISPR/Cas9
was used to generate mutations in the SIADCI and SIADC2 uORFs and ADC-boxes. Single
gRNAs were designed to individually target each of these elements in each gene, aiming to
generate small INDELSs in the targeted element through a single Cas9 cleavage event (Figure
7A). CRISPRdirect (crispr.dbcls.jp; Naito et al., 2015) was used to design gRNAs based on the
tomato genome (S13.00 from 2017) and an NGG PAM recognition site. gRNAs were selected
based on their predicted cleavage site and if they had only one predicted target site in the
selected genome. Each gRNA was then cloned in duplicate into a modified version of the
p20IN Cas9 vector, using the CRISPR/Cas9 golden-gate toolkit (Jacobs ef al., 2015; modified
by Morbitzer, unpublished; Figure 7; Supplementary Figure 6; Supplementary Table 4) and
subsequently transformed into A. tumefaciens GV3101. Single colonies were selected,
infiltrated into N. benthamiana leaves at ODgoo = 0.4 (a process termed ‘agroinfiltrated’; section
2.2.1.5), and at 3 dpi, tested for nuclear fluorescence via Typhoon imaging (section 2.2.4.6).
Positive GFP expression indicated that the T-DNA was successfully transferred
(Supplementary Figure 7) and the CRISPR/Cas9 construct in that A. tumefaciens strain was

suitable for stable tomato transformation (section 2.2.1.4).
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Figure 7: CRISPR/Cas9 mutagenesis of SIADC 5 UTR conserved elements.

(A) Schematic of SIADC1 (top) and SIADC?2 (bottom) 5’UTR genomic sequence highlighting the uORF, ADC-boxes, and start
of the SIADC coding sequences (grey boxes), and transcriptional start site (TSS) determined by Wu et al., 2019. Scale below
indicates base pairs (bp) relevant to each ADC start codon. Expected CRISPR/Cas9 cleavage site determined by each gRNA
is shown above the 5’UTR elements ( ¥'); note that gRNA225 targets Brgl1 binding site in both SIADCI and SIADC2 ADC-
boxes (Wu et al., 2019). Black arrows show primers used for genotyping. (B) CRISPR/Cas9 plasmid (p201N Cas9; Jacobs et
al., 2015, modified by Morbitzer, unpublished) used for WT tomato transformation, including: neomycin in planta resistance
gene (Nptll, mauve box) with Solanum tuberosum Ubiquitin 3 (StUbi3) promoter and terminator (grey arrow and box,
respectively); Medicago truncatula U6 (MtU6) promoter driving identical gRNAs (blue box) in duplicate with scaffold spacer
sequence (mid-grey box); Cauliflower mosaic virus 35S promoter (35Sp) driving triple GFP (green box) with SV40 nuclear
localisation signal (NLS) and Nos terminator (Nos?); double 35Sp driven Cas9 with NLS and Nost; and, left (LB) and right

borders (RB) (dark grey box). Black arrows show primers used for genotyping presence of Cas9 transgene.

One exception to this workflow was the gRNA225 CRISPR/Cas9 construct, which was
previously generated to target the conserved Brgll EBE sequence in both SIADCI and
SIADC?2, generating the ebe mutant (Figure 7; Supplementary Table 4; Wu et al., 2019). This
construct was re-transformed into tomato to generate more mutants in the 5’ end of both
SIADC-boxes.

Following selection on kanamycin-containing media, all TO surviving tomatoes were
transferred to soil and gDNA was extracted (section 2.2.3.5). To verify that these surviving
plants contained the CRISPR/Cas9 transgene, a diagnostic PCR amplifying a section of Cas9
was conducted using primers ESR124 and ESR125 on extracted gDNA (Figure 8A;

Supplementary Figure 6). Almost all plants contained the transgene; any that did not were

discarded.
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To determine if a mutation had occurred in the gRNA-targeted region, fragments of the
genomic SIADCI and/or SIADC2 5’UTR sequence were PCR amplified using primers ESR61
and ESR62 and/or ESR64 and ESR65, respectively. PCR products were run on a 1% agarose
gel to detect larger INDELSs and to verify their quality prior to Sanger sequencing with primers
ESR63 or ESR66 for SIADCI or SIADC?2, respectively (Figure 8B). If a conflict occurred in a
gRNA-targeted region when aligning the sequenced TO line to the WT reference, this plant was
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250bp > 250bp » .
C Elucidation of mutation types in TO plants
Plant 67.1 Plant 77.1
M 1 2 3 45 6 7 8 1 2 3 4 5 6 7 8
—
ggggg:‘: " — w == ema765bp
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szDC] GTTAGAAGGTCATTATCTTTTGATTAAGTTCTTTTTTTGCT TCTTTTGACGCGGTAGCCGEGGCT CTGOCCTCGGLGEGTTCTAAAGCCCCCA-GCTATTACAACATTGGTCAACAAA

T4 771 (PCR),

AGGTGATT CTTCTTTTGAGGGEGTAGCCGOEGCTCTCGCETCGGECGCTTCTAAAGCECES

CTTAGAAGGTGATTATCTTTTGATTAAGTTCTTTTTTTGCTTCTTTTGAGGGEGTAG
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mutations.

Plant T4 _77.1 from cali transformed with gRNA10 CRISPR/Cas9 construct is shown here as an exemplar of the TO genotyping
process. (A) gDNA from T0 neomycin-resistant tomatoes was checked for the presence of the transgene (expected size 899bp);
a previously confirmed transgene containing tomato was used as positive control (+Cas9), while WT and H,O serve as negative
controls. (B) As gRNA10 targets the SIADCI-box, part of the SIADCI promoter and coding sequence was amplified and run
on a 1% agarose gel; WT gDNA shows the expected unmutated fragment size of 637bp; H,O serves as negative control. (C)
PCR fragments amplified from gDNA (B) were cloned into a pUC57 backbone and transformed into E. coli, after which a
colony PCR was used to identify clones containing different mutations; insertion of WT fragment produces 765bp product and
no insert produces 128bp product. (D) The initial gDNA PCR fragment (B) and a selection of clones (C) were sent for Sanger
sequencing to determine the exact mutations and confirm the zygosity. Sanger sequencing reads were aligned to SIADCI WT
reference, here annotated with the SIADCI-box (red arrow) and the gRNA target sequences (green arrow). Conflicts are

highlighted in red or faded out when the sequence does not match the reference.
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considered mutagenised; plants with no mutation were discarded. Based on this sequence
information, the zygosity of the mutations could be predicted; a Sanger sequencing trace with
clear individual peaks that do not match to the WT indicate a homozygous genotype, while
heterozygous mutants show a single peak trace matching to the WT reference until the start of
the mutation, after which double peak traces are seen, indicating a mix of two different
sequences. To verify the zygosity and exactly which mutations occurred, both alleles needed
to be individually sequenced. This was done by cloning PCR products into a pUC57 vector and
selecting colonies containing different alleles to then be sent for Sanger sequencing (Figure
8C). In Figure 8, the genotyping process of an exemplar plant (T4 77.1) has been shown. In
this case, the initial gDNA PCR showed two bands, one around the same as WT and the other
~100 bp smaller (Figure 8B), indicating that two alleles exist. This was then confirmed via
Sanger sequencing of four cloned PCR fragments, whereby two different mutated genotypes
were found: firstly, a 1bp insertion after the SIADCI-box (clones #6 and #8); and a 108bp
deletion (clones #4 and #5; Figure 8C and D). This type of analysis was carried out for majority
of the mutated plants, at least until a range of mutant genotypes were resolved. gRNA9 and
gRNA12 did not produce any mutations, despite the TO surviving plants containing the
transgene; all transformants were discarded.

A full list of all analysed TO mutants are shown in Supplementary Table 5 (gRNAS),
Supplementary Table 6 (gRNA10), Supplementary Table 7 (gRNA11), and Supplementary
Table 8 (gRNA 225). Table 26 shows the number of WT and mutant plants of each
CRISPR/Cas9 transformation with a single gRNA target, including the predicted mutant
zygosity based on the gDNA PCR sequencing and/or subsequent sequencing of clones.

Table 26: Zygosity of TO tomato plants containing the CRISPR/Cas9 transgene with a single gRNA target.
gRNAS gRNA9 gRNA10 gRNA11 gRNA12
SIADCI 5'UTR
Homozygous 2 0 13
Heterozygous 18 0 68
Unsure 1 0 11
Total 21 0 92
SIADC2 5'UTR
Homozygous 9 0
Heterozygous 23 0
Unsure 6 0
Total 38 0
WT 43 34 30 15 21
Total plants genotyped 64 34 122 38 21
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Table 27: Zygosity of TO tomato plants containing the CRISPR/Cas9 transgene where both SIADC are
targeted by gRNA225.
Only SIADC1 Only SIADC2 Both SIADC .
mutated mutated mutated Total mutations

SIADCI 5'UTR

Homozygous 0 7 7

Heterozygous 7 22 29

Unsure 1 5 6

Total 8 34 42
SIADC2 5'UTR

Homozygous 5 0 5

Heterozygous 18 29 47

Unsure 1 5 6

Total 24 34 58
WT 102
Total plants genotyped 168

Table 27 shows the same information for the gRNA225 CRISPR/Cas9 transformation with
both SIADCI and SIADC?2 genotypes. Interestingly, several homozygous mutant genotypes
were observed, which may have occurred if one mutant allele was used as a template for
homology-directed repair of the other allele. It is also interesting to note that the same mutations
were frequently observed from plants originating from the same cali; for example, cali number
22 from the gRNA10 CRISPR/Cas9 transformation (denoted as: T5 22) produced three TO
plants that all had the same homozygous 3bp deletion. This indicates that multiple plantlets
may have developed from the same CRISPR/Cas9-mutated cali tissue. However, this was not
always the case; for example, T5 15 cali produced three TO plants with different mutations and
zygosities (Supplementary Table 7).

Overall, a wide range of mutations were obtained in each of the targeted SIADC elements,
including both large deletions and small SNPs in the SIADC-boxes, as well as mutations
spanning the uORF start codons in either SIADCI or SIADC?2 (e.g., T3 13.1 and T5 27.1,
respectively). All TO plants that contained a mutation were kept for seed production, except
those where the exact same mutation had already been identified in 2-3 other plants. The vast
majority of TO plants were able to produce seed; however, a small number either did not
produce fruits or the fruits were always small and contained no seeds.

To study the impact of the 5’UTR mutations on SIADC translation, mutations should ideally
be homozygous to fully elucidate the impact on subsequent translation of SIADC and to ensure
that the mutation cannot be segregated out in subsequent generations. It is also preferable that
the mutant plants no longer contain the T-DNA transgene for multiple reasons. Firstly, T-DNA

insertion into important loci may result in disruption of developmental or physiological
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processes, resulting in adverse effects that are not caused by the mutation in SIADC; this may
have been why some T0O CRISPR/Cas9-mutagenised lines were unable to produce fruits and/or
seeds. Secondly, the presence of an active CRISPR/Cas9 may induce further mutations in any
un-mutated sequence that the gRNA targets; for example, a WT allele is still able to be mutated
in any cell expressing the gRNA-CRISPR/Cas9 T-DNA. This is particularly problematic when
crossing a CRISPR/Cas9-containing plant with another un-mutated line. Finally, removal of
the transgene is also critical to ensure that the CRISPR-induced mutation is an inheritable
mutation in the germline, rather than a somatic mutation.

As the CRISPR/Cas9 transgene and induced mutation are typically at distinct genomic loci,
mendelian genetics should enable the identification of homozygous mutant plants that do not
contain the transgene via genotyping of T1 plants. Based on the mutation type and zygosity
information from TO genotyping, a collection of mutants was selected for subsequent
genotyping in the T1 generation. Figure 9 presents an example of the genotyping process for a
T1 generation mutant: T4 77.1, which had a 108bp deletion and a 1bp insertion in the TO
generation. T1 progeny of selected TO plants were initially genotyped for the presence of the
transgene via PCR amplification of a section of the Cas9 gene using primers ESR124 and
ESR125 from extracted T1 gDNA; a known transgene containing T0 line was used as a positive
control (Figure 9A). Initially, 60 T1 progeny plants from each selected TO parent were
genotyped for the presence of the transgene. For subsequent rounds of T1 genotyping, 20 plants
were genotyped, and if no transgene-free plants were identified, a following 20 T1 progeny
plants were tested.

During cali transformation, the transgene is inserted into one chromosome copy in somatic
cells, which then produce a TO transformant. If a single transgene insertion event has occurred
in the TO parent, T1 progeny are expected to segregate for the transgene in a 1:2:1 fashion,
according to Mendelian genetics (i.e., one quarter of the progeny would lack the transgene).
The T1 plants lacking a transgene were used for subsequent analysis, while those containing
the transgene were discarded. However, some TO plants had presumably more than one
transgene insertion, as an unexpectedly high frequency (>75%) of transgene-containing T1
plants observed, or in some cases, none were identified. If two transgene insertions occur
during cali transformation, this reduces the frequency of transgene-free T1 progeny to 1 in 16
plants; for three insertions, only 1 in 64 plants should lack the transgene. For example, this was
the case for T1 progeny of T10 39.2, where no transgene-free progeny was found from 60
tested individuals; in cases such, all progenies were discarded, and another similar mutant was

chosen instead.
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Figure 9: Identification of transgene-free, homozygous mutant plants in the T1 generation.

Plant T4 77.1 is shown here as an exemplar of the T1 genotyping process. (A) The presence of the transgene detected via
diagnostic PCR using gDNA of T4 77.1 T1 progeny (expected size 899bp); a previously confirmed transgene containing
tomato was used as positive control (+Cas9), while WT and H,O serve as negative controls. (B) To identify homozygous
mutants, gDNA of T1 progeny that did not produce a transgene-positive PCR product was used to amplify part of the SIADCI
promoter and coding sequence and products were run on a 1% agarose gel (expected WT unmutated fragment size 637bp);
H>O serves as negative control. (C) PCR fragments were sent for Sanger sequencing to determine the exact mutations and
confirm the zygosity; reads were aligned to SIADCI WT reference, here annotated with the SIADCI-box (red arrow) and the
gRNA target sequences (green arrow). Conflicts are highlighted in red or faded out when the sequence does not match the

reference at that location.

For all T1 progeny lacking the transgene, the CRISPR/Cas9-induced mutation in the genomic
5’UTR sequence of SIADC1/2 was genotyped in a similar manner to that for the TO plants.
Again, due to Mendelian segregation, one quarter of the transgene-free T1 progeny should be
homozygous for mutations that were heterozygous in the TO generation. The gRNA targeted
SIADCI or SIADC2 5°UTR region was amplified from extracted gDNA, run on an agarose gel

(Figure 9B), and sent for Sanger sequencing to confirm the mutation zygosity (Figure 9C).
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Identification of such transgene-free T1 progeny containing the CRISPR-induced mutation also
shows that this mutation is present in the germline, and not a somatic mutation; all such T1
progeny were kept for seed production.

Wu et al., 2019 generated a tomato line with CRISPR/Cas9-induced mutations in the Brg/ -
EBE sequence of both SIADCI and SIADC?2 to prevent Brgll binding and transcriptional
activation of SIADC1/2. This plant has a 1bp insertion in the SIADCI-box and a 4bp deletion
in the SIADC2-box and did not contain the transgene. To elucidate the impact of each of these
mutations separately, this line was crossed to WT and the F1 generation was genotyped to
ensure the crossing was successful (Dousheng Wu, unpublished). In this work, the F2
generation was then genotyped to identify plants with either of the mutations in a homozygous
configuration using the same method described above: PCR amplification of SIADCI and
SIADC2 5’UTRs using primers ESR61 and ESR62, and ESR64 and ESR65, respectively,
followed by Sanger sequencing of the PCR product (Figure 10). From this analysis, plant F2a55
was identified to be homozygous for only the 1bp insertion in SIADCI-box, while F2al4 was
identified to be homozygous for the 4bp deletion in the SIADC2-box; these plants were kept

for seed production and the progeny used for subsequent experiments.

A i e e e Figure 10: Identification of

ADC1 box
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Table 28: Tomato ADC-box and uORF CRISPR/Cas9 mutant names used in this work
. . . . Name used in .
Original name Origin of plant this thesis Mutation
T4 2 gRNAIO CRISPR/Cas9 SIIC -6 6 bp deletion 3’ to SIADC1-box
- transformation (this work)
tant fi ., 201 . L
F2a55 ebe mutant from Wu etal., 2019 SIIM_+1 1 bp insertion in SIADC1-box
was segregated (this work)
1 leti f entire SIADCI-
T4 771 gRNA10 CBISPR./C389 SIIM -108 08 bp deletion of entire SIADC
- transformation (this work) - box
leti i IADC]
T3 35.1 gRNAS CR.ISPR/'Cas9 SIIM -7 7 bp deletion spanning SIADC
- transformation (this work) - uORF ATG
RNAS8 CRISP .
T3 13.1 gRNAB CRISPR/Cas? SIIM -127 127 bp deletion of SIADCI uORF
- transformation (this work)
Fal4 ebe mutant from Wu et al., 2019 SI2M_-4 4 bp deletion in SIADC2-box
was segregated (this work)
RNA225 CRISPR/Cas9 .
T10 262 £ 5 CRISPR/Cas SI2M_-13 13 bp deletion in SIADC2-box
- transformation (this work)
RISP 1 NP 14 leti
T5 271 gRNAL1I C. S R'/Cas9 SIDM -14 bps and 14 bp deletion
- transformation (this work) - spanning SIADC2 uORF ATG
RNA11 CRISP
T5 332 £ CRISPR Cas9 SI2M _-172 172 bp deletion of SIADC2 uORF
- transformation (this work)
Footnotes:
The CRISPR/Cas9 mutant names used in this thesis take the form:
1. “C”, where the mutation occurs outside of a conserved 5’UTR element (i.e., control), and “M”, where a mutation
affects a conserved element (i.e., mutant)
2. Either “SI1” or “S12”, corresponding to SIADCI or SIADC2
3. The number of base pairs that have been affected by this mutation are indicated

A summary of SIADCI and SIADC2 CRISPR/Cas9 homozygous mutants, lacking the Cas9
transgene, that were used for subsequent experiments in this thesis is shown in Table 28. Here,
these mutants were renamed to reflect their mutation, rather than the transformed plantlet
number used up until this point. An SIADCI-box mutant was identified lacking the complete
SIADCI-box due to a 108 bp deletion; this mutant is now called “SI1M_-108” (originally
T4 77.1). A corresponding transgene-free mutant lacking the complete S/ADC2-box was not
identified; instead, a 13 bp deletion of the 5” half of the SIADC2-box was used (originally plant
T10 26.2, now called “SI2M_-13”). Smaller single mutants in the SIADC1- and SIADC2-boxes
were generated by segregating the ebe mutant from Wu et al., 2019 (“SIIM_+1”" and “SI2M_ -
4>, respectively). Finally, a mutant with a small 6 bp deletion, 3’ to the ADCI-box was also
used as a CRISPR/Cas9-induced mutation outside of the conserved ADC-box region (originally
plant T4 2, now called “SI1C _-6). For both SIADCI and SIADC2, small and large deletion
mutants of their uORFs were identified, all lacking the uORF start codon (i.e., “SI1M_-7" and
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WT TCATTTCGCAGTTGT TTACAGTTTTCCTAAACGGAACT CTACCATCTCTTTTTTCCGGTT

S11M -7 TCAT TTCGCAGT TGTTTACAGT TT TCC TARAC GGAAC TC TACCATCT CT TTT TTCCGGT T
S11M -127 TCAT TTCGCAGT TGTTTACAGT TT TCC TARAC GGAAC TC TACCATCT CT TTT TTCCGGT T
s1ic_-6 TCAT TTC GCAGT TGTTTACAGT TT TCC TARAC GGAAC TC TACCATCT CT TTT TTCCGGT T
S11M -108 TCAT TTCGCAGT TGTTTACAGT TT TCC TARAC GGAACTC TACCATCT CT TTT TTCCGGT T
S11M_+1 TCAT TTCGCAGT TGTTTACAGT TT TCC TARAC GGAAC TC TACCATCT CT TTT TTCCGGT T
hhkk kk hkhk hhk khk hhk khkkhk Ak hkhk hhk khk hhk khkk Ak hkhk hhk khk hk khk kk khk hk khkx **x

WT ACCGTTTAGGT TTCCGACCAATT TTC TT CTT CT CCGGT GAACTATT CCGGT TARAAGT TG
S11M -7 ACCGTTTAGGT TT CCGACCAATT TT CTT CT TCT CCGGT GAACT AT TCC GG TTARAAG-——
S11M -127 ACCGTTTAG G- —= === == === = — ——m —m m o
s1ic -6 ACCGTTTAGGTT TCCGACCAAT TT TCT TC TTC TCCGG TGAACTATTC CGGTTAAAAGTT G
S11M -108 ACCGTTTAGGTT TCCGACCAAT TT TCT TC TTC TCCGG TGAACTATTC CGGTTAAAAGTT G
S11M_+1 ACCGTTTAGGTT TCCGACCAAT TT TCT TC TTC TCCGG TGAACTATTC CGGTTAAAAGTT G

hk kk Kk Kk kk ok

WT TATGGT GGGGT GT TTGTT TGAAT CTTAGGT TT GTG TT TCT GT TGG TT TTGAGTTT TAATT
S11M -7 -~ --GTGGGGTGT TTGTT TGAATCTTAGGT TT GTGTT TCT GT TGG TT TTGAG TTT TAATT
S11M -127 S
s1ic -6 TATGGTGGGGT GT TTGTT TGAAT CTTAGGT TT GTG TT TCT GT TGGTT TTGAG TTT TAATT
S11M -108 TATGGTGGGGT GT TTGTT TGAAT CTTAGGT TT GTG TT TCT GT TGGTT TTGAG TTT TAATT
S11M_+1 TATGGT GGGGT GT TTGTT TGAAT CTTAGGT TT GTG TT TCT GT TGG TT TTGAG TTT TAATT
WT CTTTGTT TTGAT TTAGAAAATT TTGCT TC TTC TGAAGTCGTT GT GGGGATAT TCGGGTCG
S11M -7 CTTTGTT TTGAT TTAGAAAATT TTGCT TC TTC TGAAGTCGTT GT GGGGATAT TCGGGTCG
S11M -127 —= == —-- - ——— = ——-AAATTTTGC TTC TT CTGAAGTC GT TGT GGGCATATTC GGGTCG
s1ic_-6 CTTTGTT TTGAT TTAGARAATT TTGCT TC TTC TGAAGTCGTT GT GGGGATAT TCGGGTCG
S11M -108 CTTTGTT TTGAT TTAGAAAATT TTGCT TC TTC TGAAGTCGTT GT GGGGATAT TCGGGTCG
S11M_+1 CTTTGTT TTGAT TTAGAAAATT TTGCT TC TTC TGAAGTC GTT GT GGGGATAT TCGGGTCG
Kk kk khkk hkk khkk kk khk hk hhk kk khkk kk khkk kk khk kK kkkx %

WT TGTAAGAGTGT GT TAGAAGGT GATTATC TTT TGATTAAGTTCT TTT TTTGC TTCTT TTER
S11M -7 TGTAAGAGT GTGTT AGAAGGTGATTATCT TTT GATTAAGTIC TT TTT TT GCTTC TTT T
S11M -127 TGTAAGAGT GTG TTAGAAGGTGATTAT CT TTT GATTAAGTTCTT TTT TTGCT TC TTT TH
s1ic_-6 TGTAAGAGTGTGTTAGAAGGTGATTATCTTTTGATTAAGTTCTTTTTTTGCTTCTTTTEE
S11M -108 TGTAAGAGTGTGTTAGAAGGTGAT TATCT TTT GATTA - —— ——— == ——— == ——— —— ——— —
S11M_+1 TGTAAGAGT GTGTT AGAAGGTGAT TATCT TTT GATTAAGTTC TT TTT TT GCT TC TTT TS

kk ko kkk kk hkk kk khhk kk hkhk kK hkk khk khk kk k**

WT GG GGGT-AGCC GGGGC TCT GGCCT CGGCG GG TTC TAAAG CCCCCNe{oipNuipNoF:V.NoF-\ikile]
S11M -7 GGGGGT-AGCCGGGGC TCT GGCCT CGGCGGG TTC TAAAGCCCCCNe{oipNuipNoF:V.NoF-\ikie]
S11M -127 GGGGGT-AGCCGGGGC TCT GGCCT CGGCGGG TTC TAAAGCCCCCNe{oipNuipNoF:V.NoF-\ikie]
s1ic_-6 GGGGGT-AGCCGGGGC TCT GGCCT CGGCGGG TTC TAAAGCCCCCLEEEEERSXob¥-Xol Nihie]
S11M -108 o o o —————
S11M_+1 GGGGGT TAGCC GGG GC TCT GG CCT CGGCG GG TTC TAAAGCC CCCINe{oiNuipNoF:V.NoF-\ikie]
WT GTCAACAAATCATT TCT GTATAAT TAGTT TTACACAT TCTTTGATTC TT TTT TTTTTGT G
S11M -7 GTCAACAAATCAT TTCTGTATAATTAGT TT TACACATTCT TTGAT TCT TT TTT TT TTGTG
S11M -127 GTCAACAAATCAT TTCTGTATAATTAGT TT TACACATTCT TTGAT TCT TT TTT TT TTGTG
s1ic_-6 GTCAACAAATCATT TCT GTATAAT TAGTT TTACACAT TCTTTGATTC TT TTT TTTTTGT G
S11M -108 —— - ———————— -~ —_GTTTTACACATTCTTTGAT TCT TT TTT TT TTGTG
S11M_+1 GTCAACAAATCATT TCT GTATAAT TAGTT TTACACAT TCTTTGATTC TT TTT TTTTTGT G
Kk kk khkkhk hAk khkk hkk khkk kk khk Ak khkk kk khkkx k%
WT AAGATT TTACGAGAT GCCTGCTT TAGGT TGTTG TG TAGAATCT GCTGT TTCCC...
S11M -7 AAGAT TTT AC GAGAT GCCTGCTT TAGGT TG TTGTGTAGAATCT GCTGT TTCCC...
S11M -127 AAGAT TTT AC GAGAT GCCTGCTT TAGGT TG TTGTGTAGAATCT GCTGT TTCCC...
s1ic -6 AAGATTT TACGAGATGCC TGCTT TAGGT TGTTGTGTAGAATCT GCTGT TTCCC...
S11M -108 AAGATTT TACGAGATGCC TGCTT TAGGT TGTTGTGTAGAATCT GCTGT TTCCC...
S11M_+1 AAGATTT TACGAGAT GCCTGCTT TAGGT TG TTGTGTAGAATCT GCTGT TTCCC...

ko ko kkk kk Kkk kk hhhk kk hhhk Ak khk Xk Ak Ahk kk khk hk Khk hk khkk kK kkKk *

Figure 11: Alignment of CRISPR/Cas9-induced mutations in tomato ADC/ 5’UTR sequence.

Tomato ADC1 5’UTR sequences and part of the CDS were aligned using CLUSTALW (https://www.genome.jp/tools-
bin/clustalw) to display the CRISPR/Cas9-induced mutations. Deletions are shown as red dashes; insertions or substitutions
shown in bolded red text; ADC-box is shaded black with bolded white text; uORF and start of ADC CDS are shaded grey with
bolded black text; start and stop codons are underlined. An asterisk under the alignment indicates that all sequences match.
“SIIM_-127” for SIADC1 uORF, and “SI2M_-14” and “SI2M_-172 for SIADC2 uORF). Prior
to any further experiments, T2 generation plants were genotyped again to ensure the mutation
is as expected for that line and homozygous. The exact mutations are shown in alignments in
Figure 11 and Figure 12 for SIADC1 and SIADC2 mutants, respectively.

To determine the overall impact of the uORFs and ADC-boxes on ADC translation and PA

metabolism in tomato, crosses of various mutants were generated. It is possible that a
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WT GCCACGGATTTTAGCCCTATATAAAGCGTCTTCGTCT CATGCAAATCTCGCTCACTT CAT

S12M -14 GCCACGGAT TT TAGCCCTATATAAAGCGT CT TCGTC TCATGCAAAT CTCGC TCACT TCAT
sl2M_-172 GCCACGGAT TTTAGCCCTATATARAGCG TCTTCGTCT CATGCAAATC ——— —— ——————— -
s12M_-13 GCCACGGAT TT TAGCCCTATATAAAGCGT CT TCGTC TCATGCAAAT CTCGC TCACT TCAT
S12M -4 GCCACGGAT TT TAGCCCTATATAAAGCGT CT TCGTC TCATGCAAAT CTCGC TCACT TCAT
Kk hkk hhkk hk hhkk khk khk hk khk khk hkhk khk khk hkk khk vk khk kk k%%

WT AAGCTGT TAGTT TCACGTTC TC TTC GC AAT TT CCATTACAGC CGC TAGGT TT CCGTC CAC
S12M -14 AAGCTGTTAGTT TCACGTT CTCTT CGCAATTT CCATTACAGCCGCTAGGTTT CCGTCCAC
sl2M_-172 e
s12M _-13 AAGCTGT TAGTT TCACGTT CTCTT CGCAATTT CCATTACAGCCGCTAGGTTT CCGTCCAC
S12M -4 AAGCTGTTAGTT TCACGTT CTCTT CGCAATTT CCATTACAGCCGCTAGGTTT CCGTCCAC
WT TTCTTCT TCT CCATTAATAT CT GTAT GGT GTTCT TCTTT TT TGAAT TCTAGAT TT TTTCT
S12M_-14 TTCTTCTTCTCCATA--————- —- —— - —-GTTCTICTT TTT TGAAT TCTAGAT TT TTTCT
Sl2M -172 T
s12M_-13 TTCT TCT TC TCCAT TAATATCT GTATGET GT TCT TCTTT TT TGAAT TCTAGAT TT TTTCT
S12M_-4 TTCTTCT TC TCCAT TAA TATCT GTAT GET GT TCT TCTTT TT TGAAT TCTAGAT TT TTT CT
WT TTGAATTCT TGT TAATC TT TAATT TTC TT TGT TTAAATCAAGAAATTAGCTTCT TCTGAA
S12M -14 TTGAATTCT TGT TAATC TT TAATT TTC TT TGT TTAAATCAAGAAATTAGCTTCT TCTGAA
sl2M_-172 S AAGAAATTAGCTTCTTCTGAA
s12M_-13 TTGAATTCT TGT TAATC TT TAATT TTC TT TGT TTAAATCAAGAAATTAGCTTCT TCTGAA
S12M -4 TTGAATTCT TGT TAATC TT TAATT TTC TT TGT TTAAATCAAGAAATTAGCTTCT TCTGAA

kk kk khkkkk kk khkk kk khkkx k%
WT GT CAGGG TGGGGAT TTT TGGAT CGTGT CAAAG TGTGT TAGAGGG TGATTATC TT TTGAT T
S12M -14 GT CAGGG TGGGGAT TTT TGGAT CGTGT CAAAG TGTGT TAGAGGG TGATTATC TT TTGAT T
S12M -172 GT CAGGG TGGGGAT TTT TGGAT CGTGT CAAAG TGTGT TAGAGGG TGATTATC TT TTGAT T
s12M _-13 GT CAGGG TGGGGAT TTT TGGAT CGTGT CAAAG TGTGT TAGAGGG TGATTATC TT TTGAT T
S12M -4 GT CAGGG TGGGGAT TTT TGGAT CGTGT CAAAG TGTGT TAGAGGG TGATTATC TT TTGAT T

Kok ok kkk kk hkhk kk hkhk Ak kk X Kk Ak X Ak Ak Kk kX khk kk khk kK kkk kK kk* kk kk* xKk *

WT CACTTGTTTTTTTGCTTCTT TT eh:\eelecelv:-Ne slofeelecelsifelceleeliielele ofeeel yigipy.V.
S12M_-14 CACTTGTTTTTTTGCTTCT TTT eXeeleeceivNesseelee ofsifecelsotiieeles{eeeliypiyv.v.
S12M_-172 CACTTGTTTTTTTGCTTCT TTT eXeeleeceivNessfeelee ofsifecelsotiieeles{eeeliypiyv.v.
s12M_-13 CACTTGTTTTTTTGCTTCTTTT e

sl2M -4 CACTTGTTTTTTTGCTTCT TTT giXee —— — - L.lejelole e elesfeiele ele/sielele elefeel yiyigiv:V.

Kk okk kkk kk kkk ok kkk kk kkk kK * kokkk kk kkk kK Kkk kk Khk kK K

WT pvXeslesefe \\ CTATTACAACAT TGGGAAGAAGAACAT CAATCTGTACAAACCCTTAAGTT

S12M_-14 pvXesleeefe \\ CTATTACAACAT TGGGAAGAAGAACAT CAATCTGTACAAACCCTTAAGTT

S12M_-172 pvXesleeefe \\ CTATTACAACAT TGGGAAGAAGAACAT CAATCTGTACAAACCCTTAAGTT

s12M_-13 pvXesleeefe \\ CTATTACAACAT TGGGAAGAAGAACAT CAATCTGTACAAACCCTTAAGTT

sl2M -4 pXeeleeefe A\ CTATTACAACAT TGGGAAGAAGAACAT CAATC TGTACAAACCCTTAAGTT
dok kk Kok k kK kKK kk kokk kok Kk ok Kk KAk Ak Ak kk kkk kk Kk Kk kKK kK khk kok kokk Kk %

WT AGTTTTTCTTTTTAATTCTTTGATTCTTTCTTCTTAACAAAT CAAAACAGAT CGGGGAAG

S12M_-14 AGTTTTTCTTTT TAATTCTTTGAT TCTTT CTT CT TAACAAAT CAAAACAGATCGGGGAAG

S12M_-172 AGTTTTTCTTTT TAATTCTTTGAT TCTTT CTT CT TAACAAAT CAAAACAGAT CGGGGAAG

s12M_-13 AGTTTTTCTTTT TAATTCTTTGAT TCTTTCTT CT TAACAAAT CAAAACAGAT CGGGGAAG

sl2M -4 AGTTTTTCTTTT TAATTCTTTGAT TCTTTCTT CT TAACAAAT CAAAACAGATCGGGGAAG
dok Kk Kk KKk kKK kk ko k kok Kk ok Kk Ak Ak Ak kk hkk kk Kk ok Kk kKK kK khk kok kokk Kk %

WT AGATGCCGGCCT TAGGT TGTTGTGTAGACG...

S12M_-14 AGATGCCGGCCT TAGGT TGTTGTGTAGACG...

S12M_-172 AGATGCCGGCCT TAGGT TGTTGTGTAGACG...

s12M_-13 AGATGCCGGCCT TAGGT TGTTGTGTAGACG...

sl2M -4 AGATGCCGGCCTTAGGT TGTTGTGTAGACG...

Kok kK Akk kk kkk kK kkk kk kkk kk kkk KKk *

Figure 12: Alignment of CRISPR/Cas9-induced mutations in tomato ADC2 5’UTR sequence.
Tomato ADC2 5’UTR sequences and part of the CDS were aligned using CLUSTALW (https://www.genome.jp/tools-

bin/clustalw) to display the CRISPR/Cas9-induced mutations. Deletions are shown as red dashes; insertions or substitutions
shown in bolded red text; ADC-box is shaded black with bolded white text; «ORF and start of ADC CDS are shaded grey with
bolded black text; start and stop codons are underlined. An asterisk under the alignment indicates that all sequences match here.
cumulative affect may occur when both SIADC1 and SIADC?2 elements are mutated in planta.
This may be especially the case for the uORFs, as only a very mild increase in translational
efficiency was observed in transient assays (Wu et al., 2019). A double adci/2 uorfknock out
(Asluorf1/2) mutant was generated by crossing T1 plants of SIIM_-127 and SIM1_-172bp. The
ebe mutant generated by Wu et al., 2019 was already a double adci/2-box mutant; however,

by specific selection, these mutations are small as this mutant was generated to prevent Brgl1
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binding without dramatically altering the native ADC-box sequence and function. Therefore,
to generate an adcl/2-box mutant, lacking majority of the SIADC1/2-box sequences, a crossing
of T1 plants of SIIM _-108 and SI2M_-13 was conducted. It was hypothesised that a plant
lacking any ability to inhibit translation of ADC would have higher ADC enzymatic activity,
leading to a greater impact on PA metabolism compared to single adc-box mutants. Finally, to
determine the individual role of each SIADC-box in planta, without any contribution from other
SIADC protein or SIADC-box, each ADC-box mutant was crossed to the opposite adc coding
sequence mutant. Here, SIIM_-108 was crossed to adc2 and SI2M_-13 was crossed to adcl.
These crosses would result in the single remaining WT ADC coding sequence to have a mutated
ADC-box, enabling analysis of the impact of only this ADC-box mutation.

For all crossings, both genotyped parental mutants were used as both pollen donors and
acceptors, as PAs are involved in many developmental processes which could impact crossing
efficiencies. Seeds from all crosses that produced fruit (F1 generation) were sown to soil and
gDNA from typically 6-12 plants were genotyped via PCR amplification of the SIADC 5 'UTRs
(using primers mentioned above) and/or the SIADC CDS (DW406 and DW651 for SIADCI,
and DW182 and DW183 for SIADC2). If the mutations were too small to see via a high
percentage agarose gel, PCR products were sent for Sanger sequencing and compared to the
wildtype and parental mutant reference sequence. In the F1 generation, the cross was
considered successful if parental mutations were heterozygous; 2-3 F1 plants were kept for
seed production. In the F2 generation, the mutations should segregate following Mendelian
genetics (i.e., one quarter should be homozygous for both mutations). Again, the same
genotyping method was used and 2-3 plants with both mutations in a homozygous
configuration were kept for seed production. Supplementary Figure 8 shows an example of this
genotyping procedure for the s/adc1/2-box mutant and all tomato crosses generated in this work

are summarised in Table 29.

Table 29: Summary of tomato CRISPR/Cas9 mutant crosses generated.
Mutant name: Parental genotypes

SIADCI genotype SIADC2 genotype
ebe mutant” SIIM_+1 SI2M_-4
Asladc1/2-box SIIM_-108 SI2M_-13bp
Asluorf1/2 SIIM_-127 S12M_-172bp
Aadcl-box adc2 SIIM_-108 adc2”
Aadc2-box adcl” adcl” SI2M_-13bp
Footnotes:
* Generated by Wu et al., 2019
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3.1.2 CRISPR mutagenesis of A. thaliana ADC-boxes.

As explained above (section 1.2 and 1.3.3), A. thaliana, while being a model plant, is rather
unique in its PA synthesis pathway as it lacks an ODC and its AtADC1 has neofunctionalised
(Lou et al. (2020)). Sequence deviations of the AtADC1-box compared to AtADC2-box and
ADC-boxes from other related species (Figure 4), also makes this an interesting case to study
translational control of ADC.

Similar to the tomato CRISPR/Cas9 mutagenesis, both the ADC-boxes of AtADCI and AtADC2
were targeted for mutagenesis. The gRNAs were designed using CRISPRdirect
(crispr.dbcls.jp; Naito et al., 2015) with the A. thaliana reference genome from “TAIR10 (Nov,
2010)”, and an “NGG” PAM recognition sequence. Only gRNAs with a single predicted
binding site in the reference genome that targeted distinct regions of the ADC-box were chosen
(Figure 13A). The gRNAs were cloned into pDGE347 CRISPR/Cas9 plasmid using from
Ordon et al., 2020 (Figure 13B; Supplementary Table 4; Supplementary Figure 9). Unlike the

A
ESR87 841 840 873 ESR89
AtADC1 uORF ~+— ADCI-box ADCI
~530bp -400bp -300bp -100bp Obp
TSS ATG
ESR91 813 826 838 ESRO3
AtADC2 uORF ADQ2-box ADC2
~590bp -400bp -350bp -200bp -100bp Obp
TSS ATG
B ESR40 KP298

Cﬂ— GRNA pU6-26 —RPS5Ap  2mCas9 rbeS-E9t— Nosp [[Bar | Nost— OLE-1p _OLE-n—ﬁ)

Figure 13: CRISPR/Cas9 mutagenesis of 4t4DC1/2 5’UTR conserved elements.

(A) Schematic of AtADCI (top) and AtADC?2 (bottom) 5’UTR genomic sequence highlighting the uORF, ADC-boxes, and start
of the 4t1ADC1/2 coding sequences (grey boxes), and transcriptional start site (TSS) based on transcript information on TAIR
(https://www.arabidopsis.org). Scale below indicates base pairs (bp) relevant to each ADC start codon. Expected CRISPR/Cas9
cleavage site determined by each gRNA is shown above the 5’UTR elements (V). Black arrows show primers used for
genotyping. (B) CRISPR/Cas9 plasmid (pDGE347; Ordon et al., 2020) used for dip transformation of wildtype Arabidopsis,
including: gRNA scaffold, including a U6-26 promoter (U6-26 pro; light grey box) from A. thaliana, driving gRNA (light blue
box); A. thaliana Ribosomal Protein S54 (RPS5A) promoter driving a Zea mays-codon optimised Cas9 (zmCas9; orange box)
containing 12 inserted introns and Pisum sativum rbcS-E9 terminator (dark grey box); BASTA in planta resistance gene (Bar;,
phosphinothricin N-acetyltransferase; purple box) with Nos promoter (Nos pro) and terminator (Nos term); FAST marker of
TagRFP (pink box) fused to A. thaliana Oleosin 1 (OLE-1; teal box) with its native promoter, 5’UTR, and terminator); and,

left and right borders (black boxes). Black arrows show primers used for genotyping presence of Cas9 transgene.
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tomato mutagenesis, only one copy of each gRNA was cloned into the plasmid. However, this
system was reportedly a highly efficient CRISPR/Cas9 system, specifically optimised for
mutagenesis in A. thaliana using the RPS5a promoter to drive a Zea mays optimised Cas9
variant with inserted 12 introns (Ordon ef al., 2020). Once the final plasmids were cloned and

verified by Sanger sequencing, they were transformed into A. tumefaciens, which were then
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Figure 14: Genotyping process to identify transgene-free, homozygous mutant 4. thaliana plants.

An exemplar of the T1 and T2 genotyping process shown with the T1 progeny of the gRNA840 CRISPR/Cas9 transformation
and T2 progeny of gRNA840 22. (A) Following confirmation that each BASTA-surviving plant contained the CRISPR/Cas9
transgene (not shown), FTA card gDNA samples were used to amplify the 424DC1 5 UTR region via PCR. Products were sent
for Sanger sequencing with ESR90 and aligned to the WT 4t4DCI reference sequence. Conflicts are highlighted in red or
faded out when the sequence does not match the reference at that location. (B) The T1 plant gRNA840 22 was selected for T2
genotyping. Firstly, the presence of transgene-free T2 progeny was detected using the diagnostic PCR; this was repeated at
least twice. The plasmid used for Arabidopsis transformation was used as a positive control; WT and H,O serve as negative
controls. (C) T2 progeny lacking a positive transgene product had the AzADCI 5°UTR region amplified and sent for Sanger
sequencing to determine the mutation zygosity. Here, gRNA840 22 1 and 7 and gRNAS840 22 14 were selected as

homozygous, transgene-free mutants for subsequent analysis.
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used to transform wildtype A. thaliana via floral dipping (section 2.2.1.7). All seeds were
collected from these TO plants.

To select for T1 progeny that contained the transgene, seeds were sown on soil alongside a WT
and a BASTA resistant line (Danalyn Holmes, Lahaye Laboratory) after 3 days of stratification
and grown in the greenhouse for ~1.5 weeks. All seedlings were sprayed with BASTA solution
2-3 times, each with 4 days recovery between sprayings. From the surviving seedlings, 40
plants from each gRNA-CRISPR/Cas9 transformation were transplanted to individual pots. To
verify the presence of the transgene in these transplanted BASTA-survivors, gDNA was
extracted and used for a diagnostic PCR to amplify a section of the RFP gene in the T-DNA
using primers ESR40 and CKP298; almost all plants produced a positive PCR product here.
To determine if CRISPR/Cas9 mutagenesis had taken place, the targeted AtADC1 or AtADC?2
5’UTR was amplified using primers ESR87 and ESR89 or ESR91 and ESR93, respectively.
The PCR product quality was verified on a 1% agarose gel before being sent for Sanger
sequencing using the nested primers ESR88 or ESR90, or ESR92 or ESR94 for AtADCI or
AtADC?2, respectively. Sequences were then mapped to a WT reference to determine if a
mutation had occurred; all plants that had a mutation were kept for seed production and the rest
were discarded.

Unlike the tomato CRISPR/Cas9 mutant genotyping, exact determination of the mutations and
zygosity was not carried out in the T1 generation. Instead, a collection of T1 mutants were
selected based on the sequencing data (Figure 14A) and their T2 seeds were sown to soil (Laura
Schmaltz, Lahaye Laboratory). In the T2 generation, the transgene is expected to segregate
based on Mendelian genetics, as well as any CRISPR/Cas9-induced mutations that were
heterozygous in the T1 generation, allowing for selection of transgene-free homozygous
mutants via genotyping. Firstly, the absence of the transgene was determined using the
diagnostic PCR described above (primers ESR40 and CKP298), which was repeated at least a
second time to verify the absence. AtADC1 or AtADC2 5’UTRs of T2 plants that did not show
a positive transgene product were PCR amplified and sent for Sanger sequencing. An example
of this genotyping process is shown for plant gRNA840 22 in Figure 14. All resulting
transgene-free, homozygous mutants that were obtained are shown in Table 30, as well as
alignments of their ADC-box mutations in Figure 15 and entire 5’UTR sequences in
Supplementary Figure 10 and Supplementary Figure 11. However, despite repeating the
diagnostic CRISPR/Cas9 PCR multiple times in the T2 generation, the expected segregation
ratio of 1:3 was not always observed (Figure 14B) and there were sometimes discrepancies

between PCR replicates. Therefore, a method to confirm transgene absence other than PCR
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Table 30: A. thaliana ADC-box CRISPR/Cas9 mutant names used in this work.

- " Name in .
Original name Origin of plant this thesis Mutation
gRNAS840 35 #4/6 gRNA840 CRISPR/Cas9 L
AtIM -1 1 let AtADCI-
gRNARB40 22 #14 transformation (this work) 13  bp deletion inside Cl-box
gRNAS40 CRISPR/Cas9 42 bp deletion of 3” half of

gRNAS840 22 #1/7 AtIM -53 AtADCI-box and 11 bp deletion

transformation (this work) 3 to AtADCI-box

RNA840 CRISP
gRNAS40 37 #18 gRNA840 CRISPR/Cas? AtIM_+1 I bp insertion in AZADCI-box
transformation (this work)
gRNAB40 37 gRNA840 CRISPR/Cas9 L
AtIM -4 4 let AtADCI-
#12/13/20 transformation (this work) - bp deletion in AADCT-box
gRNAS26 10 #9 gRNAB26 CRISPR/Cas9 AQM -18 18 bp deletion of AtADC2-box
transformation (this work)
RNAS826 CRISP
oRNA826 19#11/19  SRIVA826 CRISPR/Cas9 ARM -6 6 bp deletion in AtADC2-box
transformation (this work)
RNA RISP
gRNAS38 21 #4/8 gRNAB38 CRISPR/Cas9 ACM +1 | bp insertion in AtADC2-box

transformation (this work)

Footnotes:
The CRISPR/Cas9 mutant names used in this thesis take the form:
1. “M”, where a mutation affects a conserved element (i.e., mutant)
2. Either “Atl” or “At2”, corresponding to AtADCI or AtADC?2
3. The number of base pairs that have been affected by this mutation are indicated

was required. T3 seeds of all mutants, WT, and a BASTA resistant line were sown on soil and
after 1-2 weeks, seedlings were sprayed with BASTA. Apart from the BASTA-resistant
control, none of the mutant lines survived (data not shown), demonstrating that their T2 parent
do not contain the CRISPR/Cas9 transgene. Several plants from each T3 line that were not
sprayed with BASTA had their 4tADC 5’UTR genotype verified via PCR and Sanger

sequencing and were kept for bulking seeds.

AtADCL WT
At1M -15
At1M -53
At1M +1
At1M -4

AtADC2 WT
At2M -18 TCTCCTEx:
At2M +1 BRIl GG GGG TA GCC GA GGC TC CGGCC TCGGACGGT TTT TAAACCC ook
At2M -6 BLORLOIOUICA GG GGG TA GCC GA GGCEEEEEEICT CG G- CGGT TTT TAAACCC CiiNeoibiuy

hhkhkk khkk kk kkk k) A,k k% %% khk kkkk kk kkk Ak khkx %

ppiv.v.vXefelede TA CCT TT

Figure 15: Alignment of A. thaliana CRISPR generated adc-box mutations.

AtADCI1 (top) and AtADC2 (bottom) WT and mutated ADC-box sequences were aligned using CLUSTALW
(https://www.genome.jp/tools-bin/clustalw) to display the CRISPR/Cas9-induced mutations. Deletions are shown as red
dashes; insertions or substitutions shown in bolded red text; ADC-box is shaded black with bolded white text; an asterisk under

the alignment indicates that all sequences match here.
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3.1.3 CRISPR mutagenesis of the M. polymorpha ADC-box.

The liverwort M. polymorpha is a relative of the first land plants (Bowman et al., 2017), which
is often used to delve into how biological functions may have evolved. M. polymorpha has a
single ADC gene that has a smaller ADC-box in the 5’UTR, with only the central GC-rich
regions present (Figure 3; Wu ef al., 2019). However, this indicates that at least a primitive
ADC-box has existed since the evolution of the first land plants, (i.e., ~450 million years ago).
As M. polymorpha can be genetically manipulated and transformed via tissue culture,
CRISPR/Cas9 mutagenesis of the MpADC-box was conducted in the male WT line, TAKI.
Design of gRNA, CRISPR/Cas9 construct cloning, and M. polymorpha transformation
selection and some genotyping was done by Dr. Ezgi Siiheyla Karaaslan (Prof. Chang Liu’s
laboratory). A master’s student Pia Ellissen (Lahaye laboratory, 2020) continued with

genotyping, conducted initial LCMS ADC activity assay analysis of some lines, and generated

Table 31: M. polymorpha ADC-box CRISPR/Cas9 mutant names used in this work.
Original . Name used in .
name Origin of plant this thesis Mutation
Generated by E. )
1-4 MpC - ~ ’
# Sitheyla Karaaslan pC _-30 30 bp deletion ~280 bp 3’ to MpADC ATG
Generated by E. . ,
#1-6 Sitheyla Karaaslan MpC -10 10 bp deletion ~280 bp 3° to MpADC ATG
Generated by E. . ,
#5-3 Sitheyla Karaaslan MpC -4 4 bp deletion ~280 bp 3’ to MpADC ATG
Generated by E. i
-4 MpC -1 1 letion ~ ’
#5 Siiheyla Karaaslan pC bp deletion ~280 bp 3° to MpADC ATG
Generated by E. .
-1 MpM_ - let MpADC-
#3 Siiheyla Karaaslan: pM_-8 8 bp deletion in MpADC-box
Generated by E. . L
- MpM_+14 1 rt MpADC-
#3-5 Siiheyla Karaaslan: pM._- bp insertion in MpADC-box
Generated by E. .
#3-6 Siiheyla Karaaslan: MpM -14 14 bp deletion in MpADC-box
Generated by E. . .
- +1B _
#14-6 Siiheyla Karaaslan MpM +1 1 bp insertion in MpADC-box
Generated by E. .
#15-2 MpM - let MpADC-
Stiheyla Karaaslan; PM_-6 6 bp deletion in MpADC-box
Generated by E. . L
16- MpM_+1¢ 1 rt MpADC-
#16-7 Siiheyla Karaaslan pPM - bp insertion in MpADC-box
Footnotes:
The CRISPR/Cas9 mutant names used in this thesis take the form:
1. “C”, where the mutation occurs outside of a conserved 5’UTR element (i.e., control), and “M”, where
a mutation affects a conserved element (i.e., mutant),
2. The number of base pairs that have been affected by this mutation are indicated,
3. MpM_+14®C 4]l have a 1bp insertion at different locations or new nucleotides within the MpADC-box
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long term -80 °C storage stocks of all mutant plants. From this work, 6 M. polymorpha adc-
box mutants were recovered with a range of mutations, as well as 4 control mutant plants, which
had various deletions approximately 200 bp 5’ to the ADC-box (Figure 16). Gemmae (asexually
produced clonal M. polymorpha pro-plants) from each mutated line that had been frozen at -
80°C as long term stocks for ~2 years, were all successfully defrosted and regenerated on 2
BS5 media (Natalie Faiss, Laboratory of Dr. Julien Gronnier; section 2.2.1.3).

To ensure the correct genotypes were being used for further experiments, gDNA was extracted
and primers PL69 and PL70 were used to amplify the MpADC-box 5’UTR (section 2.2.3.5).
After verifying the PCR product quality via gel electrophoresis, all were Sanger sequenced
with primer PL69 and compared to the wildtype MpADC sequence. It is important to note that
as M. polymorpha is haploid and is typically asexually propagated, out segregation of the
CRISPR/Cas9 transgene is not common practice and was not done in this work. Also, due to
contamination issues, propagation of these M. polymorpha lines required gemmae sterilisation
with a 10% Triton and 15% sodium hypochlorite solution prior to streaking onto fresh plates
(section 2.2.1.3). The mutants used in this work are shown in Table 31 and an alignment of the
MpADC-box mutations is shown in Figure 16; an alignment of the full M. polymorpha 5’UTR

with all mutations is shown in Supplementary Figure 12.

MpADC WT AAATTGAT TCAGT CCC TACA[{er:Ne ofelerYede olivelelelcsleifeleeldeTT CCGCT TTTAGCCAG
MpM +1¢ AAATTGATT CAGTCCCTAC AerNeofelerNeLlestssleec sfeufeee CeTT CGGCT TT TAGCCAG
MpM +1® AAATTGATT CAGTCCCTAC AerNeofelerNeLlestssleec sfeufeeeCeTT CGGCT TT TAGCCAG
MpM -8 AAATTGATTCAGTCCCTACAHeNe oo —— ——— —— ——[eofeideeerdeTT CGGCT TT TAGCCAG
MpM -14 AAATTGATTCAGTCCCT————————— ————- —[eofeleoeifeeerdeTT CGGCT TT TAGCCAG
MpM -6 AAATTGATTCAGTCCCTACAeINeofeerNe ——— —— ——[eofeudeeerdeTT CGGCT TT TAGCCAG
MpM +12 AAATTGATT CAGTCCCTAC AerNeofelerNe e sifeoeesfeugeeerdeTT CGGCT TT TAGCCAG

kA kk hAkk khkAkk kk kAkk kAhkhkkhkhkkhk KAk kAkhkkhhkk kk khk kk K

Figure 16: Alignment of M. polymorpha ADC-box mutants.
WT and mutated ADC-box sequences were aligned using CLUSTALW (https://www.genome.jp/tools-bin/clustalw) to display

CRISPR/Cas9-induced mutations. Deletions are shown as red dashes; insertions or substitutions shown in bolded red text;

ADC-box is shaded black with bolded white text; an asterisk under the alignment indicates that all sequences match here.
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3.2  Optimisation of LCMS-based ADC assays

3.2.1 Determining methods for quantifying ADC protein levels

One major aim of this work was to assess the role of the ADC-box as a negative regulatory cis-
element of ADC translation in planta. As the direct output of translation is the protein itself,
an accurate and sensitive experimental assay for quantifying ADC protein levels in WT and
adc-box mutant tissue from tomato, A. thaliana and M. polymorpha was required. There are
three common methods used for determining protein amounts: immunoblotting, mass
spectrometry (MS), or enzymatic assays developed for specific proteins. The following
sections cover the efforts to decide which method is most suitable for native ADC protein
quantification from plant tissue and subsequent optimisation steps conducted to improve this

method.

3.2.2 Immunoblotting of native ADC proteins from plant tissue

Immunoblotting uses protein- or epitope tag-specific antibodies to directly detect specific
proteins, and comparative analysis of western blot band intensities can then be used to indicate
relative protein abundance between samples. However, a functional antibody distinguishing
ADCI1 and ADC?2 proteins is currently not held in the Lahaye laboratory. Given the high
sequence homology between tomato ADC1 and ADC2 homologs, antibodies would unlikely
be specific; therefore, immuno-detection of native SIADC proteins is not straightforward. This
method is also unlikely to be suitable for quantification of ADC proteins from multiple species
(i.e., tomato, 4. thaliana, and M. polymorpha) without generating specific antibodies for each
species and each ADC homolog. Furthermore, comparative analysis of immunoblot bands is
unlikely to be sufficiently quantitative for elucidation of smaller differences in ADC protein
amounts between ADC transcripts of WT and genotypes with smaller adc-box mutations.
Therefore, an immunoblotting-based method of ADC protein quantification was not

favourable.

3.2.3 Efforts to identify ADC peptides via MS for quantification.

Another common approach for quantification of protein amounts is to use a mass western. This
is a targeted proteomics approach, where the abundance of each protein within a sample can
be quantified (Lyon et al., 2014; summarised in section 2.2.5.1). MS-based quantification of
ADC proteins was initially attempted using WT tomato, untreated leaf tissue (personal
communication with Dousheng Wu, Lahaye Lab, and Edda von Roepenack-Lahaye, Central

Facilities, ZMBP). To verify the prediction of SIADC trypsin digested peptides for the
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optimisation of the mass western, recombinant SIADC1 expressed from E. coli was used.
Despite identifying SIADC1 m/z peaks from the recombinant SIADC1, no corresponding peaks
were seen from the WT tomato leaf tissue. It was hypothesised that either the SIADCI protein
levels were too low to be detected from untreated tomato leaves or that plant-specific post-
translational modifications of SIADC1 meant that the m/z ratios of trypsin-digested peptides
were different to those predicted or produced by the recombinant SIADCI.

During this thesis work, it was hypothesised that transient overexpression of SIADC1/2
epitope-tagged proteins in N. benthamiana leaves may produce higher levels of SIADC1/2
proteins than from untreated tomato leaves and would also be subjected to any plant-specific
post-translational modifications. To test this, constitutively expressed HA-SIADC1, MYC-
SIADC?2, and GUS (negative control) were agroinfiltrated into N. benthamiana leaves (section
2.2.1.5). To verify which time point had the highest expression, samples were taken at 1, 2, and
3 dpi for analysis of protein expression via western blots (Supplementary Figure 13A; section
2.2.4.1). As the western blot bands were most intense in the 2 dpi samples for both HA-SIADC1
and MYC-SIADC?2 at the expected sizes (i.e., 79 and 80 kDa, respectively), these samples and
the GUS negative control were run in duplicate on a new SDS-PAGE gel and stained with
Coomassie (Supplementary Figure 13B) Although no additional or more intense bands at
approximately 80 kDa were observed in the HA-SIADC1 or MYC-SIADC?2 lanes compared to
the GUS lanes, sections of gel were cut from each lane for further MS analysis (section 2.2.4.2).
No SIADC peptide peaks were identified by MS, suggesting that even constitutive expression
of SIADC1/2 proteins in N. benthamiana either remain below the threshold of MS detection or
that in planta post-translational modifications generate unexpected peptide masses, which do
not match to the predicted trypsin digested peptide m/z ratios. Therefore, at present,
quantification of ADC protein abundance using MS-detection of ADC peptides is not feasible

and an alternative method for quantification of ADC translation is needed.

3.2.4 LCMS-based approach for quantification of ADC activity

Finally, another common method for evaluating protein levels — if that protein is an enzyme —
is to measure its specific enzymatic activity as a proxy for the abundance of that protein.
Accumulation of the enzyme’s product or by-product, or the reduction in the substrate
concentration can be measured and the enzyme activity inferred. Typically, enzymatic assays
must be conducted in an environment where nothing is limiting the rate or reaction (e.g.,
substrate or co-factor limitation or presence of inhibitors) to ensure that the enzyme activity is

directly proportional to protein levels.
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Previously, a targeted liquid-chromatography, mass-spectrometry (LCMS)-based assay was
established to quantify ADC activity as a proxy for ADC protein abundance (described in
section 2.2.5.2; Wu et al., 2019). As ADC proteins catalyse the conversion of arginine to
agmatine, LCMS could be used to measure accumulation of agmatine to infer ADC activity.
As one agmatine molecule is produced by one ADC enzyme from one arginine molecule at a
time, the amount of agmatine produced is therefore directly proportional to the ADC protein
abundance (assuming there are no in planta factors regulating ADC activity at the enzymatic
level). Therefore, LCMS measurement of agmatine levels can be used to analyse the overall
ADC protein content from plant tissues. However, measuring the total agmatine content in a
sample does not directly inform on the rate of conversion from arginine to agmatine by ADC
in a given timeframe, rather just the total pool of agmatine. Therefore, to determine the ADC
activity, an alternative product to agmatine that is not present in the native sample at the start
of the assay is needed to measure ADC activity. For this, stable heavy isotope variants of
arginine were used that are physically distinct from normal arginine by having additional
neutrons, while being recognised and metabolised in the same way as normal arginine.
Specifically, a heavy arginine variant with '3Cs instead of the normal 2Cs atoms has a +6
molecular weight and following decarboxylation by ADC, produces a '*Cs agmatine. These
heavy isotope variants can be differentiated to their normal counterparts using LCMS as they
have different m/z properties, enabling them to be distinctly isolated within the LCMS Q3,
despite having essentially the same LC retention time (Figure 17; differential transitions for
each compound presented in Supplementary Table 3). As these heavy isotopes are not naturally
found in biological tissues, external addition of heavy arginine into the assay buffer and
subsequent measurement of synthesised heavy agmatine at the end of the experiment can be
interpreted as the ADC activity occurring for this assay time period.

Using LCMS to measure ADC activity, thereby inferring on ADC protein abundance, has a
substantial benefit to other protein detection methods, as LCMS enables the simultaneous
quantification of PAs and related metabolites within the same assay sample. Measurement of
arginine (ADC substrate) and agmatine (ADC product) pools, as well as the wider PA
metabolic network, provides a valuable and comprehensive snapshot of the whole PA
metabolic profile. It is hypothesised that while the ADC-box mutants are expected to have
higher ADC activity than the WT due to higher rates of ADC translation, it is also possible

these mutations may also cause changes to levels of PAs and related metabolites. Therefore,
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Figure 17: Detection and measurement of heavy stable arginine and agmatine isotopes compared to their normal counterparts.

Heavy stable isotopes have the same LC retention time but can be distinctly selected within the LCMS based on their altered
m/z ratio, allowing for measurement of both normal (light green) and heavy isotopes (dark green) from the same sample.
Arginine (A) has a retention time of 2.32, while agmatine (B) has a retention time of 2.36. Also shown in B is the m/z peak of
acetyl putrescine (retention time 2.18), which has similar m/z properties as agmatine so is co-selected in Q1.

by measuring not only the ADC activity via LCMS, but also quantifying metabolites in the PA
network, the overall role of the ADC-box on PA homeostasis can be investigated. Based on
these reasons, the LCMS-based ADC activity assay was used in this work to determine the in

planta impact of the 5’UTR conserved elements on translational efficiency of ADC and PA

metabolism.

3.2.5 Preliminary ADC activity assay using segregated ebe mutants.

To clarify if the LCMS-based ADC activity assay protocol established by Wu et al., 2019
(section 2.2.5.2) was appropriate for detecting differences in ADC activity between WT and
adc-box mutants, a preliminary experiment was conducted on segregated ebe mutants (Table
28). Previously, this method had been used for quantifying ADC activity following
transcriptional induction of ADCs by RipTALs, rather than native regulation of ADC
translation. Here, 50 mg of untreated leaf samples were taken from WT and various segregating
ebe mutants (including the homozygous single SIADC1-box mutant SIIM_-4bp and SIADC2-
box mutant SI2M_+1bp) for an ADC activity assay, following the published Wu et al., 2019
protocol (section 2.2.5.2). Very low MRM signal peaks of PAs were observed, and no ADC
activity was found for the WT or any segregated ebe mutant. Wu et al., 2019 always conducted
ADC activity assays using infiltrated or infected tissue, meaning that all samples had been
exposed to a biotic stress prior to LCMS measurements. As transcription of ADCs is known to

be induced upon many biotic and abiotic stresses (Hussain et al., 2011, Chen et al., 2019,
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Gonzalez et al., 2021), it is plausible that induction of ADC transcription by some form of
stressor is required to elevate enzyme levels and metabolite concentrations to enable clear
measurement of signal peaks above background level (i.e., improving the signal to noise [S/N]
ratio). Additionally, optimisation of the extraction and assay protocol could also increase the
relative abundance of measured metabolites, reduce the amount of technical error between
replicates, and improve the S/N ratio, thereby improving the resolution between samples from

different genotypes or treatments.

3.2.6 Preliminary work done on the ADC activity assay and LCMS protocol.

Between the Wu et al., 2019 publication and the following optimisation experiments, Edda von
Roepenack-Lahaye (Central Facilities, ZMBP) had conducted some additional experiments to
alter the extraction protocol. She had also expanded the scope of PA-related metabolites that
could be measured within one LCMS-analysis. We hypothesised that as ADC proteins are
localised to both the cytoplasm and plastids (Bortolotti et al., 2004), and a large proportion of
PAs and related metabolites are bound to other cellular entities, such as the cell wall
(Sobieszczuk-Nowicka and Legocka, 2014, Chen et al., 2019), using only the supernatant
during the assay may remove a large proportion of the ADC protein and metabolites from the
sample. Upon individually measuring the ADC activity of the pellet and supernatant fractions
from extracted WT tomato leaf tissue (section 2.2.5.2), the pellet had 6-fold higher ADC
activity compared to the supernatant (data not shown). Therefore, this centrifugation step was
omitted from the protocol. Secondly, as the initial centrifugation step was no longer required,
heavy arginine was added directly to the extraction buffer, thereby reducing possible technical
pipetting errors. Thirdly, a heavy tryptophan isotope (i.e., Ds tryptophan), was included to the
extraction buffer to be used as an internal normalisation control. Like the heavy arginine and
agmatine isotopes, Ds tryptophan also has a distinct m/z ratio compared to cellular tryptophan.
Ds tryptophan was selected as a normalisation agent due to its lower polarity compared to PAs,
thereby reducing possible chromatographic interference and/or ion suppression. Finally, to
enable correct identification of citrulline and subsequent calculation of its concentration in each
sample, a heavy isotope counterpart was also added to the extraction buffer (1*C; D? citrulline,
100uM). In addition, a newly implemented LCMS machine was also used for later
experiments: a QTRAP6500+ with an LC M5-TE (Trap-Elute, ABSciex, USA), which has a
higher sensitivity than the previous LCMS platform. The higher sensitivity is based on the more

advanced technology of the hybrid quadrupole-linear ion trap mass spectrometer, as well as the
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possibility to run larger sample volumes through the trap/analytical column 2D-combination
of the LC.

Using these new protocol adjustments, the following sections discuss the further ADC activity
assay optimisation experiments for tomato (section 3.2.7), M. polymorpha (sections 3.2.8 to

3.2.10), and A. thaliana (section 3.2.11).

3.2.7 Optimisation of the tomato ADC activity assay and LCMS protocol

To improve sensitivity of the ADC activity assay, a reproducible stimulus to activate ADC
transcription was sought after, with the intention to improve LCMS analysis accuracy, even at
near low metabolite levels. Ideally, the level of transcriptional activation and resulting PA
metabolic changes would be similar for both SIADCI and SIADC2, allowing the same “stress
treatment” to be used for mutants of both genotypes. The genes of many PA-related genes are
upregulated in response to a plethora of biotic and abiotic stressors, including ADC genes
(Hussain et al., 2011, Chen et al., 2019, Gonzalez et al., 2021). As SIADC1/2 genes have both
been shown to be up regulated upon cold stress, this was an appealing stress treatment due to
its simplicity and efficiency to administer in a uniform manner across all samples. Upadhyay
et al., 2020 showed that SIADC1 and SIADC?2 transcription is induced by cold stress, peaking
at 24 hours at 4 °C, and importantly, levels of free, bound, and conjugated PAs also increased
with this treatment. Controversially, Tsaniklidis et al., 2016 found that 16 hours of 5 °C cold
stress induced PA levels compared to non-cold stressed controls, but only SIADC1 expression
was increased, not SIADC2. As a preliminary experiment to determine if cold treatment would
induce ADC activity levels, three WT tomato leaflets were detached, inserted into open 2 mL
Eppendorf tubes containing 1.5 mL sterile water, treated at 4 °C for ~16 hours overnight; three
control WT leaflets were treated the same way, but kept at room temperature (RT) in the dark.
All harvested samples were extracted in the updated ADC activity buffer (Table 24), incubated
at 37 °C for 3 hours, centrifuged, and samples diluted for LCMS profiling (section 2.2.5.3).
Cold-treated samples had ~1 nmol/g FW of heavy agmatine, a 25-fold increase compared to
the RT controls (0.04 nmol/g FW). Putrescine levels were elevated 6-fold higher in cold-treated
samples to ~17 nmol/g FW (Figure 18A). It is noteworthy that only the heavy agmatine and
putrescine concentrations from cold-treated samples were in the linear range of the calibration
curve, whereas the non-treated samples were outside the lower bounds of the calibration curve.
Therefore, cold treatment dramatically improved the ability to accurately determine metabolite

concentrations.
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Figure 18: Cold treatment, but not pre-feeding with heavy arginine,

1.0 increases ADC activity and putrescine levels in detached tomato

leaflets.

WT tomato leaflets were detached, put into tubes with water or 250
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Within this same experiment, a second set of RT- or cold-treated tomato leaflets were used to
test if higher ADC activity levels could be achieved when pre-feeding the leaflets overnight
with heavy arginine. In this experiment, 250uM heavy arginine was added to the 2mL tubes
instead of sterile water (Figure 18A). Pre-feeding with heavy arginine did not significantly
increase heavy agmatine levels during the 3-hour assay (Figure 18B), suggesting that increasing
substrate availability overnight did not stimulate higher ADC activity. However, only heavy
arginine pre-fed samples produced heavy putrescine (Figure 18C), indicating that at least some
of the heavy arginine was taken up during the overnight treatment and metabolised by ADC.

As demonstrated in the previous experiment, cold treatment increased WT tomato ADC
activity levels into a detectable range. A preliminary ADC activity assay was conducted using
WT and two tomato T1 CRISPR/Cas9 adc-box mutants to determine if the ADC-box mutations
influenced ADC activity and if these differences could be easily observed using this assay
protocol. The adc-box mutants selected had homozygous deletions removing either all or part
of one of the ADC-boxes as these were hypothesised to have the greatest impairment to ADC-

box translational regulation and therefore, the largest difference in ADC activity compared to
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WT. An sladc1-box mutant was selected with a 108 bp deletion of the SIADCI-box (SIIM_-
108), as well as an sladc2-box mutant with 13 bp of the GC1 and GC2 regions deleted (SI2M_ -
13) (Figure 11, Figure 12).

Samples from detached, cold-treated WT, SIIM_-108, and SI2M_-13 leaves were extracted,
assayed, and analysed by LCMS. The sladc1-box mutant SIIM_-108 had ~6-fold higher heavy
agmatine (18.5 nmol/g FW) level compared to WT (3.2 nmol/g FW; ANOVA and Tukey’s
post hoc test, P-value < 0.001; Figure 19A). The sladc2-box mutant SI2M_-13 also had higher
heavy agmatine (7.6 nmol/g FW) compared to WT, but not significantly (P-value = 0.257). No
significant differences in putrescine levels were found between any genotypes (Figure 19B).
However, SI1M -108 had 8-fold and 2-fold higher heavy putrescine, generated from heavy
arginine and subsequent heavy agmatine during the 3-hour assay compared to WT and SI2M_ -
13, respectively (P-values < 0.01; Figure 19C). This suggested that the higher ADC activity of
SI1M _-108 led to higher putrescine production during the assay, but this difference was not
able to be clearly seen in the total putrescine pool, which is typically the most abundant PA
pool in plants (Gonzalez-Hernandez et al., 2022b). Overall, these findings show that deletion
of the whole SIADCI-box increased ADC activity, demonstrating the repressive functionality

w
o

A;Ej b T b Figure 19: Deleting the SIADCI-box, but not mutating the
2 SIADC2-box causes increased ADC activity compared to WT.
o]
E 20 WT (grey), SIIM_-108 (blue), and SI2M_-13 (yellow) tomato
.qg) leaflets were detached and cold-treated for 16 hours (n = 6).
©
10 | o 50mg samples harvested, fi h senised in ADC
% === mg samples were harvested, frozen, homogenised in
), activity buffer, incubated (37 °C for 3 hours), centrifuged and
% ———
£ 0 diluted for LCMS analysis. Concentrations of heavy agmatine
B _ @ a a (ADC activity) (A), putrescine (B), and heavy putrescine (C) are
E | | | normalised to Ds tryptophan (internal standard). Statistical
2100 . T
E |___| significance was determined via an ANOVA and a Tukey HSD
£ ¢ test; letters above each box indicate significance; groups with
w
§ 30 different letters are significantly different (ot = 0.05).
4]
g
0
czo0.15
= a b a
2
E
< 0.10
)
£
&
2 0.05 -
s —
;:3 0.00

WT TM_-108bp 2M_-13bp
Tomato genotype

85



of the SIADCI-box in planta and that this increase may also translate into alterations to levels
of PAs.

Despite finding a significant difference in ADC activity between SI1M_-108, which lacks the
entire SIADCI-box, and WT following cold-treatment, the smaller mutation in SI2ZM_-13 did
not have significantly higher ADC activity than WT. Based on this result, it was thought that
mutants with ADC activities and PA levels similar to that of the WT would not be able to be
significantly differentiated using the current stress treatment and/or ADC activity assay
protocol. Additionally, any mutants with lower ADC activity and PA levels than WT would be
at risk of falling out of the linear range of the calibration curves, resulting in inaccurately
determined values. Therefore, further optimisation experiments were conducted using again
WT and the sladc-box mutant lines SIIM_-108 and SI2M_-13, with the aim to improve the
stress parameters and increase the sensitivity of the ADC activity assay, thereby resulting in
clearer differentiation in metabolite levels between mutants and WT.

The first experiment tested two aspects of the current cold-treated tomato leaf ADC activity
assay protocol: heavy arginine substrate availability and cold-treatment duration. Firstly, it was
hypothesised that if the concentration of the ADC activity assay substrate (i.e., heavy arginine)
was not sufficient, a “reaction bottleneck” in the assay would occur. This may result in lower
heavy agmatine levels than what could theoretically be produced by the amount of available
ADC proteins. Therefore, to alleviate this potential reaction bottleneck, a higher heavy arginine
concentration in the assay buffer could result in higher ADC activity levels in an ADC protein
concentration-dependent manner. To test this, two concentrations of heavy arginine were used
in the assay extraction buffer: 40uM and 400uM, whereas 50uM had been used previously.
Secondly, the overnight cold-treatment duration was tested to determine if extending from 16
hours to 24 hours would increase ADC activity, as induction of SIADC transcription was
reportedly highest after 24 hours of cold treatment (Upadhyay et al., 2020).

For this experiment, leaves from WT, SI1M_-108, and SI2M_-13 were cold treated overnight
for either 16 or 24 hours and extracted in ADC assay buffer with either 40uM or 400 uM heavy
arginine; the rest of the assay was carried out and diluted for LCMS profiling (section 2.2.5.3).
On average, ADC activity was ~22-fold higher in samples extracted with 400 uM heavy
arginine compared to 40 uM (Figure 20A). Following 24 hours of cold treatment, the SIADC-
box mutant SIIM_-108 had 8.3 nmol/g FW heavy agmatine when extracted with 40 uM heavy
arginine, but this rose to 159.1 nmol/g FW when extracted with 400 uM (p-value <0.0001,
ANOVA and Tukey post hoc test). Similarly, the heavy agmatine content of the sladc2-box
mutant SI2M_-13 rose from 3.7 nmol/g FW to 95.2 nmol/g FW after 24 hours of cold treatment
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(Figure 20A). This dramatic ~22-fold increase in ADC activity demonstrates that the heavy
arginine substrate availability was previously much lower than the ADC enzymatic capabilities
for this 3-hour assay. With the higher heavy arginine substrate concentration, significant
differences in ADC activity were able to be seen between the sladc-box mutants and compared
to WT. It is also important to note that the higher heavy agmatine levels increased MRM signal
peaks well above background levels, reducing the S/N ratio and pushing the peak areas well
into the range of the calibration curve, thereby increasing the accuracy of calculating metabolite
concentrations.

Putrescine levels were also increased on average ~2.8 fold with the higher heavy arginine
substrate concentration (Figure 19B). The sladc-box mutants SIIM_-108 and SI2M_-13 both
had significantly higher putrescine levels compared to WT with 400 uM heavy arginine and
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Figure 20: Higher heavy arginine substrate concentration increases ADC activity but does not change putrescine levels.

WT (grey), SIIM_-108 (blue), and SI2M_-13 (yellow) tomato leaflets were detached and cold-treated overnight at 4 °C for
either 16 or 24 hours (n = 6). Duplicate 50mg samples were harvested from each leaflet and frozen. One of each duplicate
sample was homogenised in ADC activity buffer containing either 40 or 400 pM heavy arginine and incubated (37 °C, 3
hours, 300 rpm), stopped with HFBA, centrifuged, and diluted for LCMS analysis. The concentration of heavy agmatine
(ADC activity) (A) and putrescine (B) are shown in nmol/g FW, normalised to Ds tryptophan. An ANOVA, followed by a
Tukey HSD test, was conducted to determine statistical significance; letters displayed above each box indicate significance,

where groups with different letters are significantly different (o = 0.05).
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24 hours of cold treatment (318 nmol/g FW and 446 nmol/g FW, respectively compared to 166
nmol/g FW of WT). Overall, these results demonstrate that a higher ADC substrate
concentration escalates the ADC activity and putrescine content differences between WT and
each sladc-box mutant, thereby improving the assay sensitivity.

In general, the prolonged cold treatment of 24 hours compared to 16 hours only marginally
increased the ADC activity levels by ~1.6-fold. However, significant differences between each
sladc-box mutant were only seen after 24 hours of cold treatment and 400 uM heavy arginine,
but not after 16 hours (Figure 20A). A significantly higher putrescine content was also observed
in the SI2M_-13 mutant compared to WT after 24 hours of cold treatment and 400 uM heavy
arginine (Figure 20B). Therefore, 24 hours of overnight cold treatment was selected as the most
suitable stress treatment for future assays. In summary, the substrate concentrations and ADC-
stimuli conditions were adjusted to have a higher heavy arginine concentration (500 pM) in the
assay buffer (Table 24) and a 24 hour overnight cold treatment, respectively.

The second tomato optimisation assay experiment tested if the assay duration would influence
the amount of heavy agmatine produced during the assay period and/or reduce the amount of
variation between replicates. Previously, samples were incubated for 3 hours at 37 °C, yet this
duration may not optimally show differences in ADC activity between genotypes. For example,
larger differences in ADC activities may be observed with shorter incubation times before the
ADC activity plateaus due to reduced substrate availability, protein degradation or
deterioration, or possible inhibition of ADC activity by increasing agmatine levels or an
unknown feedback mechanism. On the other hand, it is possible that extending the ADC
activity assay incubation time may allow for even more agmatine to be produced. Therefore,
an experiment in which assay incubation times of 0.5, 1, 3, and 6 hours were tested. Here, 24
replicate WT, SIIM -108, and SI2M -13 detached tomato leaflets were cold treated for 24
hours. All replicate samples were extracted in the same buffer (Table 24), with a final heavy
arginine concentration of 500 uM. All samples were incubated at 37 °C at the same time, but
after 0.5, 1, 3, and 6 hours, 6 replicates from each genotype were removed, the reaction stopped,
and samples prepared for LCMS analysis (section 2.2.5.3).

Unexpectedly, the levels of Ds tryptophan, which was meant to serve as an internal technical
standard, decreased in all genotypes with ongoing assay time (Figure 21A). As metabolite
concentrations in each sample are typically normalised to the level of Ds tryptophan, this assay-
duration-dependent decrease would impact the ability to compare metabolite concentrations
between assay durations. Therefore, for this experiment, the Ds tryptophan normalisation was

omitted from the calculations.
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Figure 21: Duration of the 37 °C ADC assay incubation does not dramatically alter ADC activity levels.

WT (grey), SIIM_-108 (blue), and SI2M_-13 (yellow) tomato leaflets were detached and cold-treated for 24 hours (n = 6).
Harvested samples were frozen, homogenised in ADC activity buffer containing 500 uM heavy arginine and incubated at 37
°C for either 0.5, 1, 3, or 6 hours, then prepared for LCMS analysis. Ds tryptophan (A) was not used to normalise heavy
agmatine (ADC activity) (B), putrescine (C), and heavy arginine (D) levels for this experiment. An ANOVA, followed by a
Tukey HSD test, was used to determine statistical significance; letters above each box indicate significance, where groups

with different letters are significantly different (ot = 0.05).

Heavy agmatine levels in SIIM_-108 and SI2M -13 generally increased with longer assay
durations, but this was only significant for the SIM1 108 mutant after a 6-hour incubation
compared to the other incubation times (Figure 21B). When comparing heavy agmatine levels
between genotypes with the same incubation duration, significant differences were always
observed (i.e., WT always had the lowest heavy agmatine levels, while SIIM_-108 the highest,
and SI2M _-13 in the middle). This indicates that significant differences in ADC activity can
be observed irrespective of the assay duration. For example, after a 1-hour incubation duration,
SIIM _-108 had 5.4-fold higher ADC activity, while SI2M_-13 had 3.3-fold higher ADC

activity. It is also important to note that the concentration of heavy arginine, the ADC activity
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assay substrate, did not change over the course of the assay (Figure 21C), indicating that it is
both stable and consistently available for decarboxylation by ADC for at least 6 hours.
Putrescine levels were not impacted by the duration of the assay for any genotype (Figure 21C).
However, both SIADC-box mutants had significantly higher putrescine levels compared to WT
resulting from the 1- and 6-hour assay durations, with both mutants having approximately 1.6-
fold higher putrescine levels compared to WT after both assay durations.

Overall, based on these results, a 1-hour assay duration was decided on for future assays for
multiple reasons. Firstly, the variation in ADC activity and putrescine levels between replicated
was relatively small at this time point, enabling clearer differences to be seen between the
sladc-box mutants and WT. The deterioration of Ds tryptophan worsened as the assay duration
increased, so a shorter assay duration would limit this, as well as possible deterioration of other
metabolites not measured in this assay. Finally, a shorter incubation time of 1 hour, compared
to the previous 3 hours, also reduces the experimental time pressure, allowing for larger
experiments to be run within one day.

As a final optimisation experiment, the method used for stopping the ADC activity was tested.
Typically, ADC activity assays were stopped by adding 5 pL of HFBA to the samples, causing
rapid acidification and protein denaturation, preventing subsequent proteinaceous reactions.
Alongside the ADC activity assay samples, so called “stop samples” were also made by taking
100 pL from the extracted sample before the 37 °C incubation step, and immediately stopping
the reaction with 5 uL HFBA. These stop samples were used to determine the original PA
profile of plant extracts prior to the 37 °C assay incubation. This enables the measurement of
compounds before they can be further metabolised or degraded during the 37 °C incubation
due to heat sensitivity. This is especially the case for various hydroxycinnamic acid (HCA)-
PA conjugates (i.e., phenolamides), as many of which had significant decreases in
concentrations or all but disappeared after the 37 °C incubation. It was in these stop samples
that a small amount of heavy agmatine was found, indicating that some ADC activity was
already occurring, despite the extremely short storage of samples on ice prior to acidification.
While this highlighted the necessity to keep all samples as cold as possible outside of the 37
°C incubation step, it also introduced the idea that a more efficient method for stopping the
reactions may reduce the error between replicates, which may have been introduced with low
levels of activity occurring while the remaining samples are extracted. Therefore, as an
alternative “stopping” method, heat inactivation of proteins in the samples was considered, as
it is possible that heat may denature proteins and stop enzymatic reactions faster than

acidification by HFBA.
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Three replicates of 24-hour cold-treated WT and S12M -13 tomato leaflets were extracted in
400 pL of ADC extraction buffer (Table 24) and divided into 4 tubes, each with 100 puL. One
set of replicates were incubated at 37 °C for an hour as for a normal ADC activity assay, while
the second set was directly stopped by adding 5 pL. HFBA to generate stop samples. The final
two sets were stopped with either 1 or 5 minutes of 90 °C heat treatment. All samples were
then analysed via LCMS. Both acidification and heat inactivation equally prevented ADC
activity in the stop samples, with hardly any heavy agmatine found above background levels
(Figure 22A). The ADC activity assayed samples showed significantly higher heavy agmatine
levels compared to all stopped samples, with ADC activity was 5.6-fold higher in the SI2M_ -
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Figure 22: Acidification with HFBA is the best method for stopping ADC activity assays.

WT (grey) and SI2M_-13 (yellow, “SIM2”) tomato leaflets were detached and cold-treated overnight at 4 °C for 24 hours (n
= 3). Samples for LCMS analysis were prepared with 400 pL of ADC activity extraction buffer containing 500 uM heavy
arginine. 100 pL of each sample was transferred into 4 new tubes and either incubated at 37 °C for 1 hour (ADC assay),
directly stopped with 5 pL HFBA (HFBA), or 90 °C heat treated for 1 or 5 minutes. The concentration heavy agmatine (ADC
activity) (A) putrescine (B), spermidine (C), and spermine (D) were measured in nmol/g FW, normalised to Ds tryptophan
(internal standard). An ANOVA, followed by a Tukey HSD test, was used to determine statistical significance; letters

displayed above each box indicate significance; groups with different letters are significantly different (o = 0.05).
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13 mutant compared to WT (135 nmol/g FW compared to 24 nmol/g FW; P-value < 0.000000;
Figure 22A).

No difference in putrescine levels was observed between the ADC assay samples or any of the
stopped samples between samples from the same genotype (Figure 22B); however, SI2M_-13
had consistently ~1.6-fold higher putrescine levels compared to WT across all sample
treatments. This demonstrated that putrescine levels were not altered during the 37 °C assay
incubation compared to levels in the raw extracts. On the other hand, both spermidine and
spermine levels were dramatically lower in heat inactivated samples compared to the HFBA-
stopped samples and normal assay samples (Figure 22C and D, respectively). While spermidine
levels were not significantly different between WT and SIM2_ 13 with any treatment, in almost
all cases, heat inactivation significantly reduced spermidine levels compared to the assay or
HFBA-stopped samples (Figure 22C). This pattern of results was even more striking for
spermine, where almost no spermine could be observed above background levels after heat
inactivation for both 1 and 5 minutes. These results reveal that a high heat treatment (i.e., 95
°C) can cause rapid deterioration of some metabolites, while the lower 37 °C assay incubation
did not affect the level of these metabolites (i.e., when comparing assay samples to HFBA-
stopped samples). In summary, while heat inactivation was an efficient stopping method for
ADC activity, HFBA acidification remained the optimal stopping method as some of the
measured metabolites seemed to be heat-sensitive but not affected by the acid treatment.

In summary, the ADC activity assay procedure was greatly optimised from the Wu et al., 2019
published method; an overview of the updated tomato ADC activity assay procedure is shown
in Figure 23. Initial ADC activity in WT un-treated tomatoes was hardly detectable (0.04
nmol/g FW), but with the additional cold-treatment step, ADC activity increased 25-fold to 1
nmol/g FW (Figure 18A). In the final optimisation assays (Figure 21B and Figure 22A), WT
cold-treated tomato leaves had ~24 nmol/g FW heavy agmatine levels, equating to
approximately 600-fold increase compared to the initial 0.04 nmol/g FW in Figure 18A.

This substantial increase in ADC activity levels was mostly due to the following changes: use
of the entire extraction rather than just the supernatant, the addition of an abiotic stress
treatment to induce ADC transcription (i.e., cold treatment of detached tomato leaflets), use of
a higher ADC activity assay substrate concentration, and the new, more sensitive LCMS
machine with a Trap-Elute system. These optimisations and changes now enable clear
distinction between different sladc-box mutants and to WT.

Similarly, concentrations of other measured metabolites also increased due to the ADC activity

assay optimisation experiments. Initially, WT untreated putrescine levels were 2.8 nmol/g FW,
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which increased almost 6-fold to 16.6 nmol/g FW
with 16-hour cold treatment (Figure 18B). In the
final optimisation assays (Figure 21D and Figure
22B), putrescine levels were ~123 nmol/g FW in
cold-treated WT tomato leaves, which is a ~44-fold
increase compared to the non-treated leaves in
Figure 18B. Similar to induced S/ADC expression by
Brgll (Wu et al., 2019), putrescine levels, but not
spermidine or spermine, were significantly higher in
the sladc-box mutants SI1M_-108 and SI2M -13
compared to WT (Figure 21 and Figure 22). This
result suggests that mutating the SIADC-box may
also influence PA levels, which was not observed in
experiments prior to assay optimisation (Figure
19B).

Overall, using the optimised method, ADC activity,
PAs, and related metabolites can now be measured
accurately in tomato leaves. The S/N ratios have also
been improved as metabolite levels fall within the
linear range of the calibration curve and the m/z
peaks are large and clearly distinct from background
levels. These optimisations have increased assay
sensitivity, enabling clear and significant differences
between WT and sladcl-box and sladc2-box
mutants (Figure 19A and Figure 21B). Finally, these
results demonstrate that this ADC activity assay is a
suitable method for analysing ADC protein
abundance and is sensitive enough to analyse impact
of different ADC 5’UTR mutations on overall ADC

protein levels from plant extracts.

Cold treatment
4°C, 24 hours

Harvest
50 mg, into liquid Nz

Homogenise
ADC activity buffer
with 500 pM heavy arginine

Incubate
37 °C, 1 hours, 300 rpm

Stop
with 5pL HFBA

Centrifuge
4°C, 30 minutes, 14,000 g

LCMS
Dilute supernatant
for analysis

Figure 23: Schematic of optimised ADC activity

assay protocol for tomato leaf tissue.

Detached tomato leaves are cold treated for 24 hours,
before 50 mg samples are frozen in liquid N,. Ground
samples are homogenised in 300 pL of ADC activity
buffer, containing 500 uM heavy arginine, and
incubated for 1 hour at 37 °C. To stop the reactions,
5 uL of HFBA is added and samples are vortexed,
before centrifugation at 4 °C for 30 minutes.
Supernatant is the diluted in solvent for LCMS

analysis.

3.2.8 Preliminary work on M. polymorpha ADC activity assays

To determine if the repressive role of the ADC-box on ADC translation has been maintained

across plant evolution, Pia Ellissen (Lahaye laboratory Masters student, 2020) conducted ADC
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activity assays on WT M. polymorpha (TAK1), four adc-box mutants (MpM_-8, MpM_ +14,
MpM_-14, and MpM _-6), and one control mutant (called #2-1, lacking 10 bp ~190bp 3’ to the
MpADC-box). After verifying that cold treatment also induced MpADC activity, an ADC
activity was conducted with these six M. polymorpha genotypes following 16 hours of cold
treatment. All four MpADC-box mutants had dramatically higher ADC activity levels, as well
as agmatine and putrescine concentrations compared to TAK1 or the negative control mutant
#2-1 (Pia Ellissen, Master thesis, 2020). These results demonstrated that the MpADC-box is a
functional repressive element of MpADC and that mutating it also alters the greater PA
metabolism. Overall, this work revealed that the ADC-box has likely remained a functional cis-
element since the first land plants.

However, since this work, a further two Mpadc-box mutants (M_Mp +18, and M_Mp +1°)
and four additional control mutants (MpC -30, MpC -10, MpC -4, and MpC -1) with
mutations outside of the conserved MpADC-box region had been generated. It was
hypothesised that more Mpadc-box mutants would improve the elucidation of which specific
ADC-box regions were important for its function. Therefore, to better understand the role of
the MpADC-box on ADC translation and PA metabolism, and to interrogate the different GC-
rich elements of the MpADC-box, further LCMS analysis was to be conducted.

Additionally, since the previous M. polymorpha ADC activity assays, the new, more sensitive
LCMS machine was installed (QTRAP6500+ with an LC MS5-TE (Trap-Elute, ABSciex,
USA)) and various aspects of the ADC activity assay procedure had been optimised (section
3.2.7). As these improvements had dramatically increased ADC activity and PA levels in
tomato, and therefore the overall assay sensitivity, it was vital to check that these protocol
alterations were still suitable for M. polymorpha tissue, determine an optimal dilution for the

LCMS samples, and if anything could be further optimised for this species.

3.2.9 Initial ADC activity assay test using M. polymorpha TAKI.

An initial experiment was conducted to test if the changes to the ADC activity assay protocol
and new LCMS machine still enabled clear and sensitive measurement of ADC activity, PAs,
and other related metabolites from M. polymorpha tissue. For this experiment, TAK1 plants
were grown from gemmae on %2 B5 agar plates (1% sucrose; Table 2; section2.1.3 2.2.1.3) for
4.5 weeks, were either cold treated for ~18 hours in the dark overnight or covered by tin foil
and left in the climate chamber as a room temperature (RT) control. Samples were frozen and

extracted in ADC activity buffer (Table 24) using 500 uM heavy arginine and then an ADC

94



Figure 24: Cold treatment only minorly increased M.

polymorpha ADC activity.

1.00

WT TAK1 plants were kept in the dark for 18 hours either in

the cold (4 °C) or at room temperature (RT) (n = 6). Samples

0.75 for ADC activity assays were harvested, homogenised in

| ‘ buffer containing "** arginine (+11), and both normal assay

0.50 and stop samples were generated for LCMS analysis. heavy

agmatine concentration is normalised to the internal Ds

| tryptophan standard. An ANOVA, followed by a Tukey HSD

Heavy agmatine (nmol/g FW)

0.25
—— test, was used to determine statistical significance; letters

I ® displayed above each box indicate significance; groups with

different letters are significantly different (o = 0.05).

RT Cold RT Cold

ADC assay Stop samples

activity assay was conducted and samples were prepared for LCMS analysis (section 2.2.5.3).
A range of sample supernatant dilutions in solvent were initially checked, but a final dilution
of 1:25 as almost all measured metabolite levels fell within the linear range of the calibration
curves. In contrast to previous findings, where cold treated TAK1 heavy agmatine levels were
~5-fold higher than the RT controls (Figure 13 of Pia Ellissen’s Master Thesis, 2020), only a
1.7-fold increase in heavy agmatine levels was observed compared to the RT control (Figure
24; P-value = 0.002). Almost no heavy agmatine was seen in the stop samples, demonstrating
that while the TAK1 RT ADC activity level was low, it was still significantly higher than
background levels by 3.5-fold (P-values < 0.004). There were also no significant differences
in agmatine, or putrescine levels seen between cold- or RT-treated samples in this experiment,
implying that the cold treatment and/or the current experimental parameters did not induce
ADC activity.

Upon closer inspection of the LCMS signal peaks, there was another compound that had a
similar m/z ratio and retention time to heavy agmatine. Therefore, this other compound had a
slightly overlapping peak with heavy agmatine, obscuring it in samples with low amounts of
heavy agmatine and preventing clear isolation of the peak area for subsequent calculations.
This other overlapping peak has been previously seen in tomato samples with very low ADC
activity when using the D7 "Ny arginine (+11) isotope variant, but this peak was much more
prominent in M. polymorpha extracts. It was therefore hypothesised that by using the *Cs
arginine (+6) isotope variant, instead of the D7 '*Ny arginine (+11) variant, unobscured '*Cs
agmatine peaks would be produced, enabling more accurate ADC activity measurement.

Therefore, a second ADC activity assay experiment with the 6 M. polymorpha adc-box
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mutants, 4 control mutant lines, and TAK1 was conducted to test if using the alternative '3Cs
arginine isotope would provide clearer ADC activity results. All plants were grown on %2 B5
agar plates (containing 1% sucrose) and cold treated for 16 hours, before samples were
harvested and prepared for an ADC activity assay with 500 uM !3Cs arginine (Table 24; section
2.2.5.3).

Use of the alternative '3C¢ arginine produced unobscured *Cs agmatine peaks, allowing for
clearer isolation of the peak area for subsequent calculations, confirming that this 1*Ce arginine
isotope variant should be used for all future M. polymorpha ADC activity assays. Despite using
13C¢ arginine, no significant difference between the TAK1 cold-treated and RT control was

observed (Figure 25A; P-value = 1.0), once more indicating that the 16-hour cold treatment
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did not induce ADC activity levels as it did previously (Pia Ellissen, Master’s thesis). However,
despite the lack of cold-induction, all Mpadc-box mutants except for MpM_+14 had
significantly higher ADC activity compared to the cold-treated TAK1, albeit with an average
increase of only ~2-fold. Previously, adc-box mutant MpM_-14 had 19-fold higher ADC
activity compared to TAK1 following cold-treatment (Figure 14, Pia Ellissen Master’s thesis),
which is vastly greater to the 2-fold increase seen here. This confirmed that the current cold
treatment and/or experimental set up did not stimulate ADC levels to enable clear
differentiation of ADC activities between TAK1 and the Mpadc-box mutants.

However, the Mpadc-box mutants had much greater agmatine levels compared to the TAK1
and the control mutants (Figure 25B), with MpM_-14 having 44-fold more agmatine compared
to TAK1 (P-value = 0.0000). Putrescine levels of the Mpadc-box mutants were also
significantly higher than TAK1 and control mutant lines (Figure 25C). It is noteworthy that no
significant differences in agmatine or putrescine levels were found between RT or cold-treated
TAKI.

Overall, agmatine and putrescine levels were dramatically higher in the MpADC-box mutants,
despite only a ~2-fold increase in ADC activity levels. This finding suggested that the MpADC-
box mutations had altered the PA metabolism, but this was not clearly observed in the ADC
activity assay results as it had previously (Pia Ellissen, Master thesis, 2020) and not due to
cold-treatment. Therefore, some aspect of the experimental procedure was causing MpADC to

not be induced as it had previously by cold treatment and optimisation was required.

3.2.10Optimisation of M. polymorpha ADC activity assays

Firstly, to determine if the shortened 37 °C incubation duration (i.e., 1 hour) was enough time
for MpADC to produce sufficiently large heavy agmatine signal peaks, a second experiment
was conducted to compare assay durations of 1 hour and 3 hours. Here, both TAK1 and the
Mpadc-box mutant MpM_-14 (with a 14 bp deletion spanning the first GC-rich motif of
MpADC-box; Figure 16) were used for this experiment and grown on '2 B5 agar plates (1%
sucrose; Table 2). It was thought that any differences in ADC activity caused by the extended
assay duration would be more pronounced in the MpM_-14 mutant due to its almost complete
loss of the MpADC-box. Here, no cold treatment was used, as the primary aim of this
experiment was to solely investigate the assay duration, and previous experiments had not
showed any difference in ADC activity with the current protocol (Figure 25). Samples were
harvested from these genotypes, extracted in ADC activity assay buffer (Table 24), incubated
for either 1 or 3 hours at 37 °C, stopped, and prepared for LCMS analysis. No significant
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differences in heavy agmatine levels were found between each genotype after a 1- or 3-hour
incubation (Figure 26A). However, ADC activity of MpM _-14 was only significantly higher
than TAK1 after the 1-hour incubation (P-value = 0.043; Figure 26A), but not after 3 hours (P-
value = 0.056). Putrescine levels were ~9-fold higher in MpM_-14 compared to TAKI1 but
were not significantly altered by extending the 1-hour assay duration to 3 hours (Figure 26B).
Interestingly, spermidine levels were reduced in the 3-hour incubated samples compared to the
1-hour incubated samples for both TAK1 and MpM_-14, although not significantly (Figure
26C). As previous tomato assays have indicated that PA levels may be influenced by heat
(Figure 22), keeping to a 1 hour 37 °C incubation may maintain levels of various measured
metabolites. Overall, similarly to the tomato ADC activity assay procedure, a 1-hour, 37 °C
incubation was upheld for future experiments.

Despite finding that a 1 hour 37 °C assay incubation duration is optimal, it did not explain the

lack of a dramatic increase in heavy agmatine accumulation in the MpM-14 mutant compared
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to TAK1, which was previously observed. Therefore, two other aspects of the experimental
procedure were interrogated. Firstly, the growth conditions of the M. polymorpha were
scrutinised. So far, M. polymorpha were grown on "2 B5 agar containing 1% sucrose, yet
although addition of sucrose is common for M. polymorpha media, is not required for growth.
Importantly, sucrose has been found to induce ADC transcription and accumulation of
putrescine, spermine, and spermidine in both A. thaliana and maize (Hummel et al., 2004, El
Amrani et al., 2019, Altuntas et al., 2019). This led to the hypothesis that the sucrose in the 4
BS5 media may be inducing MpADC transcription for the whole growth period, resulting in no
observed additional MpADC activity with cold treatment. In conjunction with this, agmatine
and putrescine levels were significantly higher in the Mpadc-box mutants compared to controls
or TAK1, despite only minor increases in ADC activity (Figure 25), suggesting that high
amounts of agmatine had been produced prior to the ADC assay incubation. The second aspect
of the ADC assay procedure that was interrogated was the cold treatment duration. Previously,
16 hours of cold treatment was used, but either a shorter or longer duration may induce MpADC
activity more. Therefore, an ADC activity experiment was conducted using TAK1 and MpM_ -
14 grown in the absence of sucrose, and cold treated for 12, 16, or 24 hours. Cold treatment
did not significantly increase TAK1 ADC activity levels compared to the RT control (Figure
27). However, cold treatment for 12 and 16 hours significantly increased ADC activity in the
MpM -14 mutant by 2.1- and 2.7-fold, respectively (P-values = 0.003 and <0.0001,

respectively). ADC activity began to decrease again with 24 hours of cold treatment to levels
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similar to that of the RT control for both TAK1 and MpM_-14. This experiment confirmed that
16 hours of cold treatment is the optimal duration for inducing MpADC activity.

In this experiment, the MpM _-14 mutant had 11.8-fold higher ADC activity compared to
TAKI after 16 hours of cold treatment (P-value < 0.000001), which is much greater than
previous assays that had 2.1-fold (Figure 25A) and 2.9-fold (Figure 26A) higher ADC activity.
This dramatic improvement in difference between the Mpadc-box mutant and TAK1, is likely
attributed to the lack of sucrose in the media, and therefore, no additional MpADC induction
occurring prior to the cold treatment.

In summary, the procedure for conducting ADC activity assays with M. polymorpha tissue was
interrogated and optimised. Initially, cold treatment only induced MpADC activity 1.7-fold
(Figure 24) and the ADC activity of Mpadc-box mutants was only ~2-fold greater than that of
TAKI1 (Figure 25), which was greatly lower than the 19-fold difference previously reported
(Pia Ellissen, Master’s thesis, 2020). However, this initial experiment highlighted that
contaminating metabolites with similar retention times and m/z ratios can produce signal peaks
that overlap with measured heavy D7 '"N4 agmatine. To avoid this contaminating peak, the
alternative '3C¢ arginine (+6) was used for further M. polymorpha ADC activity assays. After
ensuring that shortening the assay duration to 1 hour from 3 hours was not the cause of these
reduced fold changes (Figure 26), other aspects of the M. polymorpha growth conditions and
cold treatment were interrogated. A cold treatment time course experiment verified that a 16-
hour cold treatment produced the highest induction of MpADC activity (Figure 27). However,
removing the sucrose from the 2 B5S media resulted in 11.8-fold higher ADC activity in MpM_ -
14 compared to TAK1 (Figure 27), which in previous experiments was only 2-fold higher.
Overall, the protocol for M. polymorpha ADC activity assays was verified and fine-tuned
during this work, enabling clear differentiation of ADC activates and PA levels between TAK1
and a M. polymorpha adc-box mutant.

3.2.11 Optimisation of A. thaliana ADC activity assays

Unlike tomato, A. thaliana ADCI1 and ADC?2 genes are not stimulated by the same stressor.
AtADCI is primarily induced by abiotic stressors such as cold, heat, and drought, while
AtADC? is induced by biotic stressors such as P. syringae infection, elicitor treatment, or
wounding, as well as abiotic stressors such as salt and osmotic stress (Perez-Amador et al.,
2002, Urano et al., 2004, Kilian et al., 2007, Cuevas et al., 2008, Hussain et al., 2011, Chen et
al., 2019). Therefore, to induce ADC activity levels of WT and A. thaliana adc-box mutants
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into a range that can be analysed by LCMS, different inducers of AtADCI and AtADC2
transcription are required.

To individually induce AtADCI or AtADC2, cold treatment or infection with P. syringae,
respectively, had previously been tested by Laura Schmalz (Master thesis, 2022). While cold
treatment specifically increased ADC activity in an AtADC1-dependent manner, infection with
P. syringae induced both AtADC genes, with high variation between replicates (Figure 16 and
17 of Laura Schmaltz, Master thesis, 2022). Significant increases in ADC activity were
observed following a 12-hour cold treatment of some Atadc-box mutant plants grown in soil,
with the highest having 6-fold higher ADC activity compared to WT (Figure 21 of Laura
Schmalz, Master thesis, 2022). Only one Atadc2-box mutant showed significantly higher ADC
activity following P. syringae infection compared to WT, but with only a 2-fold increase
(Figure 25 of Laura Schmalz, Master thesis, 2022). In conclusion, while some Afadc-box
mutants had statistically significant increases in ADC activity compared to WT, the
reproducibility and effectiveness of the stimuli, as well as clear difference between the adc-
box mutants and the WT, were not as pronounced as for tomato and M. polymorpha. Therefore,
alternative stressors or experimental conditions were proposed to improve reproducible and
homogeneous induction of 4t4DC1/2 expression.

Firstly, it was hypothesised that growing plants vertically on agar and cold treating whole plates
would provide a more pronounced and homogeneous cold stress to the whole plant, thereby
increasing AtADCI expression more than what was previously observed (Figure 16 of Laura
Schmaltz, Master thesis, 2022). To test this, seeds of WT and two Atadcl-box mutants with
either a 53 bp deletion (AtIM_-53) or a 15 bp deletion (AtIM_-15) spanning the Atadcl-box
were sterilised, sown on 2 MS agar plates (without sucrose; Table 2), and grown vertically for
2 weeks, before being cold treated for 12 hours. Three seedlings had to be pooled together to
create a sample of ~10 mg FW (i.e., five times lower than the typical 50 mg used). A control
group of plates were kept in the climate chamber wrapped in tinfoil as non-treated RT controls;
note that only one control replicate for each genotype, each made up of three seedlings, was
used in this experiment. Despite the much lower amount of FW tissue used for the samples, a
dilution of 1:40 was still found to be optimal for the LCMS samples (i.e., same dilution as for
50 mg FW tomato samples).

Cold-treated WT seedlings had 16-fold higher ADC activity compared to the RT control (P-
value = 0.66), while the AtIM_-53 and AtIM_-15 mutants had an average of ~27-fold higher
ADC activity compared to their RT controls (P-values = 0.013 and 0.04, respectively; Figure
28A). Cold-treated At1M_-53 had 3.3-fold higher ADC activity compared to WT, while
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AtIM_-15 had levels 2.7-fold higher (P-values = 0.009 and 0.04, respectively). These results
demonstrate that cold treatment for 12 hours of whole seedlings induced ADC activity
dramatically, and enabled differences to be seen between the Atadci-box mutants and WT.
Additionally, the replicate variation was rather low, despite only 3-4 replicates being used here.
Despite the substantial induction of ADC activity by cold treatment, no other measured
metabolites were significantly altered compared to the RT controls (Figure 28 and

Supplementary Figure 14). Additionally, acetylputrescine was the only metabolite to be
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Figure 28: Cold treatment induces ADC activity but does not alter levels of other metabolites.

WT (grey) and Atadc1-box mutants AtM1_-53 and AtM1_-15 (blue) were grown vertically on 2 MS plates for 2 weeks before
being cold treated for 12 hours at ~5°C and sampled for an ADC activity assay and LCMS analysis of the PA-related metabolite
profile. Three seedlings were pooled to generate a sample of ~10 mg (n = 3-4). One replicate plate was kept in the climate
chamber, wrapped in tinfoil as a room temperature (RT) negative control (n = 1). Samples were homogenised in buffer
containing heavy arginine, incubated at 37 °C for 1 hour, and prepared for LCMS analysis. heavy agmatine (A), agmatine (B),
arginine (C), putrescine (D), spermidine (E), and spermine (F) levels are shown in nmol/g FW, normalised to Ds tryptophan.
An ANOVA, followed by a Tukey HSD test, was conducted to determine statistical significance; letters displayed above each

box indicate significance, where groups with different letters are significantly different to oo = 0.05.
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significantly increased in the Afadc1-box mutants compared to the WT (Supplementary Figure
14A). Ds tryptophan levels were equal across treatments and genotypes (Supplementary Figure
14F).

Overall, it seems that although ADC activity increases upon cold treatment, this does not
resonate to agmatine levels or any other ADC-influenced metabolite, signifying that further
experiments to identify the best cold treatment duration are required. However, this experiment
has shown that by using whole seedlings, commonly measured metabolite levels can clearly be
detected, which was not always the case with leaf samples of A. thaliana grown on soil.
Additionally, variation between samples is greatly reduced when using whole seedlings, rather
than leaves; however, this is most likely due to pooling 3 seedlings into one sample, and future
experiments should focus on using a single biological replicate.

To induce AtADC?2 expression, P. syringe infections were previously attempted but led to high
variation between replicates and did not induce ADC activity in an AtADC2-dependent manner
(Laura Schmaltz, Master thesis, 2022). Therefore, another treatment to specifically induce
AtADC? transcription that was more homogenously and reproducibly applied to all plants was
sort after. Salt stress was found to stimulate Az4ADC?2 expression (Hummel et al., 2004, Urano
et al., 2004) and thought to be a simpler and more homogeneous treatment to administer
compared to P. syringae infection. Growing seedlings on media containing salt would affect
whole seedlings to an equal degree, possibly reducing variation between replicates.

Therefore, to test whether salt stress would induce ADC activity, seeds of WT and two Atadc2-
box mutants with either an 18 bp deletion (At2M _-18) or a 6 bp deletion (At2M_-6; Figure 15)
in the AtADC2-box were sterilised and then grown vertically on 2 MS agar (without sucrose;
Table 2). After 7 days, seedlings were transferred to either fresh /2 MS agar with or without
150 mM NaCl; this concentration and method was based on that used was used by Urano et
al., 2004. After another 7 days, control and salt-treated seedlings were harvested for ADC
activity assays and LCMS analysis of PAs and related metabolites. Again, 3 seedlings were
pooled together to generate a single sample, with a total of 4-6 replicate samples produced.
ADC activity was not affected by salt treatment as no significant differences were observed
between genotypes grown on 0 mM or 150 mM NaCl-containing media (Figure 29A). ADC
activity levels here were in a similar range to the RT controls in the previous experiment testing
cold treatment induction on ADC activity (i.e., ~1 nmol/g FW; Figure 28A). The Atadc2-box
mutants had significantly higher ADC activity compared to the WT following both control and
salt-treated conditions. At2M_-18 and At2M -6 had 3.7- and 2.9-fold higher ADC activity

compared to WT when grown on control media (P-values = 0.006 and 0.065, respectively),
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Figure 29: Salt treatment does not induce ADC activity but amplifies the effect of mutating the Az4DC2-box.

WT (grey) and Atadc2-box mutants AtM2_-18 and AtM2_-6 (yellow) were grown vertically on /2 MS plates for 7 days before
being transferred to fresh /2 MS plates with or without 150 mM NaCl. After another 7 days of growth, samples for an ADC
activity assay and LCMS analysis of the PA-related metabolite profile were taken. Three seedlings were pooled to generate a
sample of ~10 mg (n = 4-6). Samples were homogenised in buffer containing heavy arginine, incubated at 37 °C for 1 hour,
and prepared for LCMS analysis. Heavy agmatine (A), agmatine (B), arginine (C), putrescine (D), spermidine (E), and
spermine (F) levels are shown in nmol/g FW, normalised to Ds tryptophan. An ANOVA, followed by a Tukey HSD test, was
conducted to determine statistical significance; letters displayed above each box indicate significance, where groups with

different letters are significantly different to o = 0.05.

while salt treatment increased these differences to 8.9- and 5.6-fold higher than WT (P-values
=0.000002 and 0.0011, respectively, Figure 29A). This indicated that although there were no
significant differences between the same genotype grown on different media, salt treatment
increased the extent to which the Atadc2-box mutants differed from WT.

Similarly, salt treatment did not affect levels of agmatine, arginine, or putrescine levels in the
WT (Figure 29B, C, and D). However, the Atadc2-box mutants had significantly higher

agmatine and putrescine levels following salt treatment compared to the control treatment. Yet
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on the other hand, salt treatment decreased arginine levels more in the Atadc2-box mutants,
compared to their non-treated controls. Salt treatment also reduced spermidine levels by
approximately 1.4-fold for all genotypes (Figure 29E). Spermine levels where significantly
increased upon salt treatment, even in the WT by 2.4-fold (P-value < 0.00000), with the
Atadc2-box mutants having lower spermine levels compared to WT (P-values = 0.017 and
0.002; Figure 29F). Acetylputrescine levels were also increased only in the salt-treated mutants
(Supplementary Figure 15A), while ornithine and especially citrulline levels tended to be
higher following salt treatment (Supplementary Figure 15B and C). Interestingly, glutamine
and GABA levels were reduced upon salt treatment (Supplementary Figure 15D and E). Ds
tryptophan levels were not influenced by salt treatment (Supplementary Figure 15F).

Overall, it seemed that salt treatment did not have a large impact on metabolite levels in the
WT, but its effect seemed to be amplified in the Atadc2-box mutants. ADC activity was not
induced at all by this salt treatment, suggesting that either a higher salt concentration or a
different stimulus is required. Use of pooled whole seedlings also resulted in lower variation
between replicates, allowing for finer differences to be observed compared to previous results
using P. syringae as an AtADC2-inducer (Laura Schmaltz, Master thesis, 2022).

In summary, these initial experiments testing cold and salt treatment on WT and Atadc-box
mutant seedlings demonstrated that these stimuli influence ADC activity and metabolite levels,
but there is still room for improvement. Interestingly, by using whole seedlings rather than
adult leaves, not only did the variance between replicates reduce, but it was also possible to
measure ADC activity and metabolite levels in non-induced plants, something that was not the

case for adult leaf tissue.

3.2.12 Optimisation of N. benthamiana ADC activity assays

Previously, ADC activity assay samples, prepared following the Wu et al., 2019 protocol
(section 2.2.5.2) clogged the LCMS column, preventing further measurement of the samples.
This suggested that N. benthamiana samples contain a different chemical profile to that of other
plant species tested in this work, which interfered with the LCMS column. As transient
expression of T-DNA constructs via agroinfiltration is simple and effective in N. benthamiana,
it would be valuable to be able to measure ADC activity and the PA profile from N.
benthamiana leaf tissue. For example, different ADC homologues or mutant variants could be
transiently expressed in N. benthamiana leaves to compare their activates or impact on PA
metabolism. To facilitate this type of experiment, it was hypothesised that an additional

purification step may be required to prevent N. benthamiana clogging the LCMS column. A
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typical purification approach for this is to use methanol-chloroform-water extraction for phase
separation, whereby the upper methanol-water phase contains polar molecules (i.e., PAs), the
interphase contains proteins, and the lower chloroform phase contains non-polar, organic
moieties such as lipids (Sapcariu et al., 2014). This additional purification method was
therefore tested to determine if it would prevent N. benthamiana ADC activity assay samples
clogging the LCMS column. For this experiment, N. benthamiana leaves were agroinfiltrated
with constitutively expressed, epitope-tagged SIADC proteins (35S:HA-SIADCI and
35S:MYC-SIADC2), as well as an empty 4. tumefaciens GV3101 strain as a control for
background ADC activity. After 2 days, samples were harvested for ADC activity assays, as
well as for western blot analysis to ensure that the ADC proteins were expressed. Assay
samples were extracted in ADC activity assay buffer (Table 24), incubated for 1 hour at 37 °C,
before being stopped with HFBA and 80 pL moved to a new tube for methanol-chloroform
extraction (section 2.2.5.4).

All samples ran through the LCMS column without any dramatic changes in pressure or errors,
demonstrating that the additional methanol-chloroform extraction had purified the sample of
impurities that had previously caused problems within the LCMS machine. Expression of either
SIADCI1 or SIADC?2 produced 38- or 67-fold higher ADC activity compared to the empty strain
control, respectively (Figure 30A). Interestingly, ADC activity was 1.8-fold higher with
expression of SIADC2 compared to SIADC1 (P-value < 0.000001). However, as SIADC1 and
SIADC?2 had different epitope tags, direct comparison of their expression levels is not possible,

yet both proteins were expressed well at the point of harvesting for LCMS analysis
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Figure 30: Additional methanol-chloroform purification step enables clear LCMS measurement of ADC activity from N.
benthamiana leat samples.

N. benthamiana leaves, agroinfiltrated with 35Sp:HA-SIADCI1, 35Sp:MYC-SIADC2, or an empty strain, were sampled,
homogenised in buffer containing heavy arginine, incubated at 37 °C for 1 hour, extracted in methanol-chloroform, and prepared
for LCMS analysis (n =6). Concentrations of heavy agmatine (A), agmatine (B), and putrescine (C) were normalised to the
internal D5 tryptophan standard. An ANOVA, followed by a Tukey HSD test, was used to determine statistical significance;

letters displayed above each box indicate significance; groups with different letters are significantly different (. = 0.05).
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(Supplementary Figure 16). Similarly, levels of agmatine and putrescine levels were 14- and
11-fold higher upon SIADC protein expression compared to the empty strain, respectively
(Figure 30B and C). Overall, the additional methanol-chloroform extraction enabled ADC
activity assays and PA analysis via LCMS, producing extremely clear results with low variation
between replicates, as well as high metabolite signal peaks compared to the background and
negative control. This additional step therefore enables analysis of ADC proteins and their

metabolic consequences via transient expression in N. benthamiana leaves.
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3.3 Characterising the impact of ADC S’UTR mutations

Previously, the tomato ADCI-box was found to negatively regulate translation of the
downstream CDS using transient reporter assays (Wu et al., 2019), yet its role within its native
context in planta had not been elucidated. Therefore, adc1/2-box single and double mutants in
tomato and 4. thaliana were generated to determine the in planta role of the ADC-box on both
ADC translation and the wider PA metabolic network (section 3.1.1 and 3.1.2). As M.
polymorpha is a relative of the first land plants, M. polymorpha adc-box mutants were also
generated to determine if the repressive role of the ADC-box has been conserved throughout
plant evolution (section 3.1.3). The presence of a uORF in ADC transcripts is also highly
conserved, yet in transient reporter assays, no clear impact on translation was found when its
start codon was mutated in the SIADC1 5’UTR (Wu et al., 2019). To test if the ADC uORF has
a role in planta, both single and double SIADC1/2 uorf mutants were generated (section 3.1.1).
To understand how these CRISPR/Cas9-induced ADC 5’UTR mutations influence ADC
translation, measurement of ADC protein abundance in plant tissues was required. As a proxy
for ADC protein abundance, measurement of ADC activity in plant extracts via LCMS had
previously been used (Wu et al., 2019). This LCMS-based assay and methods to stimulate ADC
expression were further optimised for tomato, 4. thaliana, and M. polymorpha to enable clear
distinction between WT and adc-box mutants (section 3.2).

With all tools in hand, ADC activity assays, as well as measurement of PAs and related
metabolite concentrations of 4DC 5’UTR mutants could be conducted. In the following
sections, LCMS-based metabolic analysis and phenotypic analysis of tomato (section 3.3.1)

and M. polymorpha (section 3.3.2) mutants is presented.

3.3.1 ADC activity, PA profile, and phenotypes of tomato ADC 5°UTR mutants

3.3.1.1 ADC activity and PA measurement of single and double tomato adc-box mutants

To investigate the role of the tomato ADC-box on in planta ADC translation, an ADC activity
assay and LCMS analysis of single and double adc-box mutants was conducted. The single
mutants used were SI1C -6, SIIM_-4, SIIM -108, SI2M_+1, and SI2M_-13, as well as the
double adc-box mutants Abrgl I-ebe and Asladcl/2-box, which have small or large mutations
in both SIADC-boxes, respectively (Figure 11, Figure 12, Table 29). These mutants were
selected as they have a range of mutation severities. For example, only 4bp of the SIADCI-box
is mutated in SIIM_-4 and expected to have a lesser impact on translation of SIADCI1, while

the entire SIADCI-box in SIIM_-108 is deleted, and therefore expected to have a greater impact
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on ADC translation. It was also hypothesised that the double adc-box mutants would have
higher ADC activity compared to WT and to their respective single mutants, as all ADC
transcripts would have perturbed or no ADC-box RNA secondary structures to regulate levels
of ADC translation.

Detached leaves of WT tomato and the above-mentioned tomato adc-box mutants were cold
treated, and an ADC activity assay was conducted, before preparing the samples for LCMS
analysis (section 2.2.5). Ds tryptophan, the internal normalisation control, had no significant
differences between genotypes (Supplementary Figure 17). ADC activities of SI1IM_-108,
SI2M_-13, and the corresponding double mutant, Asladc1/2-box, were all significantly higher
than WT, the SI1C -6 control line, and the less severe SIIM -4, SI2M_+1, and AbrglI-ebe
mutants (Figure 31A). Specifically, ADC activities of SIIM_-108 and S12M_-13 were 4.3-
and 3.8-fold higher than WT, respectively (P-values = 0.0005 and 0.003), while the double
mutant Asladcl/2-box had 10.3-fold higher ADC activity (P-value < 0.0000000); this finding
indicates an additive effect on ADC activity when both SIADC-boxes are mutated. This showed
that ADC activity, and therefore ADC protein abundance, is significantly increased when the
SIADC-box is mutated, demonstrating that the SIADC-box is a repressive element of ADC
protein accumulation in planta. These findings also reveal that only the mutants with larger
adc-box mutations had increased ADC activity, while those with more minor mutations had
largely unaffected ADC activity.

To verify these findings, this ADC activity assay and LCMS analysis was conducted a second
time with all mutants, and then a third time with only WT, SI1M -108, SI2M _-13, and
Asladcl/2-box; these assays are presented in Supplementary Figure 18 and Supplementary
Figure 19, respectively. In each assay, the larger sladc-box mutants SIIM_-108 and SI2M_-13
had significantly higher ADC activity compared to WT or the other smaller sladc-box mutants.
However, the Asladc1/2-box double mutant always had the highest ADC activity with 6.7-fold
and 6.3-fold higher ADC activity compared to WT (Supplementary Figure 18 and
Supplementary Figure 19, respectively).

In general, agmatine and putrescine levels of the sladc-box mutants followed the same trend as
their ADC activity levels. Here, mutants with more severe adc-box mutations had significantly
higher agmatine and putrescine levels compared to WT, SI1C_-6 control, and the mutants with
more minor adc-box mutations (Figure 31B and C, Supplementary Figure 18, Supplementary
Figure 19). The Asladc1/2-box double mutant had the highest agmatine and putrescine levels
of any mutant, with 2.7-fold and 2.1-fold higher levels compared to WT, respectively (P-values
= 0.000003 and 0.0002; Figure 31). Interestingly, despite having higher ADC activity,
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Figure 31: Tomato ADC-box single and double mutants have higher ADC activity compared to WT and altered PA metabolism.

Samples from cold-treated detached leaves of single and double tomato ADC-box mutants were prepared for ADC activity
assays and LCMS analysis of their polyamine profile (n = 6). ADC activity (heavy agmatine) (A), agmatine (B), putrescine
(CO), and arginine (D) levels are shown in nmol/g FW, normalised to Ds tryptophan. WT and the control line (S11C_-6) are
shown in grey, SIADC1-box mutants (SIIM_-4 and SIIM_-108) in blue, SIADC2-box mutants (SI2M_+1 and SI2M_-13) in
yellow, and double SIADC-box mutants (brgl1-ebe and adcl/2-box) in green. An ANOVA, followed by a Tukey HSD test,
was conducted to determine statistical significance; letters displayed above each box indicate significance, where groups with

different letters are significantly different at the o = 0.05 level.

agmatine, and putrescine levels, SIIM_-108, SI2M_-13, and Asladci/2-box did not have
altered arginine levels compared to WT (Figure 31D; Supplementary Figure 19D). This
indicated that either the ADC substrate pool was sufficiently large or was able to be replenished
to counteract the higher ADC activity.

Putrescine, the most abundant PA, is the precursor to spermidine, which can then be
metabolised into spermine (Chen et al., 2019). Despite some mutants having higher putrescine
levels, no significant differences in spermidine or spermine levels were observed in any mutant
compared to WT (Figure 32A and B; Supplementary Figure 19F and G). This suggests that the

impact of mutating the s/ladc-boxes only resonates to putrescine, and not the subsequent PAs.
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Levels of other PA-related metabolites in the tomato adc-box single and double mutants were
also measured. Levels of ornithine, which is the precursor for the second route to PA synthesis
via ODC, were 3.8-fold and 6.4-fold higher in the SI2M -13 and Asladci/2-box mutants
compared to WT, respectively (P-values = 0.00003 and <0.000000, respectively; Figure 32C).
Similar findings were seen in a second assay, but here, SIIM_-108 also had significantly higher
ornithine levels compared to WT (Supplementary Figure 18H). Ornithine can also be converted
into citrulline via ornithine transcarbamylase (OTC; Quesada et al., 1999, Majumdar et al.,
2016) and then further metabolised into arginine (via arginosuccinate), generating a cyclic
arginine metabolic pathway (Winter et al., 2015). Despite observing significantly higher
ornithine levels in some adc-box mutants, citrulline levels were generally not altered by
SIADC-box mutations, apart from the SI2M_+1 mutant (Figure 32D; Supplementary Figure
19I). Putrescine can be acetylated by N-acetyltransferase activity 1 (NATAL) into
acetylputrescine, which interestingly causes reduced H>O»-related defence responses to P.
syringae infection (Lou et al., 2016). Levels of acetylputrescine in SI2M_-13 and Asladcl/2-
box were 1.6-fold and 2-fold higher than WT (P-value = 0.02 and 0.00002, respectively; Figure
32E; Supplementary Figure 19J). Interestingly, despite having 4.3-fold higher ADC activity
compared to WT, no differences in acetylputrescine levels in the SIIM_-108 mutant were
observed. GABA (y-aminobutyric acid) can be produced from putrescine via diamine oxidase
(DOA) and is a key metabolite during for biotic and abiotic stress responses (Li et al., 2021,
Xu et al., 2022b). However, no significant differences in GABA levels were observed
compared to WT, despite some mutants having increased putrescine levels (Figure 32F;
Supplementary Figure 19K).

PAs are not only found in free forms, but a large proportion are also covalently and
noncovalently bound to other moieties in plant cells, greatly expanding and diversifying their
physiological roles (section 1.2; Chen et al., 2019). Agmatine and PAs are covalently
conjugated to HCAs, such as coumaric, caffeic, and ferulic acids, to form phenolamides
(Bassard et al., 2010). Levels of phenolamides were also measured in the same LCMS run to
determine if the increased ADC activity in the tomato adc-box mutants also increased
conjugation to HCAs. Typically, in these LCMS experiments, the m/z ratio of an ionised

analyte and its fragmented daughter ions are predicted and then confirmed using a
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Figure 32: Tomato ADC-box single and double mutants do not have altered spermidine or spermine levels, but levels of
some other PA-related metabolites are altered.

Samples from cold-treated detached leaves of single and double tomato 4DC-box mutants were prepared for ADC activity
assays and LCMS analysis of their polyamine profile (n = 6). Spermidine (A), spermine (B), ornithine (C), citrulline (D),
acetylputrescine (E), and GABA (F) levels are shown in nmol/g FW, normalised to Ds tryptophan. WT and the control line
(SI1C _-6) are shown in grey, SIADC1-box mutants (SIIM_-4 and SI1M_-108) in blue, S/ADC2-box mutants (SI2M_+1 and
SI2M_-13) in yellow, and double SIADC-box mutants (brgl I-ebe and adcl/2-box) in green. An ANOVA, followed by a
Tukey HSD test, was conducted to determine statistical significance; letters displayed above each box indicate significance,

where groups with different letters are significantly different at the o = 0.05 level.
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pure standard. However, as no synthetic PA-based phenolamide standards were commercially
available during this work, it was not possible to confirm that the signal peak is the expected
metabolite. It is also important to note, that without a standard, a calibration curve cannot be
generated to calculate the exact in planta phenolamide concentration. Due to these reasons, the
signal peak area per gram of fresh weight tissue (area/g FW), normalised to the internal
standard (Ds tryptophan) is presented. Levels of coumaroylagmatine and coumaroylputrescine,
but not feruloylagmatine and feruloylputrescine, were increased in the sladc2-box mutants and
the double sladc-box mutants (Figure 33). SI2M_+1, SI2M _-13, and Asladc1/2-box mutants
had 3.6-, 2.8-, and 5.5-fold higher coumaroylagmatine levels compared to WT, respectively
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Figure 33: Levels of certain phenolamide are induced when the tomato ADC2-box is mutated, but not the ADC1-box.

Samples from cold-treated detached leaves of single and double tomato ADC-box mutants were prepared for LCMS analysis
of their phenolamide profile (n = 6). Coumaroylagmatine (A), feruloylagmatine (B), coumaroylputrescine (C), and
feruloylputrescine (D) levels are shown in area/g FW, normalised to Ds tryptophan. WT and the control line (SI1C_-6) are
shown in grey, SIADC1-box mutants (SIIM_-4 and SIIM_-108) in blue, SIADC2-box mutants (SI2M_+1 and SI2M_-13) in
yellow, and double SIADC-box mutants (brgl I-ebe and adcl/2-box) in green. An ANOVA, followed by a Tukey HSD test,
was conducted to determine statistical significance; letters displayed above each box indicate significance, where groups with

different letters are significantly different at the oo = 0.05 level.
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(P-values = 0.005, 0.03, and <0.00000). Levels of coumaroylputrescine were 1.7-fold higher
in both Abrgll-ebe and Aadcl/2-box double SIADC-box mutants (P-values = 0.0053 and
0.0054, respectively). These results demonstrated that the increase in ADC activity caused by
SIADC-box mutations increased levels of certain phenolamides, but only in mutants with a
mutated SIADC2-box.

To check that the observed differences in ADC activity and metabolite levels between the
sladcl/2-box mutants and WT were not due to altered SIADCI/2 transcription or transcript
stability, an RT-qPCR was conducted. Samples from both non-treated tomato leaves and the
cold-treated leaves used for LCMS analysis were taken for RNA extraction and relative
SIADC1/2 transcript levels were measured via RT-qPCR (sections 2.2.3.6 to 2.2.3.8).

No significant differences in SIADCI or SIADC?2 transcript levels of any mutant in either non-

treated or cold-treated conditions compared to WT were found (Figure 34). Therefore, the
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Figure 34: SIADC-box mutations do not significantly affect SIADC transcript abundance.

RNA was extracted from non-treated (A and B) and cold-treated (C and D) WT (grey) and control (1C_-6, grey), SIADC1-
box (blue), SIADC2-box (yellow), and SIADC1/2-box double (green) mutants (n =4) for analysis of SIADC1 (A and C)
and SIADC?2 (B and D) transcript abundance. An ANOVA, followed by a Tukey HSD test, was conducted to determine
statistical significance; letters displayed above each box indicate significance, where groups with different letters are

significantly different at the o = 0.05 level.
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observed differences in metabolic and ADC activity levels of the sladc-box mutants were not
due to altered SIADC transcript abundance, but due to impairment of translational inhibition by
the native ADC-box. Interestingly, in all RT-qPCRs conducted on tomato adc-box mutants,
their SIADC1 and SIADC?2 transcript levels have tended to be lower than WT, but not
significantly, suggesting that some form of negative feedback regulation on SIADCI/2
transcription or transcript stability may be occurring due to higher ADC activity and/or PA

levels.

3.3.1.2 ADC activity and LCMS analysis of single and double tomato uorf mutants

Alongside SIADC-box CRISPR mutagenesis, the uORF of SIADCI and SIADC2 were also
mutated to determine if they influenced SIADC translation in planta. Previously, no significant
difference in transient reporter expression was observed between constructs with an SIADC1
WT or Auorf'5’UTR sequence (Wu et al., 2019). A preliminary LCMS experiment was carried
out to test whether SIADC1/2 Auorf mutants had altered ADC activity or levels of measured
PAs or related metabolites. Here, plants with large deletions spanning the SIADC1/2 uORFs
were used: SIIM_-127, which has a 127 bp deletion spanning the SIADCI uORF (also called
Auorfl); SI12M_-172, which has a 172 bp deletion spanning the SIADC2 uORF (also called
Auorf2); and, a double mutant, Auorfl/2, which was generated by crossing SIIM_-127 and
SI2M_-172 (Figure 11, Figure 12, Table 29). Leaves from 6 replicate plants of each genotype
were cold treated and samples harvested and processed for ADC activity assays and LCMS
measurements (section 2.2.5.3). ADC activity from both single Auorf mutants and the double
Auorfl/2 mutant was approximately half that of the WT (P-values = 0.0045, 0.0133, and
0.0074, respectively; Figure 35A). Although this difference to WT ADC activity was not as
dramatic as the Asladcl/2-box mutant (Figure 31, Supplementary Figure 18, and
Supplementary Figure 19), this result showed that the uORF may also play a role in ADC
translation, but as a positive regulatory element rather than a negative regulatory element like
the ADC-box.

Interestingly, agmatine levels of the Auorf1/2 mutant were 2.8-fold lower than the WT (P-value
=0.0003) and only the Auorf2 single mutant had significantly lower agmatine levels compared
to WT (1.8-fold; P-value = 0.012; Figure 35B). Despite the reduction in agmatine levels,
arginine levels were consistent across all four genotypes, indicating that a reduced ADC
substrate pool was not the cause for the reduction in ADC activity or agmatine levels (Figure
35C). Putrescine, acetylputrescine, and ornithine levels were also significantly reduced in the

Auorf1/2 mutant compared to WT by 1.6-, 2.0-, and 7.4-fold, respectively (P-values = 0.02,
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Figure 35: SIADC Auorf mutants have lower ADC activity and some metabolite levels compared to WT.

Samples from cold-treated detached leaves of WT (grey), AuorfI (blue), Auorf2 (yellow) and the double tomato uorf mutant
(Auorf1/2, green) were prepared for ADC activity assays and LCMS analysis of their polyamine profile. ADC activity (A),
agmatine (B), arginine (C), putrescine (D), acetylputrescine (E), and ornithine (F) levels are shown in nmol/g FW, normalised
to Ds tryptophan. An ANOVA, followed by a Tukey HSD test, was conducted to determine statistical significance; letters
displayed above each box indicate significance, where groups with different letters are significantly different to o = 0.05.
0.00003, and 0.0009, respectively; Figure 35). Other metabolites were also measured, but no
significant differences in their levels were found between the WT and any Auorf mutants
(Supplementary Figure 20). Levels of Ds tryptophan, the internal normalisation control, were
unusually uneven in this assay, where Auorfl/2 levels were 1.6-fold higher than WT
(Supplementary Figure 20E). This experiment was only conducted once and requires further
repetitions to ensure the results observed are consistent.

Overall, these results demonstrate that despite previous transient assays indicating no role for

the SIADCI uORF, stable CRISPR/Cas9-induced mutagenesis of the SI4ADC1/2 uORFs and
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LCMS analysis indicate that the SIADC uORF plays a positive regulatory role in ADC

translation and PA production.

3.3.1.3 Phenotypic analysis of tomato Auorf1/2 and Aadcl/2-box mutants

PAs are essential metabolites involved in a plethora of processes, including plant development
and growth. As ADC is a key regulatory enzyme of PA synthesis, the conserved uORF and
ADC-box are responsible for regulating ADC translation, they may also be responsible for fine-
tuning PA levels at different stages of development. To test the whether the uORF and ADC-
box impact growth and development, a phenotypic evaluation of the Asl/uorf1/2 and Asladc1/2-
box mutants and WT tomatoes was conducted. Here, 20 plants from each genotype were sown
to soil (July 2023) and approximately two weeks later, were transplanted to larger pots and
their genotype confirmed by PCR-amplification (data not shown). After 30, 33, 36, 39, and 42
days after sowing seeds, plant height, leaf number, and the total number of flowers were
measured or counted for each plant (details in section 2.2.1.10 and Supplementary Figure 3).
The Auorf1/2 mutant was shorter and had fewer leaves and flowers compared to WT and the
Aadc1/2-box mutant, with no measured phenotypic differences observed between the WT and
Asladc1/2-box mutant (Figure 36A, B, and C). The internode lengths between leaves were also
measured and again, the Auorf1/2 mutant had shorter internodes than the WT and the Aadc1/2-
box mutant (Supplementary Figure 21). On day 36, photographs of all plants were taken to
show the shorter phenotype of the Auorf1/2 mutant (two replicates shown in Figure 36D). To
ensure that the mutations in the SIADC 5’UTRs did not dramatically alter SIADC! and SIADC2
transcript abundance, RNA was harvested from leaflets of leaf number 2 on day 33 and an RT-
qPCR was conducted (sections 2.2.3.6 to 2.2.3.8). Despite the marked phenotype, the Auorf1/2
mutant did not have significantly different SIADC1 or SIADC?2 transcript abundance, indicating
that the ADC activity and phenotypic changes caused by deleting the uUORF-encoding sequence
altered SIADC translation and not SIADC transcription, at least in the harvested adult leaf tissue
(Figure 36E). Interestingly, despite the Asladc1/2-box mutant having between 6- and 10-fold
higher ADC activity compared to WT (Figure 31, Supplementary Figure 18, and
Supplementary Figure 19), no significant differences in any measured phenotype were found.
Overall, this phenotypic experiment showed that there is no developmental impact of the Aadc-
box1/2 mutations, but deletion of the SIADC1/2 uORFs resulted in smaller plants with fewer
leaves and flowers. This work, alongside the ADC activity assay and LCMS measurement of
PAs, indicates that the SIADCI/2 uORFs may play a positive regulatory role in SIADC

translation, influencing plant growth and development.

117



[+)
©
N

A Plant genotype
40. WT

Aadc1/2-box

Auorf1/2

~
(o)}

Plant height (cm)
w
(=]
Leaf number (cm)
wv
Total flowers (cm)
N

N
(=]
N

w

30 33 36 39 42 30 33 36 39 42 30 33 36 39 42
Days since sowing Days since sowing Days since sowing

D p Auorf1/2  Aadc1/2-box E, ¢ & b a & o

[

Relative SIADC transcript levels
S

N

N

=<

WT  Auorf12 Bbox1/2  WT  Auorf12 Aboxi/2
SIADCT SIADC2

Figure 36: The Auorf1/2 mutant is smaller and has fewer leaves and flowers compared to WT and the Aadc1/2-box mutant.

After 30, 33, 36, 39, and 42 days after sowing seeds, plant height (A), leaf number (B), and flower number (C) of WT (grey),
Auorf1/2 (pink), and Aadc1/2-box (green) tomato plants were measured (n = 20). Shaded area shadowing each line represents
a 95% confidence interval, where any point that the shaded areas of two lines are not covered by one another, they are
statistically significantly different to the a = 0.05 level; when the shaded area is lacking, less than 3 plants had those leaves at
that measurement day. On day 36, photographs of all plants were taken; two representative replicate groups are shown (D).
To verify that changes in SIADCI/2 transcription were not the cause of the altered Auorfl/2 phenotypes, an RT-qPCR of
SIADCI (left) and SIADC? (right) was conducted from RNA extracted from leaf 2 of the first 6 plants on day 33; transcript
levels were normalised to SITIP41 (E).

3.3.2 ADC activity, PA profile, and phenotypes of M. polymorpha ADC-box
mutants

The ADC-box has been conserved since the first land plants (Wu et al., 2019), with a primitive
variant found in the liverwort model plant Marchantia polymorpha, which is considered as a
relative of the first land plants. To determine if the MpADC-box is also a repressive element
for regulating ADC translation, Mpadc-box mutants and control lines with mutations upstream
of the MpADC-box were generated (section 3.1.3). The ADC activity assay and PA
measurement method by LCMS was also optimised for M. polymorpha tissue (section 3.2.10).
M. polymorpha TAK1, Mpadc-box mutants, and control lines were grown on /2 BS media for

3 weeks before being cold treated for 12 hours and harvested for ADC activity assays and
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LCMS analysis (section 2.2.5.3). To ensure the cold treatment induced ADC activity, one
TAKI1 plate was wrapped in tin foil and kept in the climate chamber as a non-treated RT
control. All metabolite levels were normalised to Ds tryptophan, the internal buffer control; no

differences were observed between genotypes (Supplementary Figure 22).
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Figure 37: M. polymorpha ADC-box mutants have higher ADC activity and levels of some PAs and related metabolites.

M. polymorpha TAK1 (grey), control mutants (grey), and Mpadc-box mutants (green) were cold-treated for 16 hours, before
samples were taken and prepared for ADC activity assays and LCMS analysis of the polyamine profile (n = 6). As a negative
treatment control, an additional plate of TAK1 plants was kept at room temperature in the dark (RT; grey; n = 6). ADC activity
(A), putrescine (B), arginine (C), agmatine (D), ornithine (E), and acetylputrescine (F) levels are shown in nmol/g FW,
normalised to Ds tryptophan. An ANOVA, followed by a Tukey HSD test, was conducted to determine statistical significance;

letters displayed above each box indicate significance, where groups with different letters are significantly different to c = 0.05.
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ADC activity of all Mpadc-box mutant plants was significantly higher than TAK1 and the
control lines, of which none had different ADC activity levels to TAK1 (Figure 37A). MpM_ -
8 and MpM_-14 had the highest and second highest ADC activity, being 7.0- and 6.1-fold
higher than TAK1, respectively (P-values <0.0000000). MpM_ -6 had the lowest ADC activity
of all Mpadc-box mutants but was still 3.3-fold higher than TAKI1 (P-value = 0.0007).
Interestingly, cold treatment of TAKI1 for 12 hours only increased ADC activity 2-fold
compared to the non-treated TAK 1, which was not statistically significant (P-value = 0.995),
suggesting that the cold treatment did not influence ADC activity in this experiment.
Regardless, these results demonstrate that mutating the MpADC-box increases ADC activity,
indicating that this primitive 4ADC-box is also a functional repressive element of ADC
translation.

While heavy agmatine is only produced during the 1-hour ADC assay, measurement of total
agmatine includes what was already present in the plant prior to sampling. Here, although all
Mpadc-box mutants have higher agmatine levels compared to TAK1, dramatic differences
between the mutants were observed (Figure 37B). MpM_+14 had the highest agmatine levels,
followed by MpM _-14, and then MpM_+1¢, with 21-, 19-, and 11-fold higher levels than
TAKI1, respectively. MpM_+18 had the lowest agmatine level of the Mpadc-box mutants, with
only 2.7-fold higher levels compared to TAK1. Putrescine levels were increased in all Mpadc-
box mutants, at an average of 3.4-fold higher than TAK1, while none of the control lines were
significantly different to TAK1 (Figure 37C). Interestingly, despite the varied differences in
agmatine levels between the Mpadc-box mutants, putrescine levels were more equal between
the Mpadc-box mutants.

Similarly to the tomato adc-box mutants, no differences in arginine, the substrate of ADC, were
observed (Figure 37D). This indicates that ADC activity and PA production was unlikely to be
limited by insufficient ADC substrate levels. Also like the PA analysis of tomatoes, ornithine
and acetylputrescine levels were higher in some Mpadc-box mutants compared to TAK1 and
the control lines (Figure 37E and F). This suggests that mutating the MpADC-box influences
the wider PA metabolic network, not just the immediate downstream pathway metabolites.
Overall, these results demonstrate that the MpADC-box is a functional repressive element
controlling ADC expression and impacts the levels of some metabolites downstream of the

ADC-catalysed reaction.
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3.3.2.1 Phenotypic analysis of M. polymorpha ADC-box mutants

Phenotypic analysis of tomato Aadc-boxI/2 mutants showed that despite the higher ADC
activity and levels of many PA-related metabolites, no obvious phenotypic differences were
observed (Figure 36). While working with the M. polymorpha CRISPR/Cas9-induced mutant
lines, no obvious and consistent phenotypic differences were observed between the Mpadc-box
mutants and TAK1 and the control mutants (Figure 38). This is consistent with the lack of
altered phenotype of the tomato Aadc-box1/2 mutant; however, no quantitative measurements
were taken for these M. polymorpha plants.

TAK1 C_-1 Cc -4 C_-10

Figure 38: M. polymorpha adc-box mutants do not have any apparent phenotype.
M. polymorpha TAK1, control mutant lines (C_-1, C_-4, C_-10, and C_-30), and adc-box mutants (MpM_+14, MpM_+15,
MpM_+1€, MpM -6, MpM -8, and MpM_-14) gemmae were sterilised, spread onto % B5 plates, grown for 3 weeks, and

photographs were taken.

3.4 Metabolic analysis of tomato ADC and ODC knock out
mutants.

Previously, tomato adcl, adc2, adcladc2, and odcl mutants were generated by CRISPR
mutagenesis (Table 1; Dousheng Wu, Lahaye lab; Wu et al., 2019), but their ADC activity and
PA profile had not been analysed. Since these mutants were generated, the protocol for
preparation of tomato leaf tissue via cold treatment and the ADC activity assay has been
optimised (section 3.2.7), enabling clearer measurement of ADC activity and many other
metabolites above background levels and between genotypes. This therefore provided an
opportunity to measure the ADC activities and PA-related metabolite levels in plants with
reduced ADC/ODC protein levels compared to WT. While the adc-box mutant plants have
provided information on how increasing ADC expression influences the levels of PA-pathway
metabolites, mutants of the ADC coding sequences would inform on what happens when one

or both SIADC proteins are lacking. Analysis of the single sladc-box mutants also suggested
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that SIADC1 and SIADC2 may have unique roles or influences on the PA pathway, as some
metabolite levels were only induced in sladc2-box mutants and not sladcl-box mutants, such
as ornithine, citrulline, and acetylputrescine, as well as the phenolamide, coumaroylagmatine
(Figure 32 and Figure 33). Therefore, conducting an ADC activity assay and PA metabolite
measurement under the same conditions as the Asladc1/2-box mutant assays would provide
more insight into any potential unique roles of each SIADC protein. The double sladclsladc?
mutant was also included in this assay to give insight on how the PA metabolic pathway
functions without ADC proteins; specifically, how the ODC-dependent pathway could
compensate for the loss of ADC proteins. Additionally, the slodc! mutant was included to
elucidate how the PA pathway flux was influenced by ODC enzymes.

All plants were genotyped prior to leaves being cut for the 24-hour cold treatment and harvested
for an ADC activity assay and metabolite level measurement. It is important to note that
sladclsladc2 mutant plants need to be genotyped from a parental line heterozygous for the
sladc2 mutation and homozygous for sladcl, as no flowers or fruits can develop from the
double sladclsladc?2 mutant (Wu et al., 2019). Typically, the double sladclsladc? plants are
much smaller than the single mutants, slodc! mutant, or WT, and struggle to grow past the size
of a 3-week-old plant; no quantitative phenotypic measurements or photographs were taken.
As with other ADC activity assays and LCMS measurements of PA-related metabolites, no
differences in Ds tryptophan were observed between any of the genotypes (Supplementary
Figure 23). No ADC activity was detected from the adcladc2 double mutant, while the single
mutants, adcl and adc2, had ~42% and ~76% ADC activity of the WT respectively, with only
adc1 being significantly lower (P-value = 0.002; Figure 39A). There was no difference in ADC
activity between the odc/ mutant and WT. Despite no ADC activity observed above
background levels, there was a very small agmatine peak in the double adcladc2 mutant
samples, suggesting that agmatine can be generated at very small amounts in the absence of
ADC proteins. The adc single mutants also had lower agmatine levels than WT, but only adc2
was significantly lower by 2-fold (P-values = 0.005; Figure 39B). Arginine, the ADC
substrate, was significantly increased in the adcladc2 double mutant, but not in the single adc
or odcl mutants, suggesting a build-up of the substrate in the absence of a functional ADC
protein (3.3-fold higher with P-value = 0.0002; Figure 39C). This is the only assay where a
difference in arginine levels has been observed. Like arginine, ornithine levels were also
significantly higher in the odc/ mutant, indicating a build-up of the ODC substrate in the
absence of a functional ODC protein (1.4-fold higher with P-value = 0.014; Figure 39D).

Interestingly, ornithine levels were significantly reduced in the single and double adcladc?
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mutants, suggesting higher flux through the ODC-dependent PA pathway in the absence of a
fully functional ADC-dependent pathway. Here, the adcladc? mutant had 5.5-fold lower

ornithine than WT (P-value <0.000001). Putrescine levels were also decreased in the adc2 and
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Figure 39: Tomatoes lacking both ADC proteins have dramatic reductions in ADC activity and altered PA-pathway

metabolism.

Samples from cold-treated detached tomato leaves of WT (grey), single adcl (blue), adc2 (yellow), and double adc (green)
mutants, and the odc mutant (pink) were prepared for ADC activity assays and LCMS analysis of their polyamine profile (n =
6). ADC activity (heavy agmatine; A), agmatine (B), arginine (C), ornithine (D), putrescine (E), acetylputrescine (F),
spermidine (G), spermine (H), citrulline (I), glutamine (J), GABA (K), and cadaverine (L) levels are shown in nmol/g FW,

normalised to Ds trvptophan. An ANOVA. followed bv a Tukev HSD test. was conducted to determine statistical significance:
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adcladc?2 mutants by 2.4- and 5.6-fold, respectively (P-values = 0.001 and 0.00001,
respectively; Figure 39E). Interestingly, no significant difference decrease in putrescine levels
were observed for the odc/ mutant, despite ODC catalysing the decarboxylation of ornithine
to putrescine. Acetylputrescine, which is produced from putrescine by NATAI1, was also
reduced in the adc2 and adcladc2 mutants (P-values = 0.001 and 0.00003, respectively; Figure
39F). Despite changes to agmatine and putrescine levels, no differences in spermidine or
spermine were observed in any of the mutants (Figure 39G and H). Citrulline levels were
significantly higher in both adcladc2 and odcl mutants compared to WT by 2.6- and 1.8-fold,
respectively (P-values = 0.00005 and 0.033, respectively; Figure 39F), possibly indicating
some arrangements to the arginine-ornithine-citrulline cycle in these mutants. Glutamine,
which also links into this cycle, was 2.2-fold higher in the adcladc2 mutant compared to WT
(P-value = 0.00006; Figure 39J). No differences in GABA levels were observed between any
mutant and WT (Figure 39K).

Surprisingly, cadaverine levels were 2.2-fold higher in adcladc2 compared to WT (P-value =
0.00002), while the odcl mutant had 5.4-fold lower levels compared to WT (P-value = 0.003;
Figure 39L). Cadaverine is normally produced by lysine decarboxylase (LDC) from lysine,
using the same co-factor as ADC and ODC, pyridoxyl-5-phosphate (P5P; Tomar et al., 2013).
However, ODC is a promiscuous enzyme that can also decarboxylate lysine to cadaverine,
meaning that the observed changes in cadaverine levels may be due to changes in ODC activity.
In addition to ADC activity and measurement of PAs and PA-pathway related metabolites,
some phenolamide levels were also measured in this experiment. Interestingly, in all identified
phenolamides in this experiment, adc2 and adcladc2 had reduced levels compared to WT,
while adcl never showed statistically significantly different levels (Figure 40). The agmatine-
based phenolamides, coumaroylagmatine and feruloylagmatine, were undetectable above
background levels in the adcladc2 mutant, with even the single adc2 mutant having 12-fold
lower levels feruloylagmatine compared to WT (P-value = 0.003; Figure 40C). Compared to
WT, the adcladc? mutant had 8-, 13-, and 6-fold lower levels of coumaroylputrescine,
feruloylputrescine, and cinnamoylputrescine, respectively (P-values = 0.000007, 0.0002, 0.03,
and 0.0003; Figure 40B, D, and E). These results show that phenolamide levels are severely
reduced in the absence of a functional ADC-dependent PA pathway and that SIADC?2 activity

seems to be the primary contributor to phenolamide production compared to SIADCI.
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Figure 40: Levels of phenolamides are reduced in the absence of SIADC2, and even more reduced when both SIADC1 and
SIADC2 are mutated.

Samples from cold-treated detached tomato leaves of WT (grey), single adc! (blue), adc?2 (yellow), and double adc (green)
mutants, and the odc mutant (pink) were prepared for LCMS analysis of their phenolamide profile (n = 6). Coumaroylagmatine
(A), coumaroylputrescine (B), feruloylagmatine (C), feruloylputrescine (D), and cinnamoylputrescine (E) levels are shown
in area/g FW, normalised to Ds tryptophan. An ANOVA, followed by a Tukey HSD test, was conducted to determine
statistical significance; letters displayed above each box indicate significance, where groups with different letters are
significantly different to o = 0.05.

In summary, ADC activity of mutants lacking one SIADC protein showed decreased ADC
activity, while no activity was detected in the adc/adc2 mutant, indicating that ADC is the only
enzyme capable of catalysing this reaction and one functional SIADC enzyme can somewhat
compensate for the loss of the other. Agmatine, ornithine, putrescine, and acetylputrescine
levels were reduced in the absence of SIADC proteins, while arginine levels were increased in
the double adcladc2 mutant (Figure 39). Interestingly, reduction of these metabolites also
resulted in lower levels of phenolamides (Figure 40). Overall, these results demonstrate the

importance of ADC on the wider network of PA-related metabolites, with SIADC2 possibly

having a greater impact on PA conjugation with HCAs to generate phenolamides.
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3.5 How does the ADC-box fine-tune ADC translation to
maintain PA homeostasis?

3.5.1 Background information and hypotheses

The ADC-box is a repressive cis-element, found to inhibit ADC translation in both transient
reporter assays (Wu et al., 2019) and in planta via ADC activity assays of CRISPR/Cas9-
induced adc-box mutants in tomato, A. thaliana, and M. polymorpha (section 3.3.1, section
3.2.11, and section 3.3.2, respectively). Yet, it remains unclear as to exactly sow the ADC-box
inhibits translation to regulate ADC expression. The ADC-box was predicted to form an RNA
secondary structure, whereby the GC-rich regions pair to form a double stem loop structure,
which obstructs scanning ribosomes (i.e., preinitiation complexes, PICs), causing stalling, and
preventing access to the ADC start codon to initiate translation (Wu et al., 2019). However, it
is logical that this translational repression is not permanent and can be alleviated during periods
of low cellular PAs, increasing ADC translation and PA production to restore PA levels and
maintain cellular homeostasis. Therefore, the ADC-box regulatory mechanism must be
sensitive to cellular PA levels via some form of feedback signal. This signal could trigger the
formation of the ADC-box RNA secondary structure, a conformational change, or increase its
stability so that PICs cannot bypass the ADC-box.

Four feedback signals have been hypothesised and are shown in Figure 41. The first
hypothesised signal is the ADC protein, as it is the direct downstream product of the ADC-box
translational regulation. Some metabolic enzymes have “moonlighting” functions, a term given
to enzymes that have additional roles outside of their primary catalytic function (Castello et al.,
2015; Figure 41 A). Some moonlighting enzymes bind specific mRNAs related to their catalytic
function, thereby regulating translation of the encoded protein and fine-tuning flux through
their metabolic pathway. One such example is the binding of iron regulator proteins (IRP),
which are not only cytosolic aconitase enzymes, but also detect cellular iron levels and regulate
translation of specific mRNAs that contain iron-response element (IRE) RNA secondary
structures (Rouault, 2006; Castello et al., 2015). It is therefore possible that ADC may also be
a moonlighting enzyme, binding to the ADC-box RNA sequence to regulate its own translation.
The second type of hypothesised PA-sensing signal molecule are PAs themselves, or a related
metabolite (i.e., arginine or agmatine) (Figure 41B). This type of translational regulatory
mechanism, where a metabolite binds to an RNA secondary structure to regulate translation, is
called a riboswitch. In the case of the ADC-box, a metabolite would bind to the RNA secondary

structure during periods of high PA availability to either induce a conformational change or the
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A ADC protein Figure 41: Hypothesised mechanisms for
how the ADC-box inhibits ADC translation
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structure’s stability to prevent PIC scanning to the ADC start codon. The third hypothesised
feedback signal is a combination of the ADC protein and a related metabolite interacting with
the ADC-box (Figure 41C). In this hypothesised mechanism, only when a specific metabolite
is in high abundance and binds to the ADC protein, can the complex then interact with the
ADC-box and regulate ADC translation. The final hypothesised PA-sensitive signal molecule
is another protein that is unrelated to ADC or PA metabolism, such as a ribosomal subunit or
an RNA processing protein (Figure 41D). PAs are known to be associated and/or bound to
ribosomes, with specific PAs being required for functionality or regulation of certain
translation factors (Dever and Ivanov, 2018). Therefore, the ability of the scanning PIC to
bypass or unwind the ADC-box secondary structure may be influenced by PA-dependent
translational machinery activities.

The following section investigates the mechanism of how the ADC-box inhibits ADC

translation and to elucidate its feedback signal molecule that senses cellular PA levels.
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3.5.2 Development of a suitable dual reporter assay to interrogate the ADC-
box regulatory mechanism.

Dual reporter assays are commonly used to analyse translational regulatory mechanisms and
are typically based on dual luciferase or fluorophore reporters. These assays rely on two
reporters expressed from one construct. Expression of the first reporter is controlled by the
translational regulatory element in question (e.g., a 5’UTR containing a uORF and/or RNA
secondary structure). The second reporter is constitutively expressed from the same construct
and should not impacted by the translational cis-regulatory mechanism being analysed via the
first reporter. Therefore, this second reporter is used as an internal control for the baseline
expression capability in that system. Expression levels of the first reporter are normalised to
those of the internal control, which accounts for some biological error between replicates and
improves the sensitivity of the assay. An advantage of dual reporter assays is that co-expression
of other proteins or co-delivery of chemicals is possible, enabling the assessment of these on
the translational regulatory mechanism. To investigate the translational regulatory mechanism
of the ADC-box and to possibly identify the PA level-sensitive feedback signal, a sensitive dual

reporter system was required, where other proteins can be co-expressed.

3.5.2.1 Previous dual reporter assays used to study ADC-box regulation.

Previously, a dual fluorophore system was used to determine the impact of the ADC-box and
uORF on downstream translation (Wu et al., 2019). Here, the SIADC1 5°’UTR sequence was
inserted between a 355 constitutive promoter (355p) and a GFP reporter, while a 355p-driven
dsRED construct was used as an internal expression control. However, when this system was
tested during this work, high background autofluorescence prevented the accurate reading of
dsRED fluorescence (internal expression control) and the GFP reporter expression was not high
enough to clearly detect differences between different reporter constructs. Therefore, an
alternative, more sensitive dual reporter system was required for further analysis of the ADC-
box regulatory mechanism.

As mentioned above, dual luciferase assays are commonly used for investigating translational
regulatory mechanisms. Typically, firefly luciferase is used as the test reporter and renilla
luciferase as the internal expression control. These luciferase enzymes convert luciferin to
oxyluciferin in a light-producing reaction that can be detected via a luminometer plate reader
(Gould and Subramani, 1988, Sherf et al., 1996). Using the golden gate toolkit (Binder et al.,
2014), a dual luciferase reporter system was established using the LIla F 4-5 vector backbone.

Using this vector backbone, 5’UTR sequences could be assembled between a 35Sp and a
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luciferase reporter gene, with a 35Sp-driven renilla luciferase control gene, all encoded on a
single T-DNA construct. This dual luciferase reporter plasmid could then be agroinfiltrated
into N. benthamiana leaves and 3 days later, the luminescence measured (section 2.2.4.3).
However, high replicate variation from both reporters, very high renilla expression that
overloaded the luminescence plate reader, and low reproducibility between experiments meant
that this system was also not suitable for further work. Therefore, an alternative, more reliable

dual reporter expression system was required.

3.5.2.2 Generating and testing a golden-gate-compatible pGrDL_SPb plasmid

Many dual reporter systems based on the pGreenllI vector and helper plasmid pSoup (Hellens
et al., 2000, Hellens et al., 2005) have been generated and repeatedly optimised to be robust.
An optimised pGreenll-pSoup dual-luciferase vector system was generated after the discovery
that some plant extracts, including those from N. benthamiana, can inhibit firefly luciferase
activity (Moyle and Birch, 2013; Liu et al., 2014; Moyle et al., 2017). This vector, called
pGrDL _SPb, was modified to have a tomato actin promoter (SlActinp) driving renilla luciferase
and extra restriction sites added for classical cloning. This optimised plasmid was purchased
from Addgene to be used for analysis of the ADC-box regulatory mechanism (reference
number: 83205, www.addgene.org; Moyle et al., 2017).

To enable streamlined cloning with many pre-existing plasmids, the pGrDL SPb plasmid was
cloned to be golden-gate (GG) compatible and have a ccdB cassette in the empty backbone,
meaning that no colonies containing an uncloned backbone following a cut-ligation would
survive. This was completed using a mixture of classical cloning and site-directed mutagenesis,
where the pre-existing 35Sp was removed and replaced with Bsal restriction sites with A-B
overhangs flanking a ccdB cassette; this vector was then called pGrDL SPb (GG) (Figure
42A). To simply insert a single promoter without an additional 5’UTR construct, LI promoter
plasmids with A-B overhangs are required (Binder et al., 2014; Figure 42B). To generate
reporter constructs with a promoter and a 5’UTR driving luciferase expression, an additional
Bsal overhang was created of “7TGGT” to fit between the A-B overhangs (i.e., A [GCGG] —
TGGT — B [TCTG]). Therefore, LI promoter constructs require A-TGGT overhangs, and
5’UTR LI plasmids require 7TGGT-B overhangs to be assembled into the pGrDL SPb (GG)
vector as a 35Sp:5 'UTR:LUC construct (Figure 42C).

To verify that the GG cloning works as expected and to test the functionality of the modified
pGrDL_SPb (GG) plasmid, various reporter constructs were generated. The 35Sp from Binder
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Figure 42: Schematic of Golden Gate-compatible pGrDL SPb (GG) backbone and reporter construct examples.

(A) pGrDL _SPb plasmid (Moyle et al., 2017) was made Golden Gate compatible with A (GCGG) and B (TCTG) Bsal
overhangs (according to Binder ef al., 2014), and ccdB cassette and chloramphenicol resistance genes (CmR; blue) to improve
efficiency of cloning. The B overhang allows for cloning desired promoters or upstream sequences to drive expression of
luciferase (green) with a 35 terminator (dark grey). Constitutive expression of renilla (orange) via the tomato actin promoter
(SlActinp; grey) and Nos terminator (Nost; dark grey) is encoded in the opposite direction to the luciferase gene. Kanamycin
resistance (KanR; mauve) allows for bacterial selection. (B) 355p:LUC construct made via a cut ligation with a 35S promoter
(358p) with A-B overhangs and the pGrDL _SPb (GG) plasmid. (C) 35Sp:5 "UTR:LUC construct made via cut ligation with a
35S5p with A-X overhangs, a 5'UTR with X-B overhangs (red), and the pGrDL_SPb (GG) plasmid.

et al., 2014 was cloned into the pGrDL SPb (GG) vector to generate 35Sp:LUC, enabling a
comparison to the 35Sp:LUC pGrDL SPb plasmid (Moyle et al., 2017; Figure 42B). As a
negative control for luciferase expression, the tight minimal Bs3 promoter (Bs3p) was used to
generate Bs3p.LUC. Finally, SIADC 5°’UTR reporter constructs 35Sp:SIADClwr 5’UTR:LUC
and 35Sp:SIADC2wr 5’UTR:LUC were generated to test the functionality of the new “X”
overhang during plasmid assembly and to eventually investigate translational regulation from
SIADC 5°UTRs (Figure 42C). All cut-ligated pGrDL _SPb (GG) constructs were transformed
into E. coli and correct colonies were selected via colony PCR using primers ESR147 and
ESR215, and the plasmid was verified via Sanger sequencing, then co-transformed into 4.
tumefaciens GV3101 with the pSoup helper plasmid (section 2.2.2.3).

The newly generated reporter constructs in the GG-compatible plasmid, the original
pGrDL _SPb plasmid (containing 35Sp:LUC), and the previously made 35Sp:LUC in the LIl
F 4-5 expression vector (section 3.5.2.1) were each individually agroinfiltrated into M.
benthamiana leaves (section 2.2.1.5). Samples were harvested at 2 dpi and 3dpi to determine
the best day for luciferase and renilla expression and replicate homogeneity. Samples were

extracted and prepared for luminescence measurement (section 2.2.4.3). For each replicate, the
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raw luciferase luminescence was divided by the raw renilla luminescence (i.e., LUC/REN),
and then mean luciferase to renilla calculated.

The newly made GG-compatible vector containing 35Sp:LUC had significantly higher
LUC/REN than the original 35Sp:LUC plasmid (pGrDL_SPb) at both 2 and 3 dpi by 1.35- and
1.46-fold, respectively (Figure 43; P-value = 0.0328 and <0.0001, respectively). While both
constructs have 35Sp:LUC reporters, the 35S promoter assembled into the pGrDL_SPb (GG)
plasmid has an extra 486 bp 5’ compared to that in the original plasmid, as well as a Bsal
overhang near the /uciferase start codon (Supplementary Figure 25); these sequence differences
in the promoters are likely the cause for higher expression in the GG-compatible vector, rather
than the cloning strategy used for the new vector. In contrast to the pGrDL SPb-based
plasmids, mean LUC/REN from the 35Sp:LUC LII construct was significantly lower and had
higher replicate variation in the individual luciferase and renilla measurements (Supplementary

Figure 24). The negative control Bs3p:LUC construct had very low luciferase luminescence at
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Figure 43: Golden gate compatible pGrDL_SPb (GG) plasmid is suitable for investigating translation regulatory mechanisms.
Golden-gate compatible (pGrDL_SPb (GG)) luciferase reporter constructs with a 35S promoter (355p) as a positive control,
Bs3 promoter (Bs3p) as a negative control, and 35Sp-driven tomato ADC 5°UTRs (SIADCI1/2 5°UTR) were generated and
agroinfiltrated into WT N. benthamiana leaves (n = 5). The original pGrDL SPb plasmid (Moyle et al., 2017) with a
358p:LUC reporter, as well as the previously generated 35Sp:LUC construct with an Ll F 4-5 backbone were also
agroinfiltrated in the same manner. After 2 dpi (left) and 3 dpi (right), samples were taken for luminescence measurement.
Luciferase luminescence was normalised to renilla luminescence and LUC/REN is reported here as arbitrary units (AU). An
ANOVA, followed by a Tukey HSD test, was conducted to determine statistical significance; letters displayed above each

box indicate significance, where groups with different letters are significantly different at the o = 0.05 level.
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both 2 and 3 dpi, luciferase, while renilla expression was not significantly different from any
other pGrDL SPb(GG)-based construct (Supplementary Figure 24). Therefore, as the
358p:LUC positive control and Bs3p:LUC negative control constructs produced high and low
levels of luciferase, respectively, that could be easily detected, with low variation between
replicates, the pGrDL_SPb(GG)-based system was deemed suitable for further experiments to
investigate the ADC-box regulatory mechanism. In line with this, the SIADCI and SIADC2
5’UTR reporter constructs both had equal LUC/REN at 2 dpi, while at 3 dpi, 355p:SIADCIwr
5’UTR:LUC had 1.46-fold higher LUC/REN than the SIADC2 5’UTR construct (P-value =
0.00008; Figure 43). These results show that addition of either SIADCI or SIADC2 5°UTR
sequence significantly reduces translation compared to the 35Sp:LUC control, indicating that
both SIADC homologs are indeed regulated translationally. Additionally, most LUC/REN
values were higher at 3 dpi compared to 2 dpi; however, as both time points had luminescence
levels to be easily measured and with low variability between replicates, either time point could

be used for future experiments.

3.5.2.3 Generating and testing functional and catalytically dead SIADC constructs.

To narrow down which moiety is acting as the PA-sensor and feedback signal (Figure 41),
catalytically functional or non-functional SIADC1/2 protein constructs were generated. Here,
it was hypothesised that if the ADC protein binds to the ADC-box, then co-expression of both
catalytically functional and non-functional ADC proteins should repress downstream luciferase
translation from 35Sp:SIADC1/2wr 5’UTR:LUC reporters. However, if an ADC-related
metabolite is required for the ADC-box regulatory mechanism, then repression of luciferase
translation would only occur when a catalytically functional ADC protein is co-expressed.

Additionally, co-expression of other PA-producing enzymes could also help to narrow down
which metabolite (if any) is required for this mechanism. A construct expressing the tomato
ODC enzyme with a C-terminal MYC tag had already been generated (35Sp:SIODC-MYC;
Niels Gallas, AG Lahaye) and could be used to produce PAs in an ADC-independent manner.
Interestingly, the Paramecium bursaria chlorella virus-1 (PBCV-1) genome encodes a
decarboxylase (PBCV-1 DC) that has a distinct peptide sequence from plant ADCs but is
metabolically similar (Shah et al., 2004). PBCV-1 DC is only 372 amino acids long, compared
to the ~600 amino acids of tomato and 4. thaliana ADCs, and shares ~40% sequence homology
to eukaryotic ODCs (Shah et al., 2007). Due to its lack of sequence homology to eukaryotic
decarboxylases and high arginine decarboxylation activity, a construct expressing PBCV-1 DC

was also generated. It was hypothesised that if only the metabolic function of plant ADCs is
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important for the ADC-box regulatory mechanism, then co-expression of PBCV-1 DC should
repress luciferase translation in a similar manner to a plant ADC protein.

The following sections describe the cloning of catalytically functional and non-functional
SIADC constructs and PBCV-1 DC (section 3.5.2.4), as well as testing their expression and

catalytic functionality when transiently expressed in N. benthamiana leaves (section 3.5.2.5).

3.5.2.4 Cloning catalytically functional and non-functional enzyme constructs

Initially, SIADCI and SIADC?2 coding sequences were cloned from tomato gDNA into LI
pUCS7 vectors with C-D Bsal overhangs (Binder et al., 2014). These were used to generate
358p:HA-SIADCI and 35Sp:MYC-SIADC2 constructs, where each SIADC protein is
constitutively expressed and has an N-terminal epitope tag to monitor protein expression via
immunoblotting. While no catalytically dead tomato ADC variants have been published, key
residues essential for catalytic function of 4. thaliana ADC1 have been identified based on
mammalian ODC enzymes (Hanfrey et al., 2001). As eukaryotic ODC and ADC enzymes
belong to the same P5P-dependent amino acid decarboxylase family (group IV; Sandmeier et
al., 1994), the residues used for catalysis in eukaryotic ODC enzymes are likely to be the same
for ADC enzymes. Enzymes in this family dimerise to form two active sites in the dimer
interface (Maruri-Lopez and Jimenez-Bremont, 2017), with a key lysine residue forming a
Schiff base with the enzyme co-factor PSP (K136 in AtADC1) and a cysteine residue involved
in substrate binding (C524 in AtADCI; Hanfrey et al., 2001). The peptide sequences of
AtADCI1, AtADC2, SIADCI1, and SIADC2 were aligned to identify which two SIADC1/2 and
AtADC2 residues correspond to the K136 and C524 AtADCI1 residues essential for catalysis
(Supplementary Figure 26). An area of ~15 amino acids surrounding these two essential
AtADCI residues was identical across all four peptide sequences. The corresponding essential
catalytic residues in SIADC1 were K149 and C540, K156 and C548 in SIADCI1, and K147 and
C537 in AtADC2. These residues were individually mutated in each SIADC to alanine to
generate non-functional mutations; K149A and C540A in SIADCI1 (i.e., SIADClka and
SIADCl1ca) and K156A and C548A SIADC2 (i.e., SIADC2ka and SIADC2ca). To ensure
catalytic function was truly prevented, the mutations were combined to generate SIADCI1
K149A C540A (i.e., SIADClka ca) and SIADC2 K156A C548A (i.e., SIADClka ca) double
mutants. These mutant enzyme sequences were cloned into LII vectors with the same promoter
and epitope tags as the WT constructs (i.e., an HA tag for SIADC1 variants and a MYC tag for
SIADC?2 variants; Figure 44).
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Figure 44: Construct design of epitope-tagged, constitutively expressed SIADC1/2 WT and mutant proteins, and SIODC and
PBCV1-DC proteins.

Constructs for constitutive expression of WT and mutant SIADC1 (blue, A) and SIADC2 (yellow, B), WT SIODC (green, C),
and WT PBCV1-DC (purple D) proteins. 35S promoters and Nos terminators (grey) were used for all constructs. An HA epitope
tag was added to the N-terminus of SIADCI1 and PBCV1-DC proteins, while a MYC tag was used for SIADC2 and SIODC.

As mentioned above, a decarboxylase enzyme encoded by PBCV-1 (PBCV-1 DC) has efficient
arginine decarboxylase activity, but a different peptide sequence to eukaryotic ODC and ADCs.
The PBCV-1 DC peptide sequence was codon optimised for expression in solanaceous plants
and synthesised by GeneScript with golden-gate compatible C-D Bsal overhangs (Binder et
al., 2014). A constitutively expressed, epitope-tagged PBCV-1 DC construct was then
generated (35Sp:HA-PBCV-1 DC:355t). Once all constructs had been verified via Sanger

sequencing, they were transformed into 4. tumefaciens GV3101.

3.5.2.5 Testing expression and enzymatic functionality of enzyme-expressing constructs

Prior to analysing the effect of the WT and mutant SIADC (i.e., SIADC1/2wr, SIADC1/2xka,
SIADC1/2ca, and SIADCI1/2xa _ca), SIODC, and PBCV-1 DC proteins on the ADC-box

translational regulatory mechanism, the in planta expression and expected catalytic activity
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was verified. To find the optimal timepoint for the highest abundance of transiently expressed
proteins, all constructs, alongside a 355:GUS negative control, were agroinfiltrated into WT N.
benthamiana leaves (section 2.2.1.5). At 1, 2, and 3 dpi, samples were taken for western blot
analysis (section 2.2.4.1). All constructs had the most prominent band in the 2 dpi samples
(Figure 45), indicating that at 2 dpi, expression of all proteins was highest and this timepoint
should be used for future experiments.

All constructs were again agroinfiltrated into WT N. benthamiana leaves and after 2 dpi
samples were taken for an LCMS analysis of ADC and ODC activity, as well as measurement
of PAs and related metabolites (sections 2.2.5.3 and 2.2.5.4). As positive and negative controls
for ADC activity, 35Sp:Brgl1-mRFP and 35Sp:GUS constructs were included and protein
expression of SIADC1/2 variants, SIODC, and PBCV-1 DC was verified via western blots
(Supplementary Figure 27); however, myc-tagged SIODC could not be detected in this
experiment.

ADC activity (heavy agmatine) from the SIADClwt and SIADC2wr proteins was 189- and
168-fold higher than the GUS negative control (Figure 46A), demonstrating that the epitope-
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tagged SIADC proteins were functional. No other infiltrated construct had significantly
different ADC activity compared to the negative GUS control, including the Brgl1- and
PBCV1-DC-expressing constructs, which were expected to induce ADC activity. Importantly,
none of the mutant SIADC1/2 protein variants had higher ADC activity that the negative GUS
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Figure 46: Analysis of PA levels from transiently expressed WT and catalytically dead ADCs, ODC, and PBCV1-DC proteins.

After 2 dpi, samples of GUS (grey), Brgl1 (grey), SIADC1 WT and mutant variants (blue), SIADC2 WT and mutant variants
(yellow), PBCV1-DC (purple), and SIODC (green) constitutively expressed in N. benthamiana leaves were harvested for
LCMS analysis (n =6). ADC activity (heavy agmatine; A), ODC activity (heavy putrescine (+6); B), arginine (C), agmatine
(D), putrescine (E), and putrescine generated via ADC during the 1-hour activity assay (heavy putrescine (+4); F) were
measured and normalised to the internal standard Ds tryptophan. An ANOVA, followed by a Tukey HSD test, was conducted
to determine statistical significance; letters displayed above each box indicate significance, where groups with different letters

are significantly different at the o = 0.05 level.
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control, indicating that both mutations were able to prevent normal ADC catalytic activity.
ODC activity (i.e., '*Cs putrescine) was only detected from the SIODC-expressing construct,
demonstrating the expected catalytic activity of this protein (Figure 46B), despite no protein
detected via western blot (Supplementary Figure 27).

PA and related metabolite levels were also measured during this experiment to gain an
overview of how transient over expression of PA enzymes in N. benthamiana impacts the PA
metabolic network. Interestingly, despite the dramatic increase in ADC activity from the
SIADC1/2wr proteins, no difference in arginine levels were observed compared to the negative
GUS control (Figure 46C). However, the SIADC1/2wr variants had significantly lower
arginine levels compared to the SIADC1/2ka _ca proteins (P-values = 0.00989 and 0.00002,
respectively), suggesting that perhaps the catalytically active and inactive proteins
differentially influence the cellular ADC substrate pool.

Agmatine levels were significantly increased upon expression of SIADC1/2wr (Figure 46D),
while putrescine levels were significantly increased upon over expression of Brgll,
SIADC1/2wt, and PBCVI1-DC proteins (Figure 46E). This indicates that although no
significant changes in ADC activity or agmatine levels were observed from over expression of
Brgll and PBCV1-DC proteins, their activity increased putrescine levels 3.3- and 3.7-fold
compared to the GUS negative control (P-values = 0.000008 and 0.0000001, respectively). The
heavy isotopic variant of putrescine (i.e., +4 variant) originating from the heavy arginine
variant was detected also with SIADC1/2wr expression (Figure 46F). This indicates that
overexpression of functional SIADC1/2wt proteins also induces rapid changes to the PA
pathway.

Other metabolites that were increased upon overexpression of SIADC1/2wr proteins were
citrulline, ornithine, and acetylputrescine, while no influence on spermine, glutamine, or
GABA was observed (Supplementary Figure 28). Surprisingly, spermidine levels were
significantly reduced upon Brgl1, SIADC1/2wt, and PBCV1-DC expression by 2.6-, 4.1-, 4.5,
and 4.8-fold, respectively (Supplementary Figure 28A). Previous experiments to over express
ADC, either by Aadc-box mutations (Figure 32) or induction by Brgl1 (Wu et al., 2019), have
never shown any difference in spermidine levels, indicating that something to do with either
N. benthamiana or A. tumefaciens has influenced spermidine levels upon ADC over expression.
Levels of some detected phenolamides were also measured and interestingly, upon SIADClwrt
expression, but not SIADC2wr expression, coumaroylputrescine, feruloylputrescine,
cinnamoylputrescine, and coumaroylspermidine levels were increased (Supplementary Figure

29).
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In summary, transient overexpression of SIADC1/2wr proteins produced high levels of ADC
activity. On the other hand, none of the mutated SIADC1/2 constructs showed any ADC
activity, not only indicating that mutating even one of the essential residues is enough to kill
catalytic function, but that these catalytically vital residues are conserved with AtADC1 and
the mouse ODC. ODC activity was also significantly increased upon expression of SIODC,
indicating that this construct is also functional. Neither Brgl1 nor PBCV1-DC expression
increased ADC activity, but slightly higher agmatine and significantly higher putrescine levels
were observed, suggesting that overexpression of these proteins may have increased ADC
activity, but this was below the detectable limit of this assay. Overall, these experiments
showed that the SIADC1/2 protein variants and SIODC proteins were expressed and function

as expected.

3.5.3 Is the ADC-box translational regulatory mechanism dependent on a
catalytically active ADC protein?

To determine if the catalytic function of an ADC protein is required for the ADC-box regulatory
mechanism, 35Sp:SIADCI1/2wr 5'UTR:LUC reporter constructs were co-infiltrated with either
an empty vector (EV), or a corresponding active (i.e., SIADC1/2wr) or catalytically non-

functional (i.e., SIADC1/2ka ca) protein constructs (Figure 44, Figure 46). In the case of both
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Figure 47: Translation from SIADC 5'UTR reporters is decreased upon co-expression with an active ADC protein, but not a
catalytically dead ADC protein.

Wildtype SIADC1 (blue) and SIADC2 (yellow) 5’UTR reporter constructs were co-infiltrated into N. benthamiana leaves
with either an empty vector (EV), functional SIADC1/2 (i.e., SIADC1/2wr), or catalytically dead SIADC1/2 (i.e.,
SIADC1/2ka _ca) proteins (n = 6). After 2 dpi, samples were taken for luminescence measurement. Luciferase luminescence
was normalised to renilla luminescence and LUC/REN is reported here as arbitrary units (AU). An ANOVA, followed by a
Tukey HSD test, was conducted to determine statistical significance; letters displayed above each box indicate significance,

where groups with different letters are significantly different at the o = 0.05 level.
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SIADCI and SIADC2 5’UTR reporters, co-expression with the corresponding SIADC1/2wt
protein reduced LUC/REN compared to co-expression with EV. Interestingly, no significant
differences between co-expression with EV or the SIADC1/2ka ca proteins were observed
(Figure 47). This finding indicated that the enzymatic function of an ADC protein is required
to inhibit translation and therefore, a functional ADC protein is necessary as or to trigger the
ADC-box regulatory mechanism feedback signal. As positive and negative reporter controls,
358p:LUC and Bs3p:LUC constructs were also included and responded as expected, with high
LUC/REN from the 35Sp:LUC construct and low LUC/REN from the Bs3p:LUC construct
(Figure 47). Interestingly, renilla luminescence was significantly lower from the Bs3p:LUC
reporter compared to all other constructs (Supplementary Figure 30).

To confirm that ADC-dependent translational repression was due to the SIADC-box in the
5’UTR, another experiment was conducted to include an SIADC/Iaadc-box S’UTR reporter
construct. As expected, when co-expressed with an EV, the SIADCIaqdc-box reporter had
significantly higher LUC/REN compared to the SIADC1yrreporter (P-value > 0.00002; Figure
48), demonstrating once more that deletion of the ADC-box increases translation of the
downstream gene. However, upon co-expression of an active SIADClwr protein, LUC/REN
from the SIADC1adc-box reporter was significantly reduced compared to the EV control (P-
value = 0.039), while there was no significant difference in LUC/REN upon co-expression of
EV or the SIADClxa ca protein (P-value = 0.94). This result suggests that the ADC protein-
dependent repression of translation observed in Figure 47 is not due to the ADC-box.

To determine if the ADC protein-dependent reduction of translation may be due to the presence
of the uORF, an SIADClauer 5°’UTR:LUC reporter construct was also included in this
experiment. When co-delivered with the active SIADC1wr protein, no significant difference in
LUC/REN from the SIADC1uorr 5’UTR reporter was observed compared to with EV (P-value
=0.95). Similarly, the SIADCIwr 5’UTR reporter also had no significant change in LUC/REN
upon co-delivery with SIADC1wt compared to EV (P-value = 0.91); these result conflict with
the previous observation of reduced translation from the SIADCIwr 5’UTR reporter in the
presence of an active SIADClwr protein (Figure 47). Interestingly, both SIADCIwt and
SIADC1auorr S’UTR reporters had increased LUC/REN upon co-delivery of SIADClka ca
compared to SIADC1wr, indicating that the active and non-functional SIADCI1 protein variants
differentially affected luciferase reporter expression. However, co-expression of SIADCI1
proteins did not alter renilla expression, indicating that only luciferase expression was

influenced by SIADC1wrt (Supplementary Figure 31).
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Figure 48: Repression of translation upon co-expression of a functional SIADC protein occurs in an ADC 5'UTR element-
independent manner.

SIADC1 5’UTR wildtype (blue), Auorf (pink), and Aadc-box (green) 5 UTR reporter constructs were co-infiltrated into N.
benthamiana leaves with either an empty vector (EV), functional SIADCI (i.e., SIADClwr), or catalytically dead SIADCI1
(i.e., SIADClka ca) proteins (n = 6). After 2 dpi, samples were taken for luminescence measurement. Luciferase luminescence
was normalised to renilla luminescence and LUC/REN is reported here as arbitrary units (AU). An ANOVA, followed by a
Tukey HSD test, was conducted to determine statistical significance; letters displayed above each box indicate significance,
where groups with different letters are significantly different at the o = 0.05 level.

A western blot, detecting HA-tagged SIADC1wtka ca proteins was conducted to ensure even

protein expression (Supplementary Figure 32). Here, the SIADC1wr and SIADClxa ca bands

were of equal intensity when co-delivered with SIADCIwr 5’UTR and SIADC1auer S’UTR

reporters. However, upon co-delivery with the SIADC1aadc-box 5S’UTR reporter, the SIADClwr

band was fainter than all others and the SIADC1xa ca band was much thicker than all others.

It is possible that such differences in protein expression could differentially influence

translational efficiency from the SIADC1aadc-box S’UTR reporter in a manner that was not

imposed on the SIADC1wr and SIADC1auorr 5’UTR reporters.

Due to these inconclusive results and to investigate if this influence on translational efficiency

also occurs with an SIADC2 protein and SIADC2 5’UTR reporters, SIADC2 WT, Auorf, and

Aadc-box 5’UTR reporter variants were generated. In this experiment, WT, Auorf, and Aadc-

box SIADCI and SIADC2 5’UTR reporter constructs were co-delivered with either their
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Figure 49: Functional SIADC1 and SIADC?2 proteins reduce translation in a uORF- and ADC-box-independent manner.

SIADCI (blue) and SIADC2 5°UTR (yellow) wildtype, Auorf, and Aadc-box 5°’UTR reporter constructs were co-infiltrated
into N. benthamiana leaves with either 355:GUS (GUS) as a negative control or with a functional SIADC1/2wr protein (n =
6). After 2 dpi, samples were taken for luminescence measurement. Luciferase luminescence was normalised to renilla
luminescence and LUC/REN is reported here as arbitrary units (AU). An ANOVA, followed by a Tukey HSD test, was
conducted to determine statistical significance; letters displayed above each box indicate significance, where groups with

different letters are significantly different at the oo = 0.05 level.

corresponding SIADC1/2wt protein or a 355:GUS construct as a negative control. Although
not always statistically significant, co-delivery of an SIADC1/2 5’UTR reporter construct with
an active SIADC1/2wr protein reduced reporter expression compared to the GUS control
(Figure 49). The only exception to this pattern was expression from the SIADC2xadc-box 5 'UTR
reporter, which was not affected by co-expression of SIADC2wr. However, the overall
LUC/REN from this construct was unusually high, at approximately 3.5-fold higher than
35S:LUC (co-expressed with 355:GUS); a high expression level was observed when testing
the functionality of the 35S:SIADC2padc-box5 'UTR:LUC construct, but not to this extent (data
not shown). Irrespective of this data point, overexpression of SIADC1/2wr reduced translation
from all other reporters, regardless of the presence or absence of a uORF or SIADC-box, further
supporting the conclusion that this reduction in translation is not dependent on these elements.
Once more, renilla luminescence from each reporter was not statistically different upon co-
delivery of GUS or SIADC1/2wt (Supplementary Figure 33), indicating that only the luciferase
reporter is affected by SIADC1/2wr expression.
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Figure 50: Co-expression of polyamine-related enzymes may influence global transcription or translation processes and
influence read out from 35Sp: LUC-style reporters.

358Sp:LUC (grey), 35S:SIADC1wr 5°’UTR:LUC (blue), and 35S:SIADC1agde-box 5 'UTR:LUC (green) reporter constructs were
co-infiltrated into N. benthamiana leaves with GUS (negative control), SIODC, PBCV1-DC, SIADC2wr, SIADClwr,
SIADCl1ka, SIADClca, or SIADClka ca (n=6). After 2 dpi, samples were taken for luminescence measurement. Luciferase
luminescence was normalised to renilla luminescence and LUC/REN is reported here as arbitrary units (AU). An ANOVA,
followed by a Tukey HSD test, was conducted between samples from the same LUC reporter and not between all other

samples; letters displayed above each box indicate significance, where groups with different letters are significantly different

to a =0.05.

To determine if over expression of other PA-related enzymes impacts luciferase luminescence,
the 35Sp:LUC, 355p:SIADC1wr 5’UTR:LUC, and 355p:SIADC 1 aadc-vox 5 'UTR:LUC reporters
were co-expressed with GUS (as a negative control), SIODC, PBCV1-DC (i.e., the viral ADC-
like protein), SIADC2wt, SIADClwrt, SIADClka, SIADClca, and SIADClka ca proteins.
Interestingly, in this experiment, no reduction in LUC/REN was observed upon co-delivery if
the SIADC1wr and SIADC1 pade-box 5’ UTR reporters with an active SIADC1/2wr protein (Figure
50). However, co-delivery with the catalytically dead SIADC1/2 protein variants increased
LUC/REN, not only from the SIADC1 5’UTR reporters, but also from the 35Sp:LUC reporter.
Renilla expression was not significantly different between any reporter-protein combination
(Supplementary Figure 35), further demonstrating that any impact of SIADC protein variants
on LUC/REN was due to influencing the luciferase reporter. To ensure that equal protein
expression occurred between each reporter, a western blot was conducted detecting SIADC1/2

protein variants, PBCV1-DC, and SIODC (Supplementary Figure 34). Here, protein band
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Figure 51: Co-expression of SIADCIWT reduces expression from MASp:LUC and Ubip:LUC.
35S:LUC, MASp:LUC, and Ubip:LUC reporters were co-expressed with either EV, SIADClwr, or SIADClka ca in N.

benthamiana leaves (n = 6). After 2 dpi, samples were taken for luminescence measurement. Luciferase luminescence was
normalised to renilla luminescence and LUC/REN is reported here as arbitrary units (AU). An ANOVA, followed by a Tukey
HSD test, was conducted to determine statistical significance between all samples (A); letters displayed above each box
indicate significance, where groups with different letters are significantly different at the o = 0.05 level. Ubip:LUC initially
produced luciferase luminescence that overloaded the plate reader, so sample volumes were reduced to enable measurement.
Due to this difference in measurement, results for 35Sp:LUC and MASp:LUC are displayed and statistically analysed
separately as well (B).

densities were overall consistent upon co-delivery with SIADCIwr and SIADC1 aade-box S’UTR
reporters. However, in some cases, co-delivery with 35Sp:LUC produced fainter bands than
the other reporters. Such differences in protein expression cannot be explained.

Overall, these results suggest that the SIADC protein variants may be influencing luciferase
expression and/or luminescence in an ADC 5’UTR-independent manner, indicating that this
reporter might not be suitable to study the translational regulatory mechanism of ADC
transcripts in combination with co-expression of ADC proteins.

From the experiments presented in this section (3.5.3), it remains unclear how the active and
catalytically dead SIADC1/2 proteins influence translation from SIADC 5’UTR reporters or
support a model for how the ADC-box regulatory mechanism may function. In fact, the data
indicate that expression of either active or catalytically inactive SIADC1/2 proteins impact
luciferase expression, but not renilla expression. Thus far, luciferase has been expressed
primarily with a 35S promoter, and renilla by the tomato actin promoter. To determine if the
35S promoter may be influenced by co-delivery with SIADCI1 proteins, two promoter reporter
constructs were generated with either the mannopine synthase (MAS) promoter or Lotus

Jjaponicus polyubiquitin (LjUbi) promoter. The reporter constructs 355p:LUC, MASp:LUC, and
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Ubip:LUC were then co-delivered with either EV, SIADClwr, or SIADClka ca for a dual
luciferase assay. All three promoter reporter constructs showed lower LUC/REN when co-
delivered with SIADClwr compared to EV (Figure 51); however, this was not significant in
the case of the 35S promoter. This indicates that regardless of the promoter, luciferase
expression was affected by SIADClwr expression.

Interestingly, both the MASp:LUC and Ubip:LUC constructs had higher renilla expression
upon co-delivery with SIADC1wr, which was not the case for 355:LUC (Supplementary Figure
36), nor had this occurred in prior experiments. This is unexpected as all constructs have the
same SlActin:REN reporter gene, suggesting that altered transcriptional activity on the T-DNA
due to the different promoters, may influence expression of renilla. A western blot showed that
expression of SIADClwr and SIADClka ca proteins were relatively even when co-delivered
with each reporter and unlikely to be the cause of differential reporter expression
(Supplementary Figure 37). Overall, these results show that out of the three tested promoters,
the 35 promoter was the least affected co-delivery of SIADClwrt and SIADClka ca proteins.
In summary, the pGrDL_SPb (GG) dual luciferase assay system has a straightforward cloning
procedure and the error between biological replicates is low, providing clearly distinguishable
differences between constructs. However, co-infiltration of pGrDL _SPb (GG) reporters with
both catalytically active and inactive SIADC1/2 proteins altered general luciferase expression
when driven by 35S, MAS, or Ubi promoters, obscuring their effect on translation from
SIADC1/2 5°UTRs. Due to this, no clear conclusions or working models could be made as to
how SIADC1/2 proteins influence translation in an 4ADC-box-dependent manner to regulate

downstream translation.

3.5.4 Preliminary analysis of tomato ADC 5°UTR secondary structures using
SHAPE analysis.

Previously, the ADC-box was hypothesised to form an RNA secondary structure based on its
high GC-content. A predicted structure was published for both seedless and seed plants, with
either one or two hairpins, respectively (Figure 52A; Wu et al., 2019). However, this structure
was only computationally predicted and not based on experimental evidence. Therefore, to
support the hypothesis that the ADC-box forms an RNA secondary structure and to know
exactly what conformation it forms, a structure based on experimental evidence was required.
This would overall improve our understanding of how the ADC-box can regulate translation of

ADC and possibly give insights into its mechanism.
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One method of RNA secondary structure determination that combines both experimental data
and computational models is selective 2’-hydroxyl acylation analysed by primer extension
(SHAPE). This technique requires treatment of the living biological sample with an
electrophile (e.g., 2-methylnicotinic acid, NAI), which acetylates 2’-hydroxyl groups of all four
RNA nucleotides depending on their level of local conformational flexibility (i.e., being
unpaired to or unrestricted by another nucleotide, or bound to another moiety). If the nucleotide
has flexibility, it is more likely to act as a nucleophile and form a 2°-O-adduct upon acetylation
with NAI (Deigan et al., 2009, Lucks et al., 2011). These 2’-0O-adducts can then be detected by
primer extension to a single nucleotide resolution with RNA sequencing, as RNA transcriptase
is unable to pass such modified nucleotides. The reads are then analysed by a data analysis
pipeline to determine a SHAPE reactivity score for each nucleotide, essentially quantifying
how available that nucleotide was for acetylation and therefore its flexible or thermodynamic
accessibility (Lucks et al., 2011). Based on these scores and neighbouring nucleotides, an RNA
secondary structure can be computationally modelled with very high accuracy (i.e., 97%;
Deigan et al., 2009).

As SHAPE analysis requires a substantial amount of technical and computational knowledge,
a collaboration with Dr Yiliang Ding (John Innes Centre, UK), a specialist in SHAPE analysis
of plant tissues, was established. The Ding laboratory were able to provide images of
preliminary RNA secondary structures for SIADCI and SIADC2 5’UTRs using RNA extracted
from tomato flowers and mature green fruits. It was hypothesised that although the SIADC1/2
5’UTRs only share 65% sequence identity (Supplementary Figure 38), the high sequence
conservation of their ADC-boxes would enable a common structure to be elucidated. The ADC-
box RNA secondary structures of both SIADC1 and SIADC?2 from both tissues formed triple
hairpin structures with the same GC-rich sequences forming the same stem structures (Figure
52B-E; original images shown in Supplementary Figure 39). Interestingly, the central stem
loop of these SHAPE-derived ADC-box structures correspond to the same highly conserved
GC2 and GC3 regions predicted to form a hairpin in both the seedless and seed plants by Wu
et al., 2019; this sequence is highlighted in blue in all structures (Figure 52).

Overall, these results indicate that in tomato flowers and mature green fruits, the SIADC1/2-
boxes form a triple stem loop structure, with the central hairpin corresponding to the most

highly conserved GC-rich regions.
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Figure 52: RNA secondary structures of SIADCI and SIADC2 ADC-boxes.

Previously Wu et al., 2019 published computationally predicted structures of the ADC-box consensus sequence from seed
and seedless plants (A). SHAPE analysis, which uses experimental data that informs computational models to generate highly
accurate RNA secondary structures, was used to determine the SIADC1-box (B, C) and SIADC2-box (D, E) structures from
RNA harvested from tomato flowers (B, D) and mature green tomato fruits (C, E); SHAPE analysis was conducted by Yiliang
Ding’s laboratory (John Innes Centre, UK). The ADC-box sequence is highlighted in orange and central conserved hairpin,

corresponding to sequences designated as GC2 and GC3 regions by Wu et al., 2019, highlighted in blue.
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3.6 Approaches to study the impact of R. solanacearum RipTAL
effectors

3.6.1 Background information for developing approaches to investigate the
role of R. solanacearum RipTAL effectors.

During this work, we aimed to develop experimental approaches to investigate the functional
relevance of RipTAL-induction of host ADCs during R. solanacearum infection. Previous
work had found no growth-promoting benefit for strains containing the RipTAL Brgll
compared to a Abrgll knock out strain using soil-drench or leaf infiltrated growth assays
(section 1.5; Wu et al., 2019). It was hypothesised that perhaps R. solanacearum boosts host
PA levels to inhibit growth of niche microbes in a ternary interaction (i.e., pathogen-plant-
microbe; Wu et al., 2019). However, it is also possible that RipTALs play another role, but this
was not observed due to the experimental procedures used (described in section 1.5.4).
Therefore, alternative approaches and biological tools were developed during this work with
the aim of specifically detecting, monitoring, and isolating transcripts from cells that receive
Brgll at an early infection stage. Through these tools, we aimed to specify into which cell
types R. solanacearum injects Brgl1 during the initial infection stages, and if these cell types
had any Brgl1-dependent morphological or transcriptional changes. Two approaches were
initiated along this line. Firstly, a Brgl 1-inducible fluorophore and GUS reporter construct was
generated to specifically visualise and isolate nuclei from host cells that receive Brgll.
Secondly, a construct that produces epitope-tagged ribosomes in a Brgl 1-inducible manner to
enable affinity-purification of ribosome-bound transcripts only from root cells that receive
Brgl1 was also used. These tools are explained and presented in section 3.6.2 below.

In addition to these cellular-focused approaches, alternative methodologies were needed to
investigate the metabolic and microbiome-related consequences of overexpressing ADC. It is
not feasible to harvest sufficient quantities of Brgl 1-receiving host cells during the early stages
of infection to measure their PA metabolic profile due to the limitations of the LCMS (i.e., at
least 25 mg of tissue is required to detect and accurately measure PAs and related metabolites
with the current protocols). Similarly, it would be challenging to determine changes to the
microbial community in only the local area surrounding root cells that were injected with
Brgll. To circumvent these technical challenges, overexpression of Brgl1/ADC in all root
cells would enable both metabolic and microbiome analyses in root tissue. Experimental

approaches that were developed for these purposes are presented in section 3.6.3.
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3.6.2 Tools to investigate the impact of Brgll at the cellular level in roots.

Two transgenic approaches were established for the purpose of detecting and isolating
transcripts from root cells that receive Brgl1 during R. solanacearum infection. The first is a
fluorophore-based approach, enabling the visualisation of cells that receive Brgll and
subsequent isolation of the nuclei of these cells to study their transcriptome; work on this
approach is presented in section 3.6.2.1. The second approach is based on purification of
ribosomes and their associated transcripts from cells that receive Brgll via Translating

Ribosome Affinity Purification (i.e., TRAP or RiboTRAP), presented in section 3.6.2.2.

3.6.2.1 Fluorophore-based reporter to visualise and capture root cells injected with

Brgll.

To visualise and specifically capture root cells/nuclei that receive Brgll during R.
solanacearum infection, Brgl1-inducible reporter construct was developed that encodes a
nuclear-targeted fluorophore and GUS (Figure 53A). To ensure that only the cells injected with
Brgll express the reporter, the promoter containing a Brgl1-compatible EBE (Brgl1 EBE)
must be very tight, with no transcription in the absence of Brgl 1. For this purpose, the minimal
promoter of the pepper resistance gene Bs3 was used (Romer et al., 2009). Bs3 encodes the
Bs3 protein, which causes cell death upon translation, and therefore, the Bs3 promoter must be
very tight when Bs3 protein is not required. Previously, the Brgl 1-EBE sequence was cloned
into this promoter (de Lange et al., 2013, Schandry et al., 2016), so that transcription can be
specifically activated only upon bacterial delivery of Brgll. The Bs3 promoter naturally
contains the EBE for AvrBs3, a TALE protein from Xanthomonas, but can also tolerate the
introduction of multiple EBESs for other TALEs, whilst remaining a tight promoter (Romer et
al., 2009). The EBE from RipTAL IV-2 was also introduced into this Bs3 promoter, enabling
transcriptional activation following delivery of RipTAL IV-2 (Figure 53A). Due to differences
in the RipTAL IV-2 RVDs, this RipTAL cannot bind to the native Brgl1 EBE and therefore
does not activate the endogenous ADC genes of Solanaceous or Brassica species (de Lange et
al., 2013; Gallas et al., 2023). Therefore, AvrBs3 and RipTAL IV-2 can be used to activate
transcription of the reporter, but not the endogenous ADC genes, thereby acting as negative
controls for the ADC-inducing activity of Brgl1. However, as AvrBs3 has known endogenous
targets (Kay et al., 2007) and RipTAL IV-2 may have unknown off targets (i.e., not the Brgl1
EBE or reporter transgene), AvrBs3, RipTAL IV-2, and a dTALE targeting the Bs3 promoter

may all need to be used in combination as negative controls.
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While a tight promoter that can be specifically activated upon Brgl1 injection is important, it
is also essential that the reporter output be very apparent and discernible from the surrounding
cells that did not receive Brgl1. As it is hypothesised that only a small number of cells are
injected with Brgl1 during the early stages of infection, the reporter must clearly highlight
these cells for easy identification; for this purpose, both fluorophore and histological staining
reporters were used. Specifically, two nuclear-localised mCerulean3 fluorophores, with distinct
nucleotide sequences and introns, were designed and synthesised (GenScript). mCerulean3 was
selected as it was reported to be 20% brighter than similar fluorophores (i.e., mTurquoise;
Markwardt et al., 2011), and it emits at 475 nm, allowing for additional fluorophores emitting
in the green, yellow, and red spectrums to be used as additional reporters if needed.
Additionally, introns were included to improve expression and reduce the risk of silencing and
avoid expression within 4. tumefaciens during transient experiments in N. benthamiana leaves.

The mCerulean3 fluorophores were targeted to the nucleus to increase the intensity of

A

3x EBEs
—EI[I::> NLS mCerulean3

tagRFP LTi6b | 355t NOSp

NLS mCerulean3

Figure 53: Brgll mCerulean3/GUS reporter
construct is specifically activated in the presence of
Brgll.

(A) The Brgll mCerulean3/GUS reporter
construct; minimal Bs3 promoter, containing EBEs
for AvrBs3, Brgll, and RipTAL IV-2, drives
expression of two nuclear-localised, intronised
mCerulean3 fluorophores and an intronised GUS,
separated by a self-cleaving T2A peptide. A
constitutively expressed tagRFP with a plasma
membrane localisation signal (LTi6b) and a
kanamycin-resistance gene cassette were also
included in this T-DNA. (B) This reporter was
transiently expressed in WT N. benthamiana leaves
with water or an RFP-tagged Brgl1. GUS staining
and confocal microscopy was conducted at 2dpi;

autofluorescence (green), RFP (magenta), and

Brg11 mCerulean3/GUS reporter

mCerulean3 (cyan).
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fluorescence by localising all expressed fluorophore to a small cellular compartment.
Additionally, nuclei from these cells can be specifically isolated using the fluorophore, via
Fluorescence-Activated Nuclei Sorting (FANS) and RNA extracted from these nuclei can be
sent for RNA sequencing to determine the transcriptional impacts of Brgl1 in the effector-
injected root cells.

Furthermore, to enable visualisation of root cells that receive Brgl1 in whole root tissue, this
reporter also contained an intronised GUS gene linked to the mCerulean3 fluorophores via a
T2A self-cleaving peptide (Figure 53A). Staining whole R. solanacearum-infected roots for
GUS activity would enable fast and sensitive identification of where in the root effectors are
injected during infection. In subsequent experiments, these areas in the root could be more
closely analysed via confocal microscopy. Additionally, the GUS reporter provides an easy
and sensitive screening method for identification of good candidate transgenic lines.
Alongside the Brgl1 reporter construct described above, a constitutively expressed, plasma
membrane localised red fluorescent protein (tagRFP-LTi6b) was also included in this construct
(Figure 53A). As Solanaceous roots are rather thick and less permissive to cell wall or plasma
membrane stains such as propidium iodide (PI), labelling the plasma membrane may ease the
visualisation and identification of the root cell borders during microscopy. It was also thought
that as R. solanacearum infection causes cellular morphological changes and root tissue
damage (Xue et al., 2020), the ability to use stains such as PI to visualise individual cells may
be impeded.

Finally, a constitutively expressed neomycin resistance gene was included in the T-DNA to
allow for in planta selection of transformed plants (Figure 53A). These constructs were all
assembled to form a single T-DNA construct, termed the Brgl1 mCerulean3/GUS reporter,
and transformed into A. tumefaciens GV3101 (Supplementary Figure 40; Binder et al., 2014).
To test if the Brgll mCerulean3/GUS reporter construct functions as expected, it was
agroinfiltrated into WT N. benthamiana leaves with either water or an A. tumefaciens strain
carrying a constitutively expressed RFP-tagged Brgl1 (made by Dousheng Wu, Lahaye Lab).
As a negative control for reporter expression, the Brgll-containing A. tumefaciens was
infiltrated alone. After 2 dpi, samples were taken for GUS staining and for confocal microscopy
(sections 2.2.4.4 and 2.2.4.5; Figure 53B). Leaves infiltrated with Brgl 1-RFP alone showed no
GUS staining, but nuclear localised RFP, indicating that the Brgl 1-RFP was expressed and
correctly localised to the nucleus. The Brgl1 mCerulean3/GUS reporter co-infiltrated with
water showed no GUS staining and no nuclear localised mCerulean3 fluorescence, while

having plasma membrane localised RFP. This demonstrated that the Brgl1 mCerulean3/GUS
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reporter was expressed, but due to the lack of Brgl1, no mCerulean3 nor GUS transcription
occurred from the tight Bs3 promoter. Upon co-infiltration with Brgl1, both strong GUS
staining and bright nuclear-localised mCerulean3 fluorescence were observed. Therefore,
based on these results and additional repetition experiments (data not shown), the Brgll
mCerulean3/GUS reporter was found to be a highly specific and intense reporter for the
presence of Brgl1, whilst clearly outlining each cell due to the RFP-labelled plasma membrane.
The Brgll mCerulean3/GUS reporter was then stably transformed into A. thaliana, N.
benthamiana, and tomato, as all three species can be infected with R. solanacearum, but each
provide their own distinct experimental benefits and limitations. Although A. thaliana is not a
native R. solanacearum host, it can be infected in an experimental setting and comes with the
advantage of having abundant genetic resources and published literatures that may be required
for subsequent work. N. benthamiana was transformed with this reporter construct as it is a
close relative of tobacco (a natural R. solanacearum host), can be transiently transformed with
A. tumefaciens, and used for confocal microscopy with low levels of background
autofluorescence. Tomato was also transformed with the Brgl1 mCerulean3/GUS reporter
construct as it is an important commercial crop and a common model species for Ralstonia
research. However, due to issues with the transformation procedure, no transgenic tomatoes
were identified during this work. The following sections describe identification of candidate

N. benthamiana (section 3.6.2.1.1) and A. thaliana (section 3.6.2.1.3) lines.

3.6.2.1.1 Selection of candidate N. benthamiana containing the Brgl I-inducible reporter.

N. benthamiana plantlets that had grown from cali on kanamycin containing media were
transferred to soil and grown in the greenhouse (section 2.2.1.4). Once established, samples
were taken from each plant for gDNA extraction and a PCR for the presence of the transgene
was conducted using primers CKP46 and ESR41 (sections 2.2.3.5 and 2.2.3.2).

The plants with a positive PCR band for the Brgl 1 mCerulean3/GUS reporter transgene, were
infiltrated with A. tumefaciens carrying an RFP-tagged Brgll to induce activation of the
transgene reporter. After 2 dpi, samples were taken for GUS staining from both the Brgl1-
infiltrated leaf area and a non-infiltrated area. Samples were also taken for confocal microscopy
at 2 dpi to check for Brgll-activated nuclear-localised mCerulean3 fluorescence and the
plasma membrane-localised RFP. GUS staining and confocal images from a selection of T0
generation plants have been shown in Figure 54. Many plants, such as plants 3.5 and 6.2, show
very little, if any GUS staining, and no visible nuclear-localised mCerulean3 fluorescence,

despite expression of Brgl1 (observed by red nuclear fluorescence), and were not used for
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Figure 54: Selection of candidate TO Brgl1 mCerulean3/GUS reporter N. benthamiana lines via GUS staining and confocal

microscopy.

TO generation Brgl1 mCerulean3/GUS reporter N. benthamiana lines were agroinfiltrated with an RFP-tagged Brgl1. After
2 dpi, samples were taken from both Brgll-infiltrated and non-infiltrated (NI) leaves for GUS staining and confocal
microscopy; autofluorescence (green), RFP (magenta), and mCerulean3 (cyan). A selection of 12 TO plants have been shown
here. White arrows highlight a representative nucleus with mCerulean3 fluorescence in the confocal images; if no arrow is

shown, no mCerulean3 fluorescence was seen in this line.
further analysis. Alternatively, plants such as plant 1.1, 25.1, and 33.1 had clear GUS staining
only in the Brgl 1-infiltrated samples, as well as nuclear-localised mCerulean3 fluorescence,

but no plasma membrane localised RFP fluorescence was observed. However, some lines

showed clear GUS and mCerulean3 expression in the Brgl1-infiltrated samples as well as
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Figure 55: mCerulean3 detection via western blot was possible for selected TO candidate Brgll mCerulean3/GUS N.

benthamiana lines.

2 dpi of RFP-tagged Brgl1, samples from TO Brgl1 mCerulean3/GUS reporter N. benthamiana lines were taken for western
blot, alongside controls of transiently expressed Brgl1 mCerulean3/GUS reporter with either empty vector (EV) or Brgl1.
Samples were run on a 10% SDS-PAGE gel, transferred, and blots were incubated overnight with anti-GFP-HRP conjugated
antibody. Top image was exposed for 1.5 minutes, and middle image exposed for 2.5 minutes. Bottom image shows ponceau

stain of total protein. The double mCerulean3-GUS is expected to be 129 kDa, reduced to 58 kDa after T2A cleavage of GUS.

plasma membrane localised RFP (e.g., plants 6.3, 7.1, 13.1, 38.2, 45.1, and 60.1); these lines
were considered ideal candidate lines for future experiments.

A western blot was also conducted on a selection of lines agroinfiltrated with Brgl1-RFP to
detect mCerulean3 expression and determine if the T2A peptide was efficiently cleaving off
the GUS peptide (section 2.2.4.1). As mCerulean3 is a derivative of GFP, anti-GFP antibodies
were used. As a positive control, the Brgl1 mCerulean3/GUS reporter construct was co-
delivered with Brgl1-RFP. As a negative control, the Brgl1 mCerulean3/GUS reporter was
agroinfiltrated with an EV. Bands between 55 and 70 kDa could be detected in the positive
control, as well the selected candidate N. benthamiana lines, but not the negative control when
the blot was exposed for 1.5 minutes (Figure 55, upper blot). When exposing the blot for 2.5
minutes, faint bands between 130 — 170 kDa were observed (Figure 55, lower blot). The double
mCerulean3-T2A-GUS polypeptide has an expected size of 128 kDa, while after T2A self-
cleavage, the expected size of the double mCerulean3 polypeptide is expected to be 58 kDa.

From these blots, the molecular weight of these bands seems slightly larger than expected.

153



Regardless, this blot indicates that the T2A peptide is functional and the majority of detected
mCerulean3 is approximately the size of the GUS-cleaved double NLS-mCerulean3.

In total, from the 37 transformant plants tested, 26 lines had positive GUS staining following
agroinfiltration with Brgll. Of these plants, 18 also had nuclear localised mCerulean3
fluorescence, with only 10 of these having plasma membrane localised RFP fluorescence (i.e.,
plants 1.1, 6.3, 7.1, 13.1, 23.1, 35.1, 38.2, 45.1, and 60.1). These good candidate lines, as well
as some additional lines that had Brgl 1-dependent GUS staining and mCerulean3 fluorescence,
but no plasma membrane localised RFP, were kept for seed production.

Seeds from 7 selected candidate lines were sown out for subsequent testing in the T1 generation
(i.e., lines 1.1, 6.3, 13.1, 23.1, 38.2, 45.1, and 60.1); the work in this generation was done with
the help of Sruthi Sunil. In this generation, the transgene is expected to segregate as TO
transformants are heterozygous. Therefore, ~20 plants from each line were transplanted to
individual pots and their gDNA extracted for PCR detection of the transgene. Plants that had a
positive PCR band, indicating the presence of the transgene (either heterozygous or
homozygous), were kept, while the ~% of plants from each line lacking the transgene were
discarded. The plants from these 7 lines were subsequently infiltrated with A. tumefaciens
carrying RFP-tagged Brgl 1 and samples were taken for GUS staining and confocal microscopy
at 2 dpi. All lines had positive GUS staining following agroinfiltration with Brgl1 (Figure 56).
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Figure 56: N. benthamiana Brgl1 mCerulean3/GUS reporter line 38.2 is the most promising candidate line in the T1
generation.

T1 generation progeny of candidate TO Brgl1 mCerulean3/GUS reporter N. benthamiana lines were infiltrated with RFP-
tagged Brgl 1. After 3 dpi, samples were taken for GUS staining, alongside non-infitlrated samples. Transient expression of
the Brgl1 mCerulean3/GUS reporter with either H,O or Brgl1 in WT N. benthamiana demonstrate Brgl1 functionality and
GUS staining.
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However, many lines also showed GUS staining in samples that were not infiltrated (NI),
indicating some leaky expression of the Brgl1 mCerulean3/GUS reporter in the absence of
Brgll. Only line 38.2 had no GUS staining in the non-infiltrated samples, whilst showing
strong Brgl1-dependent GUS staining and mCerulean3 fluorescence, and plasma membrane
localised RFP expression. Therefore, line 38.2 was considered as the best candidate line for
further analysis.

To identify which T1 generation plants of line 38.2 were homozygous for the transgene, seeds
from T1 plants #3, #8, #14, and #15 were sown for segregation analysis. These plants had
positive PCR bands for the transgene in the T1 generation, yet only by genotyping the T2
generation can the transgene zygosity of the T1 generation be determined. Therefore, 20
descendent plants from line 38.2, T1 generation plants #3, #8, #14, and #15 were genotyped
for the transgene using the same method as for the TO transformants. A positive PCR band was
observed in all progenies of plants #8 and #15 (data not shown), indicating that these lines were

most likely homozygous in the T1 generation and can be used for future experiments.

3.6.2.1.2 Activation of Brgll mCerulean3/GUS reporter by R. solanacearum

Unlike tomato and 4. thaliana, the commonly used R. solanacearum reference strain GMI1000
cannot grow in tobacco species, such as N. tabacum and N. benthamiana. Two type Il secretion
system effectors, avrA and popPl, are recognised by these host species, producing a
hypersensitive response (HR) and prevent wilting (Poueymiro et al., 2009). Removing both
avrA and popP1 (strain GRS473) restores the ability of GMI1000 to grow in N. tabacum and
N. benthamiana and cause the characteristic bacterial wilt disease symptoms. As this strain is
a GMI1000 mutant, it contains Brgll, so can be used for activation of the Brgll
mCerulean3/GUS reporter in N. benthamiana without causing an HR. This strain was kindly
donated to the Lahaye laboratory by Stéphane Genin (CNRS, Toulouse, France).

N. benthamiana leaf infections of R. solanacearum had not previously been carried out in the
Lahaye laboratory conditions. Initial experiments were conducted, infiltrating WT N
benthamiana leaves with R. solanacearum strains GMI1000, GRS473, and K60 (another strain
gifted by Stéphane Genin that can infect N. benthamiana, but does not contain a RipTAL,;
Poueymiro et al., 2009, Schandry et al., 2016). These experiments aimed to find an infection
strategy and time point that produced healthy appearing leaf tissue, that would be able to
express the Brgl1 mCerulean3/GUS reporter.

Firstly, strains GRS473 and K60 were infiltrated at ODgoo 0.01 and 0.001, and GMI1000 was
infiltrated at ODsoo 0.001. After 4 dpi, GMI1000 produced a strong HR phenotype, while no
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Figure 57: R. solanacearum strains GRS473 and K60 induce water soaking in WT N. benthamiana leaves, but do not produce
an HR like GMI1000.

R. solanacearum strains GRS473 (GMI1000 lacking avr4 and popPI), and K60 were infiltrated into WT N. benthamiana
leaves at an ODgg of either 0.01 (left leaf) or 0.001 (right leaf) (n = 4). GMI1000 was infiltrated at an ODggo of 0.001 on all
leaves. After 4 dpi, leaves were photographed; one representative replicate is shown here.

HR was seen for GRS473 or K60 strains at either ODsoo (Figure 57). However, water soaking
was observed where GRS473 had been infiltrated, and to a lesser extent in the areas of K60
infiltration. In a second experiment a higher inoculum of ODeoo 0.1 of R. solanacearum strains
GMI1000, GRS473, and K60 was used to infect WT N. benthamiana leaves. After only one
day, an HR could be seen where GMI1000 was infiltrated, but areas where GRS473 and K60
were infiltrated appeared as the healthy, non-infiltrated tissue (data not shown). These results
confirm previous findings that removal of avr4 and popPI from GMI1000 prevents HR
(Poueymiro et al., 2009). Additionally, these results show that a low inoculum of GRS473 leads
to disease symptoms after 4 days, and a high GRS473 inoculum of ODsgo 0.1 can infiltrated
without any apparent effects after 1 dpi.

To test whether delivery of Brgl1 by R. solanacearum could activate expression of the Brgl 1
mCerulean3/GUS reporter, transient expression of the reporter by A. tumefaciens and co-
inoculation with either GMI1000 or GRS473 was conducted. Recently, a method for co-
inoculation of N. benthamiana with A. tumefaciens and R. solanacearum was published,
whereby A. tumefaciens was infiltrated at ODsoo of 0.2-0.5 24 hours before infiltration of R.
solanacearum (Yu and Macho, 2021). However, as this method aimed to measure R.
solanacearum growth, the initial R. solanacearum inoculum was very low (i.e., 1 x 10° cfu/mL,
or ODgoo 0.0004). After some trial experiments, agroinfiltration of the Brgl1 mCerulean3/GUS
reporter at ODsoo 0.4 and then infiltrating R. solanacearum at ODgoo 0.4, 24 hours later was

found to work best (Figure 58). A. tumefaciens delivery of Brgl1 caused GUS staining at 2 dpi,
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while no GUS staining was observed when water or the empty vector control was infiltrated
with the reporter (Figure 58A). When GRS473 was infiltrated where the Brgll
mCeruelan3/GUS reporter was expressed, GUS staining was observed after 1 and 2 dpi (Figure
58B). GMI1000 WT also activated GUS expression, but to a lesser extent. Both GMI1000 WT
and the Abrgl1 GMI1000 mutant strain caused HR (i.e., brown leaf tissue). No GUS staining
was observed in the absence of the Brgl1 mCerulean3/GUS reporter (Figure 58B). Overall,
these results show that R. solanacearum GRS473 strain can activate expression of the Brgl1
mCerulean3/GUS reporter when it is transiently expressed in WT N. benthamiana by A.
tumefaciens.

Next, an experiment to test if R. solanacearum GRS473 could also activate the Brgll
mCerulean3/GUS reporter in stably transformed N. benthamiana plants was conducted.
GRS473 was infiltrated at either ODgoo 0.1 or 0.4 into previously genotyped and phenotyped
T2 generation progeny of the Brgl1 mCerulean3/GUS reporter line 38.2 (section 3.6.2.1.1),
alongside WT N. benthamiana as a negative control. Samples were taken for GUS staining at
1, 2, and 3 dpi to determine the optimal infection procedure for transgene activation. GUS

staining was observed in samples infiltrated with ODgoo 0.4 after 1 dpi in all transgenic lines,
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Figure 59: Activation of the Brgl 1 mCerulearn3/GUS reporter in stable transgenic N. benthamiana lines by R. solanacearum
GRS473.

R. solanacearum GRS473 was infiltrated into WT N. benthamiana and the T2 generation progeny of the Brgll
mCerulean3/GUS reporter line 38.2 leaves at an ODggo of 0.1 and 0.4. After 1, 2, and 3 dpi, samples were taken for GUS
staining. As a positive control for GUS staining, 35Sp: GUS was agroinfiltrated into WT leaves and harvested at 3 dpi.

but most prominently in line 38.2 #8 (Figure 59). After 2 dpi, faint GUS staining was observed
when infiltrated with either an ODgoo 0.1 or 0.4 in lines #8, #14, and #15. However, during this
infection, the leaves began to look necrotic at 2 dpi, and by 3dpi, it was challenging to cut clean
leaf samples due to the water soaking and necrosis, and no GUS staining was observed in the
transgenic lines at 3 dpi. Overall, the positive GUS staining seen at 1 dpi indicates that R.
solanacearum GRS473 can activate the Brgll mCerulean3/GUS reporter from stable
transgenic lines. However, these results demonstrate that further efforts to standardise and

improve R. solanacearum infection in N. benthamiana leaves may be required.

3.6.2.1.3 Selection of candidate A. thaliana containing the Brgll-inducible reporter.

WT A. thaliana plants were also transformed with the Brgl1 mCerulean3/GUS reporter via
floral dipping (section 2.2.1.7). Seeds from these plants were sterilised, vernalised in the fridge
for 4 days, before being sown onto /2 MS media containing kanamycin to select for plants
containing the transgene. WT A. thaliana and a transgenic line confirmed as kanamycin-
resistant were also sown on this media in parallel as negative and positive controls,

respectively. The 18 largest kanamycin-resistant T1 progeny from the Brgl 1 mCerulean3/GUS
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reporter-dipped plants were transferred to soil and the presence of the transgene was confirmed
by PCR of extracted gDNA (using primers CK46 and ESR41; sections 2.2.3.5 and 2.2.3.2).

To test the functionality of the transgene in the N. benthamiana Brgl1 reporter lines, 4.
tumefaciens was used to transiently deliver RFP-tagged Brgll. However, transient
transformation of A. thaliana with A. tumefaciens is not efficient, and many methods require
strict plant growth conditions that do not suit testing first generation transformants (i.e., plants
grown in liquid media or long day conditions and specific A. tumefaciens strains; Boch and
Bonas, 2010, Wu et al., 2014, Zhang et al., 2020b). Therefore, R. solanacearum GMI1000 was
used to deliver Brgl1 and test the functionality of the 18 candidate Brgl1 mCerulean3/GUS
reporter A. thaliana lines. Due to safety restrictions of working with R. solanacearum, whole

A. thaliana plants could not be taken into the S2 laboratory, otherwise they could not be taken

:

#12

#17

Figure 60: A. thaliana Brgl1 mCerulean3/GUS reporter T1 generation lines were tested for GUS expression following R.

solanacearum infiltration and for plasma membrane-localised RFP fluorescence.

Epifluorescent microscopy was conducted on leaves from WT and 18 TI generation plants containing the Brgll

mCerulean3/GUS reporter transgene to detect plasma membrane RFP fluorescence (left images). Where RFP fluorescence was

observed, the image was surrounded by a red box. Detached leaves from these plants were infiltrated with R. solanacearum ODgoo

0.1 and after 2 dpi, samples were taken for GUS staining (right images). A red arrow indicates where GUS staining was observed.
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out again for seed production. To circumvent this, two leaves from each of the 18 lines were
detached, taken into the S2 laboratory, infiltrated with R. solanacearum GMI1000 at an ODgoo
of 0.1 and kept on damp paper towels in a sealed 6 well plate. After 2 dpi, the leaves were GUS
stained. Many leaves were beginning to look necrotic at this stage, mostly in the areas where
R. solanacearum was infiltrated. GUS staining was observed on both leaves of plant #13, only
in the area where GMI1000 had been infiltrated, as well as small or faint areas of GUS staining
in lines #3 and #4 (Figure 60). No GUS staining was observed in the WT control leaves. These
results indicated that not only could Brgl1 had been delivered by GMI1000 to activate the
Brgl1 mCerulean3/GUS transgene, but that this reporter is also functional in A. thaliana.

In addition to the Brgl 1-activated GUS staining, the presence of plasma membrane-localised
RFP was also checked for in each candidate A. thaliana Brgl1 mCerulean3/GUS reporter line
under the epifluorescent microscope. Plasma membrane localised RFP was observed in lines
#1, #3, #4, #5, #12, and #17, but not in WT leaves. Therefore, as lines #3 and #4 had both
plasma membrane-localised RFP and faint GUS staining with R. solanacearum infiltration,
they are the best candidates for further work. Despite not showing RFP fluorescence, line #13
should also be considered as it showed the strongest GUS expression. All 18 candidate A.
thaliana Brgl1 mCerulean3/GUS lines were kept for seed production, but no further work was

conducted on these lines during this work.

3.6.2.2 Development of Brgll-inducible Tandem Ribosome Affinity Purification
(TRAP) lines.

In addition to the Brgl1 mCerulean3/GUS reporter lines, another approach was developed to
specifically isolate transcripts from only from root cells injected with Brgll during R.
solanacearum infection. This approach uses Translating Ribosome Affinity Purification
(TRAP, also referred to as RiboTRAP) followed by RNA sequencing (TRAP-SEQ; Reynoso
et al.,, 2015). Here, a gene encoding an epitope-tagged ribosomal subunit was driven by a
minimal, tight promoter containing the Brgl1-EBE. Following transcriptional activation by
Brgl1, these tagged subunits are then incorporated into ribosomes, which can subsequently be
purified using the epitope tag, along with their associated transcripts. RNA sequencing of these
isolated transcripts would then inform on the Brgll-induced transcriptomic changes in
effector-injected root cells. In addition to total RNA sequencing, TRAP also provides an
opportunity to conduct ribosome foot printing, giving an insight into the translation status of
Brgll-injected cells. As PAs are known to regulate translation in both an mRNA-specific

manner (Jimenez-Bremont et al., 2022) and in a global manner (Dever and Ivanov, 2018),
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Figure 61: NbADCIp:Hisx6-FLAG-GFP-AtRPL18b construct produces weak GFP fluorescence with Brgl1 co-expression.

TRAP constructs consist of a histidine (Hisxe; light grey), FLAG (light grey), and GFP (green) tagged 4. thaliana RLP18b
(AtRPL18b) ribosomal subunit (yellow), driven by an ADCI minimal promoter (~350 bp) from either tomato or M.
benthamiana, both containing the Brgl1 EBE (A). The NbADCIp-driven TRAP construct was agroinfiltrated into WT N.
benthamiana leaves with an RFP-tagged Brgll or an empty vector control (EV). After 2 dpi, confocal microscopy was
conducted. Chloroplast autofluorescence has been falsely coloured blue, while RFP-tagged Brgl1 fluorescence was coloured
magenta, and GFP coloured green (B). Western blot of samples transiently expressing NbADC1p:TRAP with either EV or
RFP-tagged Brgl1 using an anti GFP-HRP conjugated antibody (C). Expected TRAP construct size is 51 kDa.
understanding if and how Brgl1 impacts the plant translatome may further elucidate the impact
of RipTAL-induced ADC expression during R. solanacearum infection.

A Brgl1-inducible TRAP construct was previously generated by Dousheng Wu (Lahaye Lab,
2019) by introducing a Brgl1-inducible promoter upstream of a previously generated TRAP
construct that was used in tomato roots (Ron et al., 2014). This TRAP construct consists of the
A. thaliana Ribosomal Protein L18b (AtRPL18b), a component of the large ribosomal subunit,
that is N-terminally tagged with a histidine (x6) tag, FLAG tag, and a GFP (Hiss-FLAG-GFP-
AtRPL18b) and localises to the nucleus and cytoplasm (Ron et al., 2014). This TRAP construct
was cloned downstream of the SIADCI or NbADCI minimal promoters (~350 bp), both
naturally containing the Brgl 1-EBE (Figure 61A). Here, the SI4ADCI minimal promoter-driven
TRAP construct could be transformed into N. benthamiana, while the NbADC1-driven TRAP
construct could be transformed into tomato. This would allow for each minimal promoter to be
distinguished from the endogenous 4ADC! promoter, so that a dTALE targeting only the TRAP

promoter could be designed and delivered by R. solanacearum strain lacking Brgll.

Transcripts isolated from dTALE-activated TRAP cells would therefore act as a negative
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control for transcriptional changes caused by R. solanacearum infection, but not Brgll
induction of host ADCs.

To test the functionality of these TRAP constructs, they were agroinfiltrated into WT N.
benthamiana leaves in combination with either the RFP-tagged Brgll or an EV control.
Confocal microscopy was used to detect GFP fluorescence as a proxy for Brgl1 activation of
TRAP construct expression. Co-expression with Brgl1-RFP produced weak GFP fluorescence
in the cytoplasm, with slightly brighter nucleolar fluorescence (Figure 61B), possibly as
ribosomes are assembled in the nucleolus (Fromont-Racine et al., 2003). Following repeated
experiments, GFP fluorescence was typically observed most strongly in the nucleolus, faintly
in the nucleus, and sometimes observed in the cytoplasm or endoplasmic reticulum, although
no localisation markers were ever co-expressed with the TRAP constructs to verify these
localisations. In addition to checking for TRAP expression via confocal microscopy, a western
blot was also conducted to detect the epitope tagged AtRPL18 subunits. Here, an anti GFP-
HRP conjugated antibody was used, and a faint band was detected at the expected size of 51
kDa only in the sample co-expressed with Brgl1 (Figure 61C; Ron et al., 2014).

Below are sections describing the stable transformation of bs4 tomatoes with the
NbADCIp:TRAP construct (3.6.2.2.1) and WT N. benthamiana with the SIADCIp:TRAP
construct (3.6.2.2.2). WT A. thaliana was also stably transformed via floral dipping with the
NbADCIp:TRAP construct but were not analysed further in this work.

3.6.2.2.1 Selection of candidate tomato lines containing the Brgl I-inducible TRAP construct.
The NbADCI,:Hisxs-FLAG-GFP-AtRPL18b TRAP construct was transformed into the bs4

mutant tomato background. Bs4 is a resistance protein found in tomatoes that recognises
TALEs and dTALEs, but not RipTALs, and activates an HR-based immune response
(Schenstnyi et al., 2022). Therefore, by using a bs4 background tomato, dTALEs and TALEs
can be used to activate transcription of the TRAP transgene or an additional endogene if ever
required.

All plants that grew from cali on selective kanamycin media were transferred to soil in the
greenhouse (section 2.2.1.4), and once established, samples were taken for gDNA extractions
(section 2.2.3.5). The presence of the transgene was verified by PCR using ESR81 and ESR82
primers; 12 plants that lacked the transgene were discarded (from ~75 tested).

To identify candidate lines that specifically express the TRAP construct in a Brgl 1-dependent
manner, X. euvesicatoria 85-10 strain carrying Brgll was infiltrated into leaves of each

transformant. Either an empty 85-10 or an 85-10 strain carrying Hpx17, a RipTAL lacking
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Plant 59.1

NbADC1p:TRAP

Plant 62.1

transgenic tomato lines.

Transgenic tomatoes containing the NbADCIp: TRAP construct were infiltrated with an empty Xanthomonas 85-10 or a strain
carrying Brgl1 (modified to have the AvrBs3 T3SS signal). After 2 dpi, confocal microscopy was used to search for lines
with GFP fluorescence only in samples infiltrated with Brgl1; two such plants are shown here (59.1 and 62.1) with green
arrows highlighting GFP-fluorescing nuclei. Images are merged autofluorescence (blue), GFP (green), and RFP channels.

Orange arrows highlight highly autofluorescent moieties found in tomato leaves; this fluorescence is seen in all three channels.

most of the DNA binding domain (Mukaihara et al., 2004), was used as a negative control.
Both RipTALs had the native T3SS signal replaced with that of AvrBs3, allowing them to be
secreted by X. euvesicatoria (Wu et al., 2019). Confocal or epifluorescent microscopy was
conducted to identify plants with GFP fluorescence only upon Brgll-delivery. Two plants
(59.1 and 62.1) showed weak GFP fluorescence, appearing to localise to the nucleolus of only
following delivery of Brgll, but not in the negative controls (Figure 62). This GFP
fluorescence was very weak and no cytoplasmic GFP was observed, unlike the transiently
expressed NbADCIp:TRAP construct (Figure 61).

In many tomato leaves, including WT, non-infiltrated leaves, bright autofluorescent moieties
were often seen in CFP, GFP, and RFP channels (orange arrows; Figure 62). However, they
are much larger than nuclei, not uniformly round, and sometimes move within the cell. These
puncti can be distinguished from the GFP-fluorescing nuclei with a high enough magnification.
Overall, lines 59.1 and 62.1 were identified as potential Brgl1-inducible TRAP tomato lines;
however, due to the weak GFP fluorescence, N. benthamiana was selected as an alternative

plant species for transformation.
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3.6.2.2.2 Selection of candidate N. benthamiana lines containing the Brgl 1-inducible TRAP

construct.
The SIADC1,:Hisxs-FLAG-GFP-AtRPL18b TRAP construct was stably transformed into WT
N. benthamiana plants. Screening for a good candidate line was hypothesised to be easier in
this species as 4. tumefaciens T-DNA delivery into N. benthamiana produces more effector
protein than T3SS delivery of effector proteins via Xanthomonas, possibly increasing transgene
activation. Additionally, N. benthamiana has less autofluorescence than tomato, enabling
visualisation of even poorly expressed fluorophores (i.e., TRAP GFP) by confocal microscopy.
Again, plantlets from cali, grown from kanamycin selective media were transferred to soil
(section 2.2.1.4) and grown in the greenhouse and gDNA samples were taken (section 2.2.3.5)
for PCR-based detection of the transgene using primers ESR81 and ESR82. Of the 59
transformant plants, 51 had a positive PCR band. To identify candidate lines that selectively
express the TRAP transgene in the presence of Brgl1, the 4. tumefaciens strain carrying the
RFP-tagged Brgll was infiltrated into each of these 51 lines. Infiltrated and non-infiltrated

N. benthamiana TO SIADCI1p:TRAP lines

25.1 34.1

30.1 36.1

Figure 63: Expression of the SIADCIp:TRAP construct can be activated by A. tumefaciens delivery of Brgl1 in transgenic MN.
benthamiana lines.

Transgenic N. benthamiana containing the SIADC1p:TRAP construct were infiltrated with A. tumefaciens carrying an RFP-
tagged Brgll. After 2 dpi, confocal microscopy was used to search for lines with GFP fluorescence; indicated by green

arrows. Images are merged autofluorescence (blue), GFP (green), and RFP channels.
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samples of each line were taken for confocal or epifluorescent microscopy after 2 dpi to detect
GFP fluorescence.

No line was identified that showed as bright GFP fluorescence as shown in Figure 61. However,
lines 30.1 and 36.1 showed some nucleolar-localised GFP fluorescence that resembled what
was also seen in the tomato NbADClIp:TRAP lines 59.1 and 62.1 (Figure 63). Additionally,
lines 1.1, 1.2, and 3.1 showed very faint nucleolar fluorescence using the GFP filter on the
epifluorescent microscope (data not shown). Western blots were also carried out on Brgl1-
infiltrated samples from some N. benthamiana lines to detect Brgl1-induced TRAP construct
expression, but no bands were ever detected at the expected size of 51 kDa (data not shown).
Overall, the weak GFP fluorescence from the ADCIp:TRAP constructs meant that detection of
a well-expressed transgene in the presence of Brgl1 was challenging, resulting in only a couple

of candidate tomato and N. benthamiana lines.

3.6.3 Deciphering the impact of ADC over expression in bulk root tissue

To understand the metabolic and microbiome changes that occur following Brgl1-induced
ADC over expression, it is not feasible to study only the root area injected by Brgl1 during R.
solanacearum infection or to harvest bulk infected tissue due to the dilution effect of RipTAL-
receiving cells compared to all other root cells (described in section 1.5.4). Instead, over
expression of ADCs in all root cells would enable harvesting of bulk root tissue for either
metabolomic or microbiome analyses. Two approaches have been undertaken to achieve this
and are presented in the sections below. Firstly, using adc-box mutants, which have increased
translation of ADC protein in all cells (section 3.6.3.1), and secondly, to express Brgl1 in all

cells via an inducible promoter (section 3.6.3.2).

3.6.3.1 Tomato adc-box mutants as a tool for studying ADC over expression in roots.

During this work, adc-box mutants were found to have higher levels of ADC activity, some
PAs, and related metabolites due to the lack of translational repression, normally exerted by
the ADC-box RNA secondary structure; this was seen in tomato, 4. thaliana, and M.
polymorpha adc-box mutants (sections 3.3.1, 3.2.11, and 3.3.2, respectively). Many of these
metabolomic experiments were conducted using cold-treated plants, as transcription of ADC
genes are often stimulated by abiotic stressors, boosting PA levels into a range that can be
easily measured by LCMS (section 3.2). This transcriptional induction of ADCs, in
combination with the lack of translational regulation in the adc-box mutants, somewhat mimics
the action of Brgl1, as Brgl1 induces transcription of host ADCs, but with a shorter 5’UTR
lacking the ADC-box, thereby increasing both transcription and translation of ADCs. In both
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cases, either Brgl 1-induction of ADCs or cold-treated adc-box mutants, there is transcription
induction of ADC and a lack of translational repression by the ADC-box, leading to
overexpression of ADCs. Therefore, the adc-box mutants can be used as a proxy tool for
studying the downstream metabolic impacts of Brgl1.

To confirm this line of thought and to investigate if ADC activity is also higher in the roots of
tomato adc-box mutants compared to WT, a preliminary experiment was conducted. Seeds of

both WT and the sladc2-box mutant (SI2M_-13) were sterilised and then grown vertically on
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Figure 64: Cold treated adc2-box tomato roots have increased levels of ADC activity and some phenolamides.

WT (grey) and adc2-box mutant (SI2M_-13; yellow) tomato seeds were sterilised, grow vertically for a week before being
cold treated for 24 hours. The roots of 3-4 seedlings were combined to form one replicate sample (n = 3, total ~40 mg FW),
which were then processed for LCMS measurement of ADC activity (A), and levels of agmatine (B), putrescine (C),
acetylputrescine (D), and ornithine (E) in nmol/g fresh weight (FW), normalised to the internal standard D5 tryptophan. The
phenolamides feruloylagmatine (F), feruloylputrescine (G), caffeoylagmatine (H), caffeoylputrescine (I), and

coumaroylagmatine (J) were also measured and reported as area per g FW, normalised to Ds tryptophan.
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agar plates for one week (section 2.1.3), before being cold treated for 24 hours. The plates were
then scanned, and the roots cut off each seeding for LCMS analysis of ADC activity and PA
measurement. There was no apparent phenotypic difference between the WT and SI2M_-13
seedling roots (Supplementary Figure 41A), nor any statistically significant difference found
in the root lengths or weights (P-values = 0.15 and 0.83, respectively, using a Welch T-test;
Supplementary Figure 41B and C).

ADC activity of cold-treated SI2M_-13 seedling roots was 11.4-fold higher than that of the
WT (P-value = 0.006 using a Welch T-test; Figure 64A), which is substantially greater than
the fold changes observed from cold-treated adult SI2M_-13 tomato leaves of 3.8-fold (Figure
31). Agmatine, putrescine, acetylputrescine, and ornithine levels were also higher in the
SI12M_-13 roots compared to WT, but these differences were not statistically significant (Figure
64B, C, D, and E). Arginine and spermidine levels were slightly lower in the SI2M_-13 mutant,
but this was also not significant (Supplementary Figure 42). Interestingly, levels of
feruloylagmatine were 32.4-fold higher in SI2M -13 compared to WT (P-value = 0.009 using
a Welch T-test; Figure 64F), while feruloylputrescine levels were increased 4.6-fold (P-value
= 0.007; Figure 64G). No significant differences in the levels of caffeoylagmatine,
caffeoylputrescine, or coumaroylagmatine between WT and SI2M_-13 were observed (Figure
64H, 1, and J).

These results show that not only does the adc2-box mutant SI2M_-13 have higher ADC activity
compared to WT in seedling root tissue, but that the difference is considerably greater than in
adult leaves. Additionally, the dramatically higher levels of feruloylagmatine and
feruloylputrescine indicate that overexpression of ADCs in root tissue may have a more
pronounced impact on PA metabolism compared in adult leaf tissue. Therefore, further analysis
of PA metabolism in root tissue from adc-box mutant seedlings or older plants may provide

valuable insight into the potential metabolic impacts of Brgl1 in root tissue.

3.6.3.2 Tomato lines with an ethanol-inducible Brgl1-GFP to induce ADC over

expression in all root cells.

In addition to the adc-box mutants, another approach was implemented to investigate how
overexpression of ADCs may contribute to R. solanacearum infection. Here, a GFP-tagged
Brgll was put under the control of an ethanol inducible expression system, so that upon
activation with ethanol, all cells in the plant would express Brgll, and subsequently

overexpress ADCs. This system could be used to study the metabolic changes caused by Brgl1
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induction of ADCs from harvesting bulk root tissue, as well as studying how these metabolic

changes alter the root microbiome.
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Figure 65: Schematic of ethanol inducible promoter system used to activate transcription of GFP-tagged Brgll and the
nuclear-localised GFP control construct.

Constructs contain a constitutively expressed ALCR transcription factor (purple) and the alc4 promoter (purple) driving the
gene of interest; here, Brgl1 (pink) tagged with a GFP (green; A). Following ethanol treatment, ALCR binds ethanol and
activates transcription form the alcA promoter and expressing the gene of interest (B). As a negative control, a GFP with two
nuclear localised signals (NLS, grey) was also put under the control of this ethanol inducible system (C).

The ethanol inducible system relies on a constitutively expressed fungal transcription factor
ALCR, which is responsible for activating alcohol metabolising enzymes, such as alcohol
dehydrogenase I, encoded by the gene alcA (Li et al., 2005). ALCR is only active once it binds
to ethanol, after which it binds to the alc4 promoter and activates transcription. This system
has been developed into an inducible system to activate transcription of a gene of interest by
cloning it downstream of the alc4 promoter. Here, a GFP-tagged Brgl1 was put under the
control of the alcA promoter, so that upon binding ethanol, ALCR will initiate its transcription
(Figure 65A and B). As a negative control, a GFP with two nuclear localisation signals (NLS)
was also put under the control of this inducible expression system (Figure 65C). Upon
activation by ethanol, the NLS-GFP-NLS will be expressed and targeted to the nucleus like
Brg11-GFP but will not activate expression of ADC genes. These constructs were generated by
Robert Morbitzer (Lahaye laboratory).

To test the functionality of the two ethanol-inducible constructs, they were agroinfiltrated into
WT N. benthamiana leaves and after 24 hours, the plants were either watered with 5% ethanol

or water, or alternatively had 2% or 5% ethanol infiltrated into the previously agroinfiltrated
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Figure 66: Transient transformation of the ethanol inducible Brgl1-GFP and NLS-GFP-NLS constructs show nuclear

localised GFP fluorescence only with ethanol treatment.

The ethanol inducible Brgl1-GFP and NLS-GFP-NLS constructs were agroinfiltrated into WT N. benthamiana plants; a
constitutively expressed GFP (35S: GFP) was also agroinfiltrated as a positive control for fluorescence. 24 hours later, these
plants were either watered with 0% or 5% ethanol, or leaves were infiltrated with 2% or 5% ethanol. After another 24 hours,
epifluorescent microscopy was used to detect GFP fluorescence using the GFP filter. Faint nuclear GFP fluorescence has

been highlighted with green arrows.

leaf areas. As a control for GFP fluorescence, a 35S: GFP reporter was also agroinfiltrated and
treated with ethanol in the same way. After another 24 hours, GFP fluorescence was visualised
using the epifluorescent microscope. Nuclear localised fluorescence could be seen in samples
agroinfiltrated with the Brgl 1-GFP ethanol-inducible construct following watering with 5%
ethanol, but not when watered only with water (Figure 66). Similar levels of GFP fluorescence
were observed from the Brgl 1-GFP construct following infiltration of 5% ethanol but were
slightly lower following infiltration with 2% ethanol. This was expected as the ethanol
inducible system has been reported to be activated in a dose-dependent manner (Li et al., 2005).
Nuclear localised GFP fluorescence from the NLS-GFP-NLS construct was also observed

following watering or infiltration with 5% ethanol, but at a much lower level compared to the
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Brg11-GFP construct. Very little to no GFP fluorescence was observed from the NLS-GFP-
NLS construct following infiltration of 2% ethanol and no GFP fluorescence when watered
with only water (Figure 66). These results indicate that activation of the Brgl 1-GFP inducible
construct can be achieved by both watering and infiltrating with ethanol, while no observable
activation occurs in the absence of ethanol. As fluorescence from the NLS-GFP-NLS control
construct was observed, although much lower than that of the Brgl1-GFP construct, this
construct was also considered functional. Without detecting ALCR protein levels, the cause of
the lower GFP fluorescence from the NLS-GFP-NLS control cannot be exactly determined.
Following these tests, both the Brgl1-GFP and NLS-GFP-NLS ethanol-inducible constructs
were stably transformed into bs4 tomatoes, allowing for the use of TALEs or dTALEs in these
plants if required. Plantlets that grew from cali on kanamycin containing media were
transferred to soil and grown in the greenhouse until established enough to take samples for
gDNA extractions. All plants were genotyped using the primers ESR81 and ESR82, amplifying
part of the GFP on both constructs; any plants not producing a positive PCR band were
discarded.

To identify lines which expressed the Brg1 1-GFP or NLS-GFP-NLS constructs only following
ethanol treatment, genotyped lines were infiltrated with 5% ethanol and 24 hours later, samples
were taken for confocal microscopy. However, no clear, differential GFP fluorescence was
observed from samples treated with ethanol compared to their non-treated controls. Western
blots were also conducted on samples from ethanol-infiltrated lines, but no bands were detected
at molecular weights corresponding to Brgl1-GFP or NLS-GFP-NLS using an anti-GFP
antibody (data not shown).

An alternative method to confocal microscopy or protein detection via western blotting was
therefore required to identify candidate lines that specifically express the Brgl 1-GFP or NLS-
GFP-NLS constructs upon ethanol treatment. As Brgll induces ADC transcription, and
consequently induces ADC activity, an LCMS-based approach was employed to identify such
Brgl1-GFP-expressing candidate lines. Here, any plant that produced higher ADC activity
following ethanol treatment compared to before ethanol treatment would be considered a good
candidate line. Unfortunately, such an LCMS-based assay was not suitable to detect expression
of NLS-GFP-NLS expression, and therefore, while a selection of plants was kept for seed
production, no candidate line was identified within this work. It was thought that WT plants
treated with ethanol would be a sufficient negative control instead of the NLS-GFP-NLS lines

for future experiments.
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An experimental workflow was planned to generate ethanol-induced replicate samples for
ADC activity measurements from 46 transformants and one WT plant, alongside both positive
and negative controls (Figure 67A). As a positive control for induced ADC
activity, Xanthomonas 85-10 carrying Brgl1 was infiltrated into one leaf of each plant. After
24 hours, a ~25 mg sample was taken from each of these infiltrated areas, as well as samples
from non-infiltrated areas as negative controls for ADC induction. After these two samples
were taken, all plants were watered with the same volume of 5% ethanol. After another 24
hours, 4 ~25 mg replicate leaf samples were taken from different adult leaves of each plant.
To avoid extracting and running all 282 samples at once, two experiments were conducted. The
first experiment ran the positive and negative control samples from the WT control, alongside
two ethanol-treated replicates from the WT and each of the 46 lines. ADC activity of the WT
was highly induced following infiltration of Xanthomonas containing Brgl1 compared to the
non-treated control, while ADC activity of the ethanol-treated samples was similar to the non-
treated control (initial data not shown). This indicated that the assay and experimental set up
were functioning as expected, with no ADC activity induction occurring in the WT plant
following ethanol treatment. ADC activity of the two ethanol-treated replicates from each
transformant were then compared to the WT ethanol-treated control. Any transformant line that
showed induced ADC activity were selected as a candidate line to be tested in the second
experiment. In the second experiment, all 4 ethanol-treated replicates and the positive and
negative controls from these 11 selected lines were run on the LCMS to determine their ADC
activity and levels of some associated metabolites. The two additional ethanol-treated WT
replicates were also included in this assay, and still the ADC activity of the WT control was
similar to the non-treated control (Figure 67B). Specifically, the average ADC activity of the
ethanol-treated WT samples was only 1.8-fold higher than the non-treated sample, while
Xanthomonas delivery of Brgl1 produced ADC activity levels 46-fold higher than the non-
treated control. This indicates that watering with 5% ethanol does not induce ADC activity
alone.

Plants such as 32.1, 40.1, 43.1, 46.1, 48.1, 50.1, 55.1, and 76.1 had much higher ADC activity
following ethanol-treatment compared to the ethanol treated WT, while lines 53.1, 64.1, and
74.1 showed only minimal ADC induction with ethanol treatment (Figure 67B). Of the lines
with induced ADC activity following ethanol-treatment, lines 55.1, 48.1, and the 32.1 showed
the highest ADC activity with (in descending order), with the ethanol-treated samples from line
55.1 having similar ADC activity levels to its Xanthomonas Brgl 1-infiltrated positive control.

While line 48.1 had the second highest ethanol-induced ADC activity, the non-treated control
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Figure 67: An LCMS ADC activity assay approach was used to identify candidate ethanol-inducible Brgl1-GFP tomato lines.
(A) WT and 46 stably transformed lines containing the ethanol-inducible Brgl1-GFP construct were infiltrated with
Xanthomonas 85-10 carrying Brgl1 (with AvrBs3 T3SS signal). After 24 hours, one sample per plant was taken from this
infiltrated area as a positive control for induced ADC activity and a non-treated sample as a negative control for induced ADC
activity. All plants were then watered with 5% ethanol. After a following 24 hours, 4 replicate samples were taken from leaf
tissue of all plants. (B) ADC activity of positive (+) and negative (-) controls, and ethanol-treated samples (EtOH) from WT
and 11 selected lines was measured via LCMS. The dotted horizontal line represents the median ADC activity of the ethanol-
treated WT.

also had the highest ADC activity of all non-treated control samples and was 14-fold higher
than the WT non-treated sample. Although this was only a single replicate, this may suggest
that the transgene is leaky and expressing Brgl1 in the absence of ethanol treatment. Therefore,

the top candidate lines from this experiment were selected based on high ADC activity

following ethanol treatment (preferably in a similar range to the Brgl1-treated sample) and low
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ADC activity levels in the non-treated control; from this criteria, lines 32.1, 43.1, 46.1, 50.1,
55.1, and 76.1 qualified, with lines 32.1, 43.1, and 55.1 being the most promising.

In addition to measuring ADC activity, agmatine and putrescine levels were measured. Lines
32.1,40.1,43.1, 50.1, and 55.1 had higher agmatine levels compared to the ethanol-treated WT
samples and their respective non-treated control samples (Supplementary Figure 43A).
Putrescine levels of the ethanol treated samples from lines 32.1, 40.1, 50.1, and 55.1 were
higher than the ethanol-treated WT samples, but of these lines, only 32.1, 40.1, and 50.1 had
putrescine levels higher than their respective non-treated controls (Supplementary Figure 43B).
These results suggest that 24 hours after watering with 5% ethanol, expression of Brgl 1-GFP
can be activated, leading to higher levels of ADC activity, agmatine, and putrescine.

Previous LCMS experiments showed that over expression of ADC can produce higher levels
of some phenolamides (Figure 64). Therefore, in the same LCMS experiment measuring ADC
activity, agmatine, and putrescine levels of the ethanol-inducible Brgl1-GFP lines, some
phenolamides were also detected. While all positive control samples, infiltrated with
Xanthomonas carrying Brgl1, had higher feruloylagmatine levels compared to the negative
control, only line 50.1 had higher feruloylagmatine levels following ethanol treatment
(Supplementary Figure 44A). However, coumaroylagmatine levels of almost all selected lines
following ethanol treatment were higher than the ethanol treated WT, as well as their respective
negative controls (Supplementary Figure 44B).

Overall, some candidate ethanol-inducible Brgll1-GFP tomato lines were successfully
identified using the LCMS-based screening method. While additional experiments with more
replicates need to be conducted on future generations of these lines, the results presented here
indicate that ADC activity, agmatine, putrescine, and phenolamide levels can be induced by
ethanol activation of Brgl1-GFP expression. Therefore, these lines can be used to study the

impacts of overexpressing ADC by Brgl1 on the tomato root metabolism and the microbiome.
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4. Discussion

This work aimed to understand how plant ADCs are translationally regulated by highly
conserved 5’UTR elements, primarily the ADC-box, as well as the uORF. To do this, these
elements were mutated by CRISPR/Cas9 mutagenesis in tomato, A. thaliana, and M.
polymorpha (section 3.1). However, to study how these mutations influenced ADC protein
levels, the previously published LCMS-based ADC activity assay (Wu et al., 2019) required
optimisation (section 3.2). This optimised method was then used to determine the impact of the
CRISPR/Cas9-induced mutations of the tomato and M. polymorpha adc-box and tomato uorf
mutants on ADC activity and the greater PA metabolic network. Additionally, the impact of
these mutations on plant phenotypes was also investigated (section 3.3). The ADC activity and
PA network of the previously generated tomato adc coding sequence mutants (Wu et al., 2019)
were also analysed (section 3.4). To understand how the ADC-box may function to regulate
ADC translation, a dual luciferase reporter system and various ADC protein variants were
generated, as well as elucidation of the ADC-box RNA secondary structures by SHAPE
analysis (section 3.5). Finally, to investigate how R. solanacearum may benefit from RipTAL-
induced ADC overexpression, various new approaches were developed during this work

(section 3.6). The results of these sections are discussed below.

4.1 Optimisation of ADC activity assay and measurement of PAs
levels using LCMS

4.1.1 The LCMS-based ADC activity assay was improved ~600-fold during this
work as well as measurement of PAs and related metabolites

To efficiently study the role of ADC 5’UTR conserved elements and how Brgl 1-induced ADC
overexpression contributes to R. solanacearum infection, the LCMS-based method to measure
ADC activity and levels of PAs and related metabolites required optimisation. Initial LCMS
experiments conducted on un-treated tomato leaves following the method published by Wu et
al., 2019 found that ADC activity and many PAs were below the measurable threshold. During
this work, the following changes to the Wu et al., 2019 method were implemented (section
3.2): incubation of heavy arginine with whole plant extracts, rather than just the supernatant;
use of internal standards (i.e., Ds tryptophan and '3C; D, citrulline); 10-fold higher

concentration of assay substrates (Figure 20); induction of ADC transcription via a stress
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treatment (i.e., cold; Figure 18); reduction of assay duration (Figure 21); addition of heavy
ornithine for concurrent measurement of ODC activity (Figure 39); and, development of the
LCMS protocol to enable measurement of more PA-related metabolites (i.e., Wu et al., 2019
measured 5 metabolites, which was increased to 11 here; Supplementary Table 3), as well as
relative levels of multiple phenolamides. Overall, these improvements resulted in an ~600-fold
increase in ADC activity from cold treated WT tomato leaves compared to the initial
measurements of non-treated leaves (section 3.2). Using this method, ADC activity and PA
levels were also successfully measured in leaves of plant species other than tomato (i.e., 4.
thaliana, M. polymorpha, and N. benthamiana), as well as roots of tomato seedlings,
demonstrating the robustness of this method in other species and tissues.

Overall, optimising this LCMS method meant that smaller differences in ADC activity and
metabolite levels could be measured, enabling the effects of different adc-box mutations to be
distinguished. Additionally, this method provided a more complete picture of PA profile and
subsequent conjugation to HCAs, providing insight into how overexpression of ADC, either
via transcriptional activation from Brgll or removal of translational control in adc-box

mutations, impacts PA metabolism and downstream pathways.

4.1.2 How does this optimised method compare with other ADC activity and
PA measuring methods currently used in the field?

To the best of our knowledge, no publications other than Wu et al., 2019 and Gallas et al., 2023
(both from Lahaye laboratory) simultaneously measure ADC enzyme activity alongside levels
of related metabolites. Many others measure multiple arginine- or PA-related metabolites using
LCMS-based methods, but do not measure enzyme activity within the same sample (Amatya
etal., 2020; Shen et al., 2000; Tassoni et al., 2000; Alcazar et al., 2005; Urano et al., 2005; Liu
and Moriguchi, 2007; Cuevas et al., 2008; Naka et al., 2010; Zhang et al., 2014; Rossi et al.,
2015; Espasandin et al., 2018; Ding et al., 2021; Upadhyay et al., 2021; Song et al., 2023;
Gonzalez-Hernandez et al., 2022a; Zhang et al., 2023). In our optimised LCMS-based ADC
activity and PA measurement assay, the use of heavy isotope substrates adds valuable
information on enzyme catalytic rates, in addition to measurement of exact in planta metabolite
concentrations. In the past, ADC activity in plant extracts has often been measured using
radioactive arginine substrates and subsequent the release of radioactive CO; produced during
decarboxylation (Lee, 1997; Shen et al., 2000; Ziosi et al., 2003; Espasandin et al., 2014;
Espasandin et al., 2018; Jang et al., 2012; Alcazar and Tiburcio, 2018) or by using an ELISA-
based ADC activity assay (Song et al., 2023). While both LCMS and use of such radioactive
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chemicals require specific training and facilities, heavy stable isotopes, such as those used in
our method, are safer alternatives and can be used in normal laboratory conditions or in the
greenhouse for pre-treatment of plants prior to sampling for LCMS (i.e., pre-feeding).
Additionally, multiple different stable isotopes can be added to plant extracts for simultaneous
measurement of multiple enzyme activities (i.e., heavy arginine and ornithine substrates for
ADC and ODC activities, respectively). Measurement of multiple decarboxylase enzyme
activities is not possible using the radioactive isotope method, as regardless of the radioactively
labelled substrate, all decarboxylase enzymes will produce the same radioactively labelled CO>
moiety.

Another benefit of using stable isotopes is that tracing of heavy moieties is not just limited to
the enzyme of interest but can also be traced through the enzymatic pathway. For example,
heavy putrescine was generated from pre-feeding of heavy arginine (Figure 18) and
preliminary experiments (not presented here) have indicated that heavy isotopic variants of
phenolamides could also be detected (e.g., heavy feruloylagmatine). Using this type of
experiment, tracking heavy moieties is often used in untargeted metabolomics to identify
pathway intermediates or to follow metabolite pathway flux; this has also recently been used
to study lysine decarboxylase activity in 4. thaliana (Shimizu et al., 2019). Therefore, while
ADC activity was the focus of this work, it may also be possible to use heavy arginine isotope
variants to track the flow on effect of increased ADC activity (either due to adc-box mutations
or induction by Brgl1) on the wider PA and phenolamide pathway.

Overall, using isotopic substrate variants as ADC and ODC substrates, and subsequent
measurement of their isotopic products using LCMS enables measurement of enzyme activity
in a biologically relevant context. Within the same LCMS sample, measurement of the in
planta concentration of multiple PA-related metabolites means that this LCMS method is

incredibly informative and a step above many other published methods.

4.1.3 Additional clean up step enables LCMS measurement of ADC activity,
PAs, and PA-related metabolites from transiently transformed N.
benthamiana leaves.

For some species, such as N. benthamiana, the previous Wu et al., 2019 extraction protocol
and buffer resulted in compounds that clogged the LCMS TRAP column. However, with an
additional phase separation step to isolate polar metabolites (i.e., PAs) from these compounds,
transiently transformed N. benthamiana samples could then be used for ADC and ODC activity
assays and measurement of PAs (section 3.2.12). LCMS of transiently transformed N.

benthamiana leaves opens the door for PA-related enzyme activities to be verified or compared
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in an in planta environment in a relatively a simple manner. In this work, the expected catalytic
activities of epitope-tagged WT and catalytically non-functional SIADC1/2 mutant protein
constructs were confirmed using this method (section 3.5.2.5; Figure 46). As the key catalytic
residues of plant ADCs had only been verified for 4. thaliana ADC proteins (Hanfrey et al.,
2001), measurement of these WT and mutant SIADC1/2 variant activities confirmed that
mutating one or both key residues in tomato ADCs prevented any higher catalytic activity
compared to the negative control (Figure 46). Interestingly, mutating C524 in AtADC1 and the
corresponding C360 in mouse ODC did not totally prevent enzyme activities, despite this
residue being important for substrate binding (Hanfrey et al., 2001). However, in this work, no
differences in the ADC activities and PA measurements between the SIADC1 or SIADC2
single mutants were found (Figure 46), indicating that this cystine residue is essential for
tomato ADC activity. Therefore, transient expression of other enzyme variants in N
benthamiana enables investigation of other important residues, without the need for
recombinant expression in E. coli, protein purification, and in vitro enzymatic analysis, such
as the work done by Guo et al., 2023 to investigate SIADC1/2 activities.

In addition to ADC activity, measurements of the wider PA network in transiently transformed
N. benthamiana leaves demonstrated that expression of WT SIADC1/2 caused increases in
agmatine, putrescine, ornithine, citrulline, acetylputrescine, and various phenolamide levels, as
well as reduction in arginine and spermidine levels (Figure 46, Supplementary Figure 28,
Supplementary Figure 29). However, mutating either or both catalytically essential SIADC1/2
residues did not alter any of these metabolite levels compared to the negative GUS control,
indicating that such catalytically non-functional enzymes do not influence the downstream PA
network. Without optimisation of the N. benthamiana sample preparation for LCMS
measurement of ADC activity and PA-related metabolites, obtaining this valuable information
would not have been possible.

This method could be further extended to ADC proteins from other species, other PA pathway
enzymes, or to possibly study additional or alternative enzyme activities of ADCs. For
example, AtADC1 has been reported to have evolved a new catalytic function of
decarboxylating N°acetylornithine to N-acetylputrescine, so that with NATA1, the loss of
ODC has been compensated for (Lou et al., 2020). Using this optimised N. benthamiana
extraction protocol it would be possible to investigate AtADC] catalytic activities (as both an
ADC and an N%acetylornithine decarboxylase) and compare these to other ADC1 proteins
from other species. Here, both arginine and N°acetylornithine heavy isotopic variants could

be added and the production of their isotopic products measured. One would be expected that
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only ADC1 homologs from Brassicaceae that have lost their ODC would have this additional
NC-acetylornithine decarboxylase activity, while ADCs from species containing an ODC would
exclusively have ADC activity. Through using transient transformation of N. benthamiana, all
ADCI1 enzymes can be equally compared, with the same expression level and in the same in
planta background, removing the need for optimising the LCMS sample extraction protocol
for each species of interest.

Overall, addition of a simple chloroform-methanol-based extraction step has opened the
experimental doors for studying ADC and other PA-related enzyme activities and their impacts
on the whole PA pathway in a relatively fast and reliable manner using transient transformation

of N. benthamiana.

4.1.4 Remaining limitations of the LCMS-based ADC activity assay and
measurement of PA-related metabolites.

Despite the vast improvements made to the LCMS-based ADC activity assay and measurement
of PA-related metabolites, some limitations of this method remain. Firstly, verification that
ADC activity and ADC protein levels directly correlate has not been done. Attempts to directly
detect and quantify ADC proteins from plant extracts (i.e., from tomato leaf tissue or transient
overexpression of SIADC proteins in N. benthamiana) using MS have so far been unsuccessful.
However, due to the additional methanol-chloroform extraction step, transiently transformed
N. benthamiana leaf material can now be used for ADC activity assays (section 3.2.12).
Therefore, constitutively expressed epitope-tagged ADC proteins can be agroinfiltrated into V.
benthamiana leaves in a range of inoculum levels (e.g., ODgoo from 0.01 to 1.0) and an ADC
activity assay could be conducted to show that increasing ADC activity correlates with
increasing ADC protein levels (shown via immunoblotting).

The second limitation of this method is that there is still high variation between technical
replicates for some metabolites. This could be reduced further by using a higher sample size
than 6 biological replicates, conducting an additional clean up step (i.e., methanol-chloroform
extraction on samples from other tissue types), or by altering the initial extraction protocol. For
example, some metabolites are heat instable (e.g., spermidine and spermine; Figure 22) or their
levels reduced during the 1 hour, 37 °C ADC activity assay (e.g., some phenolamides). In this
case, taking stop samples is essential to determine the impact of the assay on each metabolite
and to enable their exact in planta concentrations to be measured.

A third limitation is that methods for specific and intense induction of AtADC1I and AtADC?2 to

attain high levels of ADC activity are still lacking. Initial experiments used seedlings grown
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vertically on agar plates and produced more consistent results compared to prior experiments
using whole, soil-grown plants either cold-treated or infected with P. syringae (Laura
Schmaltz’s Master thesis, 2022), yet further optimisation is needed. For induction of 4¢4ADC1,
a cold-treatment time-course could be conducted to determine at which point ADC activity is
highest, while induction of 4t4DC?2 by salt treatment could be optimised by testing increasing
salt concentrations.

However, the most significant aspect of this ADC activity assay and measurement of PAs and
related metabolites by LCMS that requires further development is the measurement of
phenolamides. During this work, MRM transitions for phenolamides were predicted
(Supplementary Table 3), and metabolic peaks matching these mass signals were assigned to
these phenolamides. However, without known standards, these peaks cannot be validated.
Additionally, without such standards, calibration curves cannot be made and the in planta
concentrations of individual phenolamides cannot be calculated; in this work, only the peak
areas per gram of fresh weight tissue was reported, rather than a concentration (i.e., nmol/g
FW). At the time of this work, phenolamides derived from conjugation of agmatine or PAs to
HCA-CoA thioesters (i.e., feruloyl-CoA, caffeoyl-CoA, and coumaroyl-CoA) could not be
commercially purchased. Therefore, each phenolamide compound would need to be generated
in house. This could be done by chemical synthesis using methods such as those published by
our collaborators Prof. Atsushi Isihara from Tottori University, Japan and Dr. Naoki Ube from
Toyama Prefectural University, Japan (Ube et al., 2019a). Alternatively, phenolamides could
be generated in vitro by recombinantly expressing conjugating enzymes and adding in the
amine and HCA-CoA thioester substrates to produce the desired product. Such an experimental
method has previously been utilised, where tyramine (N-hydroxycinnamoyl) transferase (THT)
was recombinantly expressed in E. coli and combined with tyramine and various HCA-CoA
substrates to produce different tyramine-based phenolamides (Von Roepenack-Lahaye et al.,
2003). As many of the BAHD transferase enzymes responsible for conjugating HCA-CoAs
and PAs have been reported to have promiscuous enzymatic activates, especially for accepting
various HCA-CoAs, recombinant expression of only 1-2 enzymes may be satisfactory to
produce all required phenolamides (Roumani et al., 2022 BioRxiv; Moghe et al., 2023). Using
either of these approaches, sufficient quantities of various phenolamides could be routinely
produced for LCMS standards and calibration curves, enabling accurate measurement of
phenolamides within the same LCMS run as the ADC activity assay measurements.

Overall, the LCMS-based ADC activity assay and PA measurement method has been greatly

optimised during this work. Although there are still some aspects that require further
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development, it has been invaluable for analyses in this work discussed below and will likely

benefit others researching PA metabolism.

4.2 Conserved ADC S’UTR elements impact ADC translation in
planta

4.2.1 ADC 5°UTR elements can be mutated using CRISPR-Cas9, stably
inherited, and such plants can be used to investigate the role of these
elements.

Previous investigations into the role of the ADC uORF and ADC-box on ADC translation were
conducted using transient reporter assays (Wu et al., 2019). It was found that deleting the ADC-
box increased translation by at least 2-fold, while deleting the uORF start codon only slightly
influenced translation in a cell-free tobacco (BY2) lysate-based assay. However, many aspects
of such reporter assays, either conducted in vivo via agrobacterium-mediated transient
transformation of N. benthamiana or in vitro in cell-free extracts, do not fully represent the
native regulatory scenario in its biological context. For example, infiltration of A. tumefaciens
into N. benthamiana leaves induces stress (Pitzschke, 2013; Drapal et al., 2021), which will
eventually result in elevated ADC activity. Thus, in this assay it might be difficult to identify
ADC-box mutant constructs with mutations that reduce ADC activity. Additionally, BY?2
lysates lack a nuclei and other complexities of plant tissues (Buntru et al., 2014). It is therefore
important to study these regulatory elements in their native ADC context to understand their
true biological role/s.

To study the impact of the ADC-box on translation in planta, CRISPR/Cas9-induced
mutagenesis of the ADCI1/2-boxes was conducted in tomato (section 3.1.1) and A. thaliana
(section 3.1.2), and the ADC-box in M. polymorpha (collaboration with Ezgi Siiheyla
Karaaslan, Liu Lab, University Hohenheim; section 3.1.3). To determine if the ADC uORF
plays arole in translational regulation in planta, CRISPR/Cas9 mutagenesis of the tomato ADC
uORFs was also conducted (section 3.1.1). Stable, homozygous double Asladci/2-box and
Asluorfl/2 mutants were also generated in tomato (Table 29). Plants with mutated ADC 5’UTR
elements in either one or both ADC genes could produce seed and mutants identified in the first
transformed generation produced progeny with the same mutations, despite lacking a Cas9
transgene. This demonstrated that these mutations could be stably inherited, and that
homozygous mutant progeny was viable, which is unlike double adc coding sequence mutants
in tomato (Wu et al., 2019) and A. thaliana (Urano et al., 2005) that do not produce flowers or

viable seeds, respectively.
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4.2.2 Tomato, M. polymorpha, and A. thaliana ADC-boxes all regulate ADC
translation in planta, demonstrating the conserved role of this ancient
element.

To determine how mutagenesis of the ADC-box impacts ADC translation, ADC activity assays
and measurement of PA-related metabolites were conducted on pre-treated WT and mutant
plant tissue using the optimised LCMS method (section 3.2.7). In all three plant species (i.e.,
tomato, M. polymorpha, and A. thaliana), adc-box mutants with higher ADC activities and
altered ADC-related metabolite levels compared to the WT control were identified (Figure 28,
Figure 29, Figure 31, Figure 32, Figure 37, Supplementary Figure 18, and Supplementary
Figure 19). Additionally, the double Aadcl/2-box tomato mutant had 10-fold higher ADC
activity compared to WT following cold-treatment, while the single sladcl/2-box mutants
SIM1 -108 and SIM2 -13 did not produce such high ADC activity levels. This demonstrates
that the adc-box mutations have a dominant effect and by mutating both ADC-boxes,
translational control of ADC expression by the 4ADC-boxes is lost. Overall, these increased
ADC activity levels, without changes to SIADC1/2 transcript abundance, demonstrate that
mutating the ADC-box increases translation of ADC, resulting in higher ADC protein
abundance. While the details of the exact mutants are discussed further below (section 4.2.3),
the consistent finding in all three species that the 4ADC-box negatively regulates ADC
translation in planta shows that this role has been extensively conserved. In fact, as M.
polymorpha is a relative of the first land plants and the ADC-box is found in all plants, one can
infer that its repressive role on ADC translation has been conserved throughout land plant
evolution (i.e., ~450 million years; Bowman et al., 2017).

Interestingly, the impact of the adc-box mutations not only affected ADC activity in tomato,
M polymorpha, and A. thaliana, but also other measured metabolites. Levels of agmatine,
putrescine, acetylputrescine, and ornithine were increased in tomato (Figure 31, Supplementary
Figure 18, and Supplementary Figure 19) and M. polymorpha adc-box mutants (Figure 37),
while preliminary data indicated that agmatine, putrescine, and acetylputrescine levels were
also increased in A. thaliana adc-box mutants (Figure 28, Figure 29). Additionally, levels of
some phenolamides were increased in cold treated adult tomato adc-box mutant leaves (Figure
33) and roots of SI2M-13 cold treated seedlings (Figure 64). Together, these results
demonstrate that the ADC-box regulation of ADC translation not only impacts levels of ADC
proteins, but influences flux through the PA pathway, cascading at least to phenolamide

synthesis. Further untargeted metabolomic studies are required to identify how many
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metabolites and pathways are influenced by the 4DC-box, which have not been identified
through our current targeted LCMS metabolomics approach.

While the role of such an ancient and influential element is striking, it is not totally surprising
that plant ADCs would be translationally regulated. In fact, many PA-synthesis enzymes are
translationally regulated in plants (Jimenez-Bremont et al., 2022) and other eukaryotes (Kahana
and Nathans, 1985; Dever and Ivanov, 2018), as well as in some prokaryotes via riboswitches
(Kavita and Breaker, 2023; Salvail et al., 2023). ADCs therefore represent another example of
a translationally regulated PA-related enzyme, yet in plants, translation of the other PA-related
enzymes is regulated by single or multiple uORFs (Kwak and Lee, 2001; Hanftrey et al., 2005;
Jimenez-Bremont et al., 2022). Therefore, the ADC-box is both an ancient and unique type

translational regulation for PA-related enzymes in plants.

4.2.3 SHAPE-derived SIADC1/2-box RNA secondary structures indicate why
some CRISPR/Cas9-induced adc-box mutants impact ADC translation
more than others.

To better understand how the ADC-box may function and regulate ADC translation, ADC
activity and PA levels in the different CRISPR/Cas9-induced mutants were compared. Tomato
single adc1-box or adc2-box mutants with 108 bp or 13 bp deletions, respectively (i.e., SIIM_-
108 and SI2M-13), both had ~4-fold higher ADC activity compared to WT (Figure 31,
Supplementary Figure 18, and Supplementary Figure 19). However, the smaller single adc-box
mutants, SIIM_-4 and SI2M_+1 with either a 4 bp deletion or a 1 bp insertion in their respective
ADC-box, did not have significantly different ADC activities compared to WT (Figure 31,
Supplementary Figure 18). These results indicate that minor mutations within the tomato ADC-
box sequences do not impact the ability of the ADC-box RNA secondary structure to repressing
downstream translation, while these larger mutations impair translational inhibition to a similar
extent. Interestingly, despite the SI2M_-13 mutant only being a partial sladc2-box knock out,
it still impacts ADC activity (i.e., ADC translation rates), to the same extent as the SIIM_-108
mutant, which totally lacks the ADCI-box. Overall, these results suggest that there are some
regions of the SIADC-box where mutations can be tolerated and translational inhibition still
occurs, while larger deletions in the SIADC1/2-boxes result in loss of translational regulation.

SIADC1/2-box RNA secondary structures generated both experimentally and computationally
via SHAPE analysis (Yiliang Ding’s laboratory, John Innes Centre, UK) from RNA extracted
from tomato flowers and mature green tomato fruit. Interestingly, the same triple stem-loop
structure was found for both SIADCI- and SIADC2-boxes from both tissues (Figure 52), which

have the same central hairpin as the previously predicted ADC-box structures by Wu et al.,
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2019. This central hairpin is made up of the GC-rich regions, designated as “GC2” and “GC3”,
which are also conserved in seedless plants (Supplementary Figure 1; Wu et al., 2019). The
CRISPR/Cas9-induced SIADC1/2-box mutations were overlaid onto these SHAPE-derived
SIADC1/2-box RNA structures to enable investigation into how the mutations may
differentially influence ADC translation and explain the differing ADC activities between the
tomato adc-box mutants (Figure 68). Using these diagrams, one can determine that the
mutations in the SI1C -6 control mutant and the SI1M_+1 mutant do not dramatically interfere
with a hairpin structure (Figure 68B and C) and are therefore unlikely to compromise the
SIADCI-box structure. In line with this, these mutants had no significant difference in ADC
activity or metabolite levels compared to the WT (Figure 31, Supplementary Figure 18). On
the other hand, while the SIIM_-108 lacks the entire triple stem loop structure (Figure 68D), it
has similar levels of ADC activity as the SI2M_-13 mutant (Figure 31, Supplementary Figure
18, and Supplementary Figure 19), which has a 13 bp deletion spanning two different hairpins
(Figure 68G). This indicates that disruption of these hairpins by this 13 bp deletion has a similar
impact on the RNA secondary structure’s ability to inhibit downstream translation as a
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Figure 68: How the CRISPR/Cas9-induced mutations may affect tomato 4ADC-boxes secondary structures.

The WT SIADC1/2-box SHAPE-derived structures (generated by Yiliang Ding’s laboratory, John Innes Centre, UK from RNA
extracted from mature green tomato fruit) were used to identify where the CRISPR/Cas9-induced SIADC1/2-box mutations
are located; WT SIADCI-box (A), control mutant SI1C-6 (B), adcl-box mutants SIIM_+1 (C) and SIIM-108 (D), WT
SIADC2-box (E), and adc2-box mutants SI2M-4 (F) and SI2M-13 (G) are shown. The 4ADC-box sequence is highlighted in
orange and central conserved hairpin, corresponding to sequences designated as GC2 and GC3 regions by Wu et al., 2019,
highlighted in blue. Deletions are shown as faded out nucleotides and inserted nucleotides are highlighted in purple. Mutants

with significantly higher ADC activity compared to WT (based on Figure 31) have the fold changes displayed.
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complete loss of the ADC-box. Interestingly, the 4 bp deletion in the SI2M_-4 mutant also
impacts the same first hairpin as the SI2M_-13 mutant (Figure 68F and G), but no significant
difference in ADC activity or metabolite levels were found for this mutant compared to WT
(Figure 31, Supplementary Figure 18). This indicates that disruption of the first hairpin either
does not interfere with the formation of the SIADC2-box structure or that another compensatory
hairpin or structure may form to fulfil the same role as a WT SIADC2-box structure. These
findings are also supported by transient reporter assays conducted by Wu et al., 2019, where
mutating GC1 had no significant impact on downstream translation levels, while deleting GC2,
which is part of the central hairpin, significantly increased translation compare to a WT
SIADC1 5’UTR reporter. Collectively, these findings show that disruption of the central hairpin
disables the ability of the ADC-box to inhibit downstream translation (i.e., SI2M_-13), while
alterations to the first hairpin (i.e., SIIM_-4) do not impede ADC-box functionality, nor does
deletion of the third hairpin result in dramatically higher ADC translation rates (i.e., SIIM_-
108).

Similar to the tomato adc-box mutants, M. polymorpha adc-box mutants also had different
ADC activities and metabolite levels depending on their mutation. While all M. polymorpha
adc-box mutants had significantly higher ADC activity compared to TAKI1 or the control
mutants (Figure 37), MpM_-8 had the highest ADC activity (i.e., 7-fold higher than TAK1),
while MpM_-6 only had 3-fold higher ADC activity compared to TAKI1. Additionally,
agmatine levels were much more varied between different M. polymorpha adc-box mutant
compared to the ADC activity levels; this contrasts to the tomato adc-box mutants, where the
agmatine, putrescine, and acetylputrescine levels mimicked the ADC activity. What also
contrasts to the tomato adc-box findings is that even CRISPR/Cas9-induced SNPs in the
MpADC-box resulted in significantly higher ADC activity and metabolite levels compared to
the controls (Figure 37). The impact of these small mutations and SNPs may be more
pronounced in M. polymorpha compared to tomato as there is only one ADC homolog and
MpADC-box sequence only contains the central GC2 and GC3 regions, predicted to only form
a single hairpin RNA secondary structure (Figure 52; Wu et al., 2019). Therefore, any
disruption to the MpADC-box structure may result in a more impactful change to the MpADC-
box structure and translation rates of the only ADC homology. Alternatively, the
CRISPR/Cas9-induced SNPs and small deletions may also result in the loss of important
elements of the MpADC-box RNA secondary structure. For example, MpM_+14 has just as
high levels of ADC activity, agmatine, ornithine, putrescine, and acetylputrescine as the larger

MpM_-14 mutant, which were all significantly higher than TAK1 by factors of 6-, 20-, 2-, 4-,
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and 3-fold, respectively (Figure 37). However, total agmatine levels of the other two mutants
with 1 bp insertions (i.e., MpM_+18 and MpM_+1¢) and putrescine levels of MpM_+18 were
significantly lower than MpM_+14, suggesting that the single bp insertion of the MpM_+14
has a more pronounced impact on MpADC translation. However, it is important to note that
the LCMS analysis of M. polymorpha ADC activity and PA metabolite levels was only
conducted once and should be repeated to verify these results.

To understand how these mutations may differentially affect the ability of the MpADC-box
RNA secondary structure to regulate MpADC translation, the M. polymorpha adc-box
mutations were overlaid onto the ADC-box hairpin structure of seedless plants previously
predicted by Wu et al., 2019, which also corresponds to the central hairpin of the SIADC1/2-
box structures (Figure 52). Compared to the WT MpADC-box (Figure 69A), the 1 bp G
insertion of MpM+1# may result in an enlarged loop up to 5 nucleotides with a non-Watson-
Crick pairing of two G nucleotides or a larger 7 bp loop if these G nucleotides do not pair
(Figure 69B). In contrast, the MpM_+18 and MpM_ +1¢ single bp insertions occur at the base
of the hairpin (Figure 69C and D). As these mutants have higher ADC activity compared to
TAK1 (Figure 37), they must still impact the MpADC-box structure or function; however,
without SHAPE-derived structures of these adc-box mutants, this cannot currently be

explained.
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Figure 69: How the CRISPR/Cas9-induced mutations may affect M. polymorpha ADC-boxes secondary structures.

The predicted RNA secondary structure of seedless plants by Wu et al., 2019 was used to identify where the CRISPR/Cas9-
induced MpADC-box mutations are located; WT MpADC-box (A), MpM+14 (B), MpM+1B (C), MpM+1€ (D), MpM-6 (E),
MpM-8 (F), and MpM-14 (G) are shown. The ADC-box sequence is highlighted in orange and central conserved hairpin,
corresponding to sequences designated as GC2 and GC3 regions by Wu et al., 2019, highlighted in blue. Deletions are shown
as faded out nucleotides and inserted nucleotides are highlighted in purple. Mutants with significantly higher ADC activity
compared to WT (based on Figure 37) have the fold changes displayed.
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Interestingly, the MpM -6 mutant had the lowest ADC activity compared to the other M.
polymorpha adc-box mutants, as well as lower agmatine, putrescine, and acetylputrescine
levels (Figure 37). The 6 deleted nucleotides in MpM -6 correspond exactly to the loop
nucleotides and do not interfere with the stem sequence (Figure 69E). Therefore, while this
mutation has impaired the MpADC-box structure, it has not affected ADC translation to the
same extent as the single bp insertion of MpM_+1# or the larger mutations in MpM_-8 and
MpM _-14, which impact the hairpin stem (Figure 69F and G).

Through using the SHAPE-derived and predicted ADC-box structures in combination with the
LCMS ADC activity and metabolite data, insights into why some adc-box mutants had greater
impact on ADC translation can be inferred. Specifically, in all cases where the ADC-box
sequence encoding stem nucleotides of the central hairpin, ADC activity and some metabolite
levels were significantly higher than WT or adc-box mutants where this hairpin stem was not
impacted (i.e., SIIM -4, SI2M_+1, MpM_+18, MpM_+1€, and MpM_-6). Therefore, the
central hairpin stem, made up of the most highly conserved GC-rich regions (i.e., GC2 and
GC(C3), seems to be essential for ADC-box functionality. Seedless plants such as M. polymorpha
seem to only have GC2 and GC3 sequences, indicating that this essential hairpin evolved first
to enable regulation of ADC translation, and angiosperms later evolved to have two additional
flanking hairpins. However, as the SIIM_-4 mutant, which has a 4 bp deletion in the stem of
the first hairpin, does not have altered ADC activity, the role of these two flanking hairpins
remains unclear.

To further investigate the ADC-box structure, analysis of more tomato adc-box mutants with
different mutations in only the first or third hairpins would provide further insight into whether
these flanking hairpins play a role in ADC-box functionality. Alternatively, the triple hairpin
ADC-box structure could be interrogated using transient dual reporter assays, where specific
mutations in the stems or loops of the ADC-box could be generated and the impact on
downstream translation analysed. Specifically, comparing the level of translational inhibition
between a WT SIADC-box and one with the two flanking hairpins deleted would inform on
their role in ADC-box functionality. Flipping the entire ADC-box sequence, or simply swapping
the first and third hairpins could also indicate whether their sequence or order is important, or
if the only role of the outer hairpins is to slow the PIC so that it can interact with the central
hairpin. Additionally, to confirm that the central hairpin indeed forms in planta, the GC2 and
GC3 sequences could be swapped so that the central hairpin could still form and inhibit
downstream translation, but the ADC-box sequence would be altered. Furthermore, swapping

the SIADC-box with the MpADC-box in the context of the SIADC 5’UTR would also inform
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A B Figure 70: Selaginella moellendorffii has a rare insertion

M. polymorpha S. moellendorffii in its ADC-box sequence.
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on how well this primitive ADC-box structure can regulated ADC translation compared to the
more evolved angiosperm triple hairpin ADC-box. Similarly, insertion of other interesting
ADC-box sequences from other species into an SIADC 5’UTR would also inform on how
natural ADC-box sequence variation may influence translational efficiency. For example, the
A. thaliana ADCI-box contains some additional nucleotides (Figure 4), while the ADC-box
from Selaginella moellendorffii (i.e., SmADC-box) has ~9 nucleotides inserted between the
GC2 and GC3 regions, possibly extending the loop or the stem of the central hairpin (Figure
70; Wu et al., 2019). Such examples of alternative ADC-boxes, although rare, may shed light
on where sequence variation may be tolerated to still enable regulation of ADC translation.

A final future perspective would be to definitively determine the effect of the CRISPR/Cas9-
induced adc-box mutations on their ADC-box RNA secondary structures. Here, SHAPE-
derived ADC-box structures of the SIIM_-4, SI2M_+1, and SI2M_-13 mutants would provide
insight into how the structure may be altered due to the mutations or if an alternative structure
may form due to these mutations. Additionally, determining the TAK1 MpADC-box structure
would not only confirm that only a single hairpin forms, but if this is the same as the central
hairpin in the SIADC1/2-boxes. SHAPE-derived MpADC-box structures of the adc-box mutants
would also inform on how single bp insertions (i.e., MpM_+1%) can result in ADC activity
levels comparable to a 14 bp deletion mutant (i.e., MpM_-14).

In conclusion, SHAPE analysis has determined that the SIADCI/2-box RNA secondary
structures form a triple hairpin structure, where the central stem is formed from the most highly
conserved GC-rich regions in the ADC-box sequence. These SHAPE structures, alongside the
LCMS metabolic data, have provided indications as to how the CRISPR/Cas9-induced adc-
box mutations affect the ability of the ADC-box to form and thereby control ADC translation.
Particularly, informing on how even small SNPs can affect the ADC-box structure to impair its
ability to repress translation. This work has elucidated that the ADC-box central hairpin is the

most essential element for ADC-box functionality, and it is likely that this hairpin evolved first
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in early land plants and then expanded to become a triple hairpin structure in angiosperms.
Overall, combining LCMS metabolic analysis of CRISPR/Cas9-induced mutants with SHAPE-
derived SIADC1/2-box RNA secondary structures has not only validated that the ADC-box has
regulated ADC translation since the first land plants, but also that the same central hairpin

structure may have also been conserved since then too.

4.2.4 Impact of the tomato ADC uORFs on ADC translation and plant
development.

Despite the presence of a small uORF in most plant ADC 5’UTRs, with a conserved distance
of ~150 bp to the start of the ADC-box (Supplementary Figure 2), previous analysis of the
SIADC1 5’UTR elements using transient assays found little to no impact of the uORF on ADC
translation (Wu et al., 2019). This was also found in this work using the pGreenlI-based dual
luciferase assay system, where no difference in luciferase expression was found between WT
and Auorf knock out SIADC1 5’UTR reporters (Figure 48). Interestingly, the ADC uORF in
carnation (Dianthus caryophyllus L.) was previously found to inhibit ADC translation using in
vitro methods (Chang et al., 2000). It was suggested that this was due to the ADC uORF
peptide, yet this peptide also inhibited translation of the non-4DC control protein.

However, when analysing the CRISPR-induced single and double tomato uorf mutants in this
work, they had approximately 2-fold lower ADC activity compared to WT following cold
treatment (Figure 35), indicating a positive role of the uORF on ADC translation. Lower
agmatine in the uorf2 and uorf1/2 mutants, and lower putrescine, acetylputrescine, ornithine,
and glutamine in the Auorf1/2 double mutant were also observed (Figure 35, Supplementary
Figure 20), demonstrating that the effect of the uORF propagates through the PA pathway.
When analysing the phenotypes of WT, Aadc1/2-box, and Auorf1/2 tomato plants, the double
Auorf1/2 mutant was found to be shorter, with fewer leaves and flowers compared to the WT
and Aadcl/2-box mutant, without any differences in SIADC1/2 transcript abundance between
the Auorfl/2 and WT (Figure 36). Together, these findings indicate that the uORF positively
regulates ADC translation and is also important for normal plant development. Therefore, ADC
translation may be regulated both positively and negatively by the uORF and ADC-box,
respectively.

At first, it may seem somewhat unusual for the ADC uOREF to have positive effect on translation
of ADC, as uORFs typically have an inhibitory role on mORF translation (von Arnim et al.,
2014). However, a key difference between the LCMS analysis of the tomato uorf mutants and

other ADC uORF-investigating reporter assays is the addition of a cold stress treatment. During

188



periods of stress, uUORFs have been found to promote translation of the downstream mORF,
despite a suppression of global translation that is initiated to preserve energy during this period
(Palam et al., 2011; Andreev et al., 2015; Wek, 2018). Various stresses, such as excess light,
nutrient deprivation, cold, wounding, and pathogen attack, activate the General Control
Nonderepressible 2 (GCN2) kinase that phosphorylates the translation initiation factor 2 alpha
subunit (elF2a; Lageix et al., 2008, Lokdarshi and von Arnim, 2022, Lokdarshi et al., 2022).
This phosphorylation inhibits recycling of the eI[F2-GDP to an active elF2-GTP, which is
required for assembly of a functional PIC and therefore, translation is globally repressed (Wek,
2018). Despite this global translation repression, some transcripts, which often encode proteins
required for stress remediation, as well as a uORF in their 5’UTR, are still translated (Wek,
2018). Therefore, the role of the ADC uORF may be to mark/promote the ADC transcript for
translation during periods of stress, thereby acting as a conditional positive regulator of ADC
translation. In the case of the ADC activity assays conducted here, cutting the tomato leaves
for cold treatment may have induced elF2c phosphorylation, yet due to the presence of the
uORF, ADC could still be translated from the WT 5’UTR. However, the CRISPR/Cas9-
induced uorf mutants lack the uORF, meaning translation of the downstream ADC was
repressed like all other transcripts following cutting of the leaves and cold stress, resulting in
the reduced ADC activity compared to WT (Figure 35).

In Figure 71, two proposed mechanisms for how the uORF may promote ADC translation
during stress are proposed. During periods of no stress, PICs may either scan past the uORF
via leaky scanning to initiate at the ADC start codon, or otherwise translate the uORF, and then
following termination, recruit new initiation factors (i.e., e[F2-GTP and elF3) to allow for
reinitiation at the next downstream start codon (i.e., ADC). Reinitiation is more likely to occur
following translation of a short uORF compared to a longer one (Gunisova et al., 2018), which
may be why such a small ADC uORF has been conserved (i.e., 9 amino acids; Supplementary
Figure 2). Following recruitment of all required factors for reinitiation, the scanning ribosome
would then encounter the ADC-box, which would be responsible for allowing scanning to the
ADC start codon in a PA-level dependent manner (Figure 71B). On the other hand, during
periods of stress, the UORF bypass model (Figure 71C) states that low levels of eI[F2-GTP and
abundance of active PICs reduces uORF initiation, which may occur if the time/distance on the
5’UTR required to recruit an elF2-GTP is longer. In this way, less uORF translation would
occur during stress, meaning that more scanning PICs could reach the ADC start codon to

initiate translation. This model is based on the stress-dependent translational regulatory
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Figure 71: Proposed model of how the uORF positively regulates ADC translation during periods of stress.

(A) Most ADC 5’UTRs in angiosperms contain a uORF (dark orange) ~150 bp 5° to the ADC-box (depicted as the SIADCI-box
triple hairpin structure; black), which sits ~100 bp upstream of the ADC coding sequence (light orange). (B) During periods of
low stress, eukaryotic initiation factor 2 (eIF2) with a bound Met-tRNA and GTP (dark blue) is abundant and incorporated into
the preinitiation complex (PIC, grey). Upon start codon recognition, such as the ADC uORF, hydrolysis of the eIF2 GTP to
GDP (light blue) occurs, the eIF2a-GDP is released, and large ribosomal subunit recruited to initiate translation. Occasionally
the PIC can resume scanning after termination but requires a new elF2-GTP to initiate translation. (C) Stresses (i.e., nutrient
deprivation, biotic or abiotic stress, etc.) induce phosphorylation (yellow) of the eIF2 o subunit, reducing available eIF2-GTP
and thereby abundance of functional PICs, thus suppressing translation initiation and protein synthesis. In such situations,
transcripts with uORFs often maintain mORF translation. In the ADC uORF bypass model, functional PICs bypass the uORF,
maintaining the eIF2-GTP for translational initiation of ADC, only if the ADC-box also detects low PA levels and does not
inhibit PIC scanning. (D) In the shunting model, PIC initiation at the uORF start codon still occurs, but due to low elF2-GTP
levels, a functional scanning PIC takes longer to assemble. With fewer elFs, the ADC-box allows the PIC to pass or be shunted

past to the ADC start codon, regardless of PA levels.
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mechanism of CHOP, a protein required for stress-induced apoptosis. Here, phosphorylation
of elF2a increases PIC scanning past a strong inhibitory uORF to increase CHOP translation
(Palam et al., 2011). As the ADC uORF has not previously been observed to inhibit ADC
translation in planta, this model is not fully supported by the current data.

Another model, called the shunting model, has also been proposed (Figure 71D). Here, under
stressed conditions, the few active PICs with an eIF2-GTP can initiate translation of the ADC
uORF, yet due to the reduced abundance of elF2-GTP during the stress response, reassembly
of an active PIC requires more time/distance on the transcript. This PIC, either due to lacking
various initiation factors or due to stalling as it waits for an available elF2-GTP, may be
allowed to bypass the ADC-box regardless of PA levels, or be shunted past it to the ADC start
codon. This would result in increased levels of ADC translation in a uORF-dependent, but
ADC-box-independent manner. Similar mechanisms have previously been reported to occur
with viral transcripts (including plant pararetroviruses, like the cauliflower mosaic virus),
where a short uORF is translated, but following termination, the small ribosomal subunit is
shunted forward past an RNA secondary structure to the start codon of the mORF (Pooggin
and Ryabova, 2018). This hypothesised model is also supported by the conserved spacing of
the uORF and ADC-box found in angiosperm ADC transcripts and the uORFs consistently
being small (Supplementary Figure 2), both of which would need to be maintained
evolutionarily for this reinitiation and shunting mechanism to function.

Before testing these hypothesised models, the idea that the ADC uOREF is a stress-dependent
positive regulator of ADC translation must first be verified. This could be confirmed by an
ADC activity assay on non-treated and cold-treated WT and Auorftomatoes, where only under
stressed conditions would Auorf mutant have reduced ADC activity. Additionally, transient
dual reporter assays in N. benthamiana leaves could be used to compare translation rates of
WT and uORF start codon knock out ADC 5’UTRs under non-stressed and stressed (i.e., cold-
treated) conditions. This would not only support the ADC activity assay data, but also indicate
whether a transient reporter system in combination with cold stress would be suitable for
further investigation into the ADC uORF models. To test the shunting model via transient dual
reporter assays, the placement of the uORF stop codon on the transcript, and thereby the
location of translation termination relative to the ADC-box, could be altered. As the spacing
between the uORF and the ADC-box is conserved at ~150 bp (Supplementary Figure 2), this
may be an important sequence feature for shunting to occur. Here, translation of the mORF

would be expected to only be promoted following stress if the uORF stop codon is ~150 bp 5’
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to the ADC-box. Additionally, shunting often requires an AT-rich sequence at the ribosome
landing site, so further sequence analysis of the AT-content 3’ to the ADC-box across
angiosperms could be conducted. Finally, as only one LCMS experiment has been conducted
on tomato WT, single, and double Auorftomato mutants, more repetitions must be conducted,
alongside mutagenesis of ADC uORFs in other species to confirm that the protective role of
the uORF for maintaining ADC translation during periods of stress is a conserved mechanism.
Overall, LCMS analysis of CRISPR/Cas9-induced tomato uorf mutants has resulted in a
possible positive regulatory role for this conserved element, adding to the complexity of ADC
translational regulation.

The hypothesis that the ADC uORF is a positive regulatory element for ADC translation is also
supported by the phenotyping experiment conducted on WT, Aadcl/2-box, and Auorfl/2
tomatoes. The Auorf1/2 mutant was shorter, with fewer leaves and flowers compared to WT
and the Aadcl/2-box mutant (Figure 36), suggesting that the ADC uORF is important for
maintaining normal plant development. While the phenotyping experiment was conducted in a
controlled greenhouse, small periods of stress may still have occurred during development to
influence ADC translation in a uORF-dependent manner (i.e., via a model proposed in Figure
71). Without the protective action by the uORF to maintain ADC translation, the Auorf1/2
mutant may have had lower PAs during critical periods of development, resulting in the
observed phenotype. In fact, RNA silencing both A. thaliana ADCs resulted in a stunted
phenotype and delayed flowering (Sanchez-Rangel et al., 2016), suggesting that reduced ADC
levels affect plant development. Further experiments investigating the Auorf1/2 phenotype at
earlier stages of development and under different stress conditions may elucidate when and
where the uORF promotes ADC translation to ensure normal plant development. Specifically,
conducting LCMS analysis on different tissues at different time points of development of WT
and Auorf1/2 mutant tomatoes could be conducted. Finally, to ensure that the phenotypic and
LCMS metabolic analysis of the tomato uorf mutants is due to deletion of the uORF and not
another element of the ADC 5’UTR, more mutants should be investigated. The CRISPR/Cas9-
induced uorf mutants analysed in this work have large deletions of 127 bp and 172 bp spanning
the SIADC1 and SIADC2 uOREFs, respectively (Figure 11, Figure 12). Although no differences
in SIADC1/2 transcript abundances between WT and Auorf1/2 plants were found in RNA from
adult tomato leaves, it is possible that such large deletions have a secondary impact on ADC
translation, rather than being a direct impact of knocking out the uORF. For example, a smaller
leader sequence between the 5° cap and the ADC-box may impact its repressing action on PICs,

resulting in lower ADC translation rates in these Auorf mutants. Therefore, to ensure that the
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results observed in this work were due to knocking out the uORF, rather than impacting
translation through another mechanism, Auorf1/2 tomato mutants with smaller mutations
spanning the uORF ATG need to be analysed. A double Auorf1/2 with 7 bp and 14 bp deletions
spanning the SIADC1 and SIADC2 uORF's respectively, has been initiated in this work, but not
yet analysed (Table 29).

Overall, generation and analysis of tomato uorf mutants resulted in finding that perhaps the
uORF is essential for maintaining ADC translation during periods of stress and development.
This finding adds ADC to the list of plant PA-related enzymes that have uORFs in their 5’UTR,
alongside ODC, SAMDC, the PA catabolic enzymes POA-2, -3, and -4, and proteins regulated
by PAs, such as the transcription factor SAG51 (Jimenez-Bremont et al., 2022). uORFs may
therefore be a common feature in these 5’UTRs to promote their translation throughout periods

of stress, ensuring the production of PAs and related stress remediating metabolites.

4.3 Investigating the mechanism of plant ADC translational
regulation.

After finding that the ADC-box has a repressive regulatory role on ADC translation in planta,
and that this role has been conserved throughout land plant evolution, we sort to understand
how the ADC-box mechanistically functions. To maintain PA homeostasis, it would be
counterintuitive if the ADC-box could only repress ADC translation without alleviating this
repression during periods of insufficient PA levels. It was therefore hypothesised that the ADC-
box must somehow sense levels of PAs or the ADC protein itself to correctly control ADC
translation to match the cellular PA need. For this sensing, some sort of feedback mechanism
would be required to connect the cellular PA level to the ADC-box structure. Such feedback
signals were hypothesised to be either: the ADC protein itself; PAs or a related metabolite; a
combination of the ADC protein and a bound metabolite; or another biological factor
completely unrelated to ADC or PA metabolites that senses the cellular need for PAs and then
acts upon the ADC-box. To narrow down these 4 hypothesised feedback signals, a dual
luciferase reporter assay system was established, and functional and catalytically non-

functional ADC expression constructs were generated (section 3.5.2.3).

4.3.1 A dual luciferase reporter system was established to investigate how the
ADC-box regulates translation.

Here, a luciferase-based dual reporter system was established using the pGreenll-based

plasmids (pGrDL SPb (GG); Hellens et al., 2000, Moyle et al., 2017), enabling golden-gate
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assembly of promoters and/or 5’UTR constructs to be inserted upstream of the luciferase
reporter gene (Figure 42, Figure 43, section 3.5.2.2). Using this cloning strategy, various
promoter, as well as 355-driven SIADCI and SIADC2 WT, Aadc-box, and Auorf 5’UTR
luciferase reporter T-DNA constructs were generated and agroinfiltrated into N. benthamiana
leaves. Similar to the findings of Wu et al., 2019, deletion of the SIADCI ADC-box increased
translation of the downstream reporter, while deletion of the SIADC1I uOREF start codon knock
out had no effect in (Figure 48). This also showed that despite using a different dual reporter
system, the impact of mutating these conserved elements on downstream translation in transient
N. benthamiana reporter assays was consistent. Additionally, the error between technical
replicates was relatively low using the pGrDL SPb (GG) reporter system and the results were
reproducible between experiments, demonstrating its efficiency and reliability for investigating

translation rates of individually expressed reporters.

4.3.2 Transient overexpression of ADC for dual luciferase assays causes
metabolic changes that influence translation in an ADC 5’UTR-
independent manner.

To narrow down which feedback signal might be involved in the ADC-box regulatory
mechanism, experiments co-delivering SIADC 5’UTR reporters with functional or catalytically
non-functional PA enzymes were conducted. However, throughout all experiments that co-
expressed an active SIADC protein, luciferase expression and/or activity was reduced
compared to the negative control (i.e., EV or GUS), regardless of the type or presence of a
5’UTR or the promoter used (Figure 48, Figure 49, Figure 50, Figure 51).

It is possible that ADC-induced metabolic changes may have influenced general transcription
or translation of the reporters, or activity of luciferase itself, causing this ADC-specific
reduction in luciferase. When assessing ADC activity and metabolite levels of the transiently
expressed WT SIADC proteins in N. benthamiana, not only were agmatine and putrescine
levels increased, but also arginine or spermidine levels were significantly lower than the
catalytically non-functional SIADC proteins (Figure 46). As spermidine has been implicated
in general translational efficiency due through a variety of mechanisms (Dever and Ivanov,
2018; Jimenez-Bremont et al., 2022), it is possible that reduced levels caused by ADC
overexpression may influence global translation. Spermidine, as well as other PAs, are known
to bind to DNA, RNA, and ribosomes (Dever and Ivanov, 2018), with two spermidine binding
sites identified within the peptidyl transferase centre (PTC) of bacterial ribosomes (Xaplanteri
et al., 2005). Spermidine is also required for the function of translation factor eIF5A, which is

involved in translation elongation, alleviating ribosome stalling at proline-rich repeat
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polypeptides. In elF5A, spermidine is required to convert a lysine residue into a hypusine
residue, a process that has also been implicated in stress responses in higher plants (Belda-
Palazon et al., 2016, Poidevin et al., 2019, Palfi et al., 2021). Therefore, reduction of spermidine
upon overexpression of ADCs may impact general translational efficiency, either generally
through nucleotide or ribosome binding, or via specific factors such as elF5A, thereby resulting
in reduced luciferase reporter expression.

Alternatively, the reduced arginine or spermidine levels, or the increase in other metabolites
following transient SIADC overexpression in N. benthamiana may impact luciferase activity.
Moyle and Birch, 2013 found that undiluted plant extracts could inhibit activity of firefly
luciferase but did not affect renilla luciferase, while complex bodily fluids were also found to
alter luciferase reporter activity (Neefjes et al., 2021). As no ADC overexpression-dependent
impact on renilla luminescence was ever observed (Supplementary Figure 30, Supplementary
Figure 31, Supplementary Figure 33, Supplementary Figure 35, Supplementary Figure 36), it
is possible that some metabolic consequence of ADC overexpression may specifically impact
luciferase activity. It is possible that the small volume of plant extract used for these assays
(i.e., 5 uL of N. benthamiana extract supernatant diluted in 40 pL of each dual luciferase assay
buffer) was sufficient to inhibit luciferase activity; diluting the sample further may alleviate
this issue but this remains to be tested. Additionally, monitoring activity of purified luciferase
proteins in the presence of ADC-related metabolites (i.e., arginine, agmatine, putrescine,
spermidine, or some phenolamides) could be conducted to determine if one of these metabolites
impact luciferase activity. Overall, the results presented in this work demonstrate that transient
co-expression of ADC proteins is incompatible with the firefly luciferase reporter. Because of
this, no conclusions could be made regarding the effect of active or inactive ADC proteins on
SIADC 5’UTR translation using this reporter system. Therefore, another experimental method

for investigating how the ADC-box can respond to cellular needs of PAs is required.

4.3.3 Alternative experimental approaches could give indications into how the
ADC-box secondary structure regulates ADC translation.

To further investigate how the ADC-box may regulate ADC translation, including if and how
it responds to cellular PA levels, could be conducted using more structural-focused approaches.
In this work, SHAPE analysis of the SIADC1/2-box RNA secondary structures found that they
form a triple hairpin structure, rather than the previously predicted double stem loop structure
presented by Wu et al., 2019 (Figure 52). However, these structures were elucidated from

mRNA sampled from tomato floral tissue and mature green fruit, rather than adult tomato
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leaves, in which the ADC activity and PA levels were measured in the CRISPR/Cas9-induced
tomato mutants. As it is possible that a different structure forms in these tissues due to
differences in PA requirements or tissue development, SHAPE analysis of SIADCI- and
SIADC2 5’UTRs in adult tomato leaf tissue is required. It is also conceivable that upon
recognition of high PA levels, the ADC-box RNA structure undergoes a conformational change
to prevent PICs from scanning past to the ADC start codon. However, this seems unlikely as
the two sets of SIADC1- and SIADC-box structures that have been determined so far have come
from two very different tissues with different levels of SIADC1/2 transcription and PAs and
still show similar triple hairpins structures. Tomato flowers have much higher PA levels
compared than other plant organs (Tassoni et al., 2000; Applewhite et al., 2000; Chen et al.,
2019), while SIADC1/2 transcript levels and PAs are lower in mature green tomato fruit
compared to other fruit stages (Tsaniklidis et al., 2016). However, to support the hypothesis
that the ADC-box does not undergo a conformational change in response to PA levels, SHAPE-
derived ADC-box structures in high and low PA conditions are needed. A “high PA state” could
be generated by cold-treating single adc-box mutants, where the remaining WT ADC-box
structure could be determined. On the other hand, a “too low PA state” could be generated by
using adc coding sequence mutants, particularly the tomato adcl/adc2 double mutant, which
lacks any measurable ADC activity and has dramatically low PA levels (Figure 39). If all ADC-
box RNA secondary structures remain the same in these conditions, then one could conclude
that the ADC-box structure remains constant and only binding/recognition of a PA-level-
dependent feedback signal increases the stability of the ADC-box, thereby preventing PIC
scanning. However, it is important to note that SHAPE reactivity values are generated from all
sequenced transcripts in a cell, rather than derived from a single transcript. Therefore, a subset
of ADC-box structures could exist in an alternative conformation, but this is likely to be missed
by SHAPE analysis.

While further SHAPE analysis would give insight into the structural and mechanistic
conservation of the ADC-box in planta, another experimental technique may help to elucidate
the feedback signal and therefore, ADC-box regulatory mechanism. As the ADC-boxes in
tomato, M. polymorpha, and A. thaliana were all found to repress ADC translation, it is likely
that they all function in the same manner and respond to the same PA level feedback signal.
Therefore, if the ADC-box mechanism has been conserved since the first land plants, the PA
level feedback signal must also be present and consistent throughout this entire evolutionary
timeline. ADC protein was hypothesised to be the feedback signal (Figure 41); yet for this to

be the case, an ADC-box binding site on ADC proteins must be conserved, despite divergence

196



in the peptide sequence over time and between ADC homologs. What seems more likely
however, is that a metabolite would be the feedback signal, as metabolite structure and charges
do not change throughout evolution. Arginine and PAs are ancient metabolites that are essential
for all forms of life (Miller-Fleming et al., 2015) and are therefore, more likely candidates for
being the ADC-box feedback signal compared to an evolving ADC protein.

To identify a feedback signal, an in vitro method whereby the ADC-box RNA secondary
structure could be exposed to various metabolites or the ADC protein and tested for potential
binding. Optical tweezers are a precision tool that can be used to study the forces restricting
single molecule movement or motility. Optical tweezers have previously been used to catch
either end of single a RNA strand and then, through gradually pulling on the RNA, the forces
that hold RNA secondary structures together can be measured (Ghimire and Guo, 2021;
Marinus et al., 2024). Such experiments could be conducted in collaboration with Erik
Schéffer’s laboratory (ZMBP, University Tiibingen), who specialise in using optical tweezers.
Here, pure ADC 5’UTR probes could be secured (either between two optical tweezers or with
one RNA end tethered to a surface and the other end caught by the tweezer) and the force
required to unwind the ADC-box RNA secondary structure could be determined. Such
information would be informative for understanding how much energy ribosomal helicases
must overcome to allow PICs scanning past the ADC-box. Additionally, the force required to
unwind the ADC-box structure could also be measured in the presence of different metabolites
or purified ADC proteins. Here, when the correct feedback signal binds to the ADC-box, the
energy required by the optical tweezers to pull apart the ADC-box structure would be increased,
thereby identifying the feedback signal. As a negative control for such experiments, the ADC-
box sequence could be scrambled, preventing the same secondary structure from forming. This
would enable classification of when a metabolite or protein binds in an 4ADC-box structure-
dependent manner, rather than random binding. Overall, to understand how the ADC-box
structure functions and what the feedback signal may be, further experiments using both

SHAPE analysis and in vitro methods like optical tweezers are required.
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4.4 Together, the adc-box and adc coding sequence mutants shed
light on the role of ADCs in PA metabolism.

4.4.1 Tomato adc-box and adc cds mutants have mirroring impacts on PA
metabolism.

While the adc-box mutants were primarily generated to study the role of the ADC-box in planta,
they have also become a valuable tool for understanding the role of ADCs in PA metabolism.
The adc-box mutants essentially act as mild ADC over expressing lines due to their lack of
inhibitory control over ADC translation. Due to higher levels of ADC activity in the tomato
Aadcl/2-box mutant, increased levels of downstream metabolites were observed (i.c.,
agmatine, putrescine, acetylputrescine, and some phenolamides), while alterations to the
metabolites in the urea cycle were also observed (i.e., ornithine and citrulline; Figure 31, Figure
32, Figure 33, Figure 64). Complementary to such lines are the ADC coding sequence single
(i.e., sladcl and sladc2) and double (i.e., sladci/2) knock out lines, which have lower or no
ADC proteins. The sladcl mutant had only ~42% of the ADC activity in the WT, while the
sladc2 mutant had ~76% (Figure 39), indicating that in cold-treated adult tomato leaves,
SIADC1 plays a bigger role than SIADC2. This may be due to higher levels of SIADCI
transcription following cold treatment, which was observed in the SIADC] relative transcript
abundance in cold-treated WT and adc-box tomatoes compared to SIADC?2 levels (Figure 34).
No ADC activity was observed in the sladcl/2 double mutant line, confirming that no other
enzyme is present in tomatoes to decarboxylate arginine to agmatine and consequently,
arginine levels build up (Figure 39). Possibly due to this build up in arginine or the plants
attempt to increase flux through the PA pathway, citrulline and glutamine levels are also
increased in the Asladcl/2 mutant. Interestingly, ornithine levels in the single and double were
reduced in the Asladc1/2 mutants but increased in the Asladcl/2-box mutants, while arginine
levels were never affected in these lines. As arginine is made from ornithine and the ADC-
dependent pathway for PA synthesis is more dominant in plants (Winter et al., 2015; Chen et
al., 2019), it seems that the ornithine pool is compromised in an effort to maintain ADC-
dependent PA synthesis. Alternatively, the higher and lower ornithine levels in the Asladc-box
and sladcl/2 mutants may be due to lower and higher ODC activities in these lines,
respectively; yet ODC activity remains to be measured in these mutants. Combining the
information of the tomato adc-box and adc cds mutants demonstrates the connectedness of the

ADC- and ODC-dependent PA pathways in plants through the substrate cycling pools.
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Downstream of the ADC and ODC activities, the tomato adc-box and adc cds mutants appear
to metabolically mirror each other. The adc-box mutants have increased agmatine, putrescine,
acetylputrescine, and some phenolamides (i.e., coumaroylagmatine and coumaroylputrescine;
Figure 33, Figure 64), while the sladcl/2 mutant has severely reduced agmatine, putrescine,
and acetylputrescine levels (Figure 39), as well as the phenolamides coumaroylagmatine,
coumaroylputrescine, feruloylagmatine, feruloylputrescine, and cinnamoylputrescine (Figure
40). These striking results demonstrate that ADC plays a vital role in not only regulating
agmatine and putrescine levels, but also levels of their conjugated products. However, despite
such dramatic metabolic changes in these mutants, spermidine and spermine levels were never
significantly different to WT in any mutant. Similar results have also been found in transgenic
plants overexpressing ADCs, where spermidine and spermine levels were also unaffected,
regardless of very high ADC activity levels (Burtin and Michael, 1997; Masgrau et al., 1997;
Alcézar et al., 2005; Espasandin et al., 2014). Little to no changes in spermidine and spermine
levels in transgenic plants overexpressing ODC were observed either (Bhatnagar et al., 2001;
Roy and Wu, 2001). Overall, this suggests that there is a level of very tight regulation of
spermidine and spermine levels in plants, possibly due to their extensive biological roles (Chen
etal., 2019).

In summary, comparative analysis of the adc-box and adc cds mutants has provided valuable
insight into the impact of ADCs on PA metabolism in tomato. Yet similar in-depth LCMS
analysis of adc-box and adc cds mutants in other systems such as A. thaliana would help to
determine if these metabolic patterns, and therefore regulatory circuits and breaks, are also

present in other species.

4.4.2 adc-box mutants do not have as high ADC activity as published over
expression lines but provide a unique opportunity for researching the
role of ADCs in planta.

Interestingly, the tomato Aadc1/2-box mutant and the M. polymorpha mutants had 10-fold and
~6-7-fold higher ADC activities compared to their WT counterparts, respectively. While these
increases in ADC activity are impressive, other transgenic lines over expressing ADCs have
achieved much higher increases in ADC activity. For example, tobacco lines transformed with
an oat ADC gene driven by a 35S promoter showed between 10-20-fold higher ADC activity
compared to a control line (Burtin and Michael, 1997), while tetracycline-inducible oat ADC
construct transformed into tobacco produced up to 55-fold higher ADC activity levels
compared to the WT control (Masgrau et al., 1997). Additionally, individual A. thaliana lines

transformed with a 35S promoter-driven AtADC2 construct showed between 2- to 32-fold
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higher ADC activity compared to the WT control when grown under short day conditions
(Alcazar et al., 2005). Finally, transgenic Lotus plants expressing oat ADC had ~ 14-fold and
~36-fold higher ADC activity than WT under non-stressed and drought stressed conditions,
respectively (Espasandin et al., 2014). However, many of these ADC overexpressing lines were
phenotypically compromised. For example, A¢4ADC2 over expression in A. thaliana causes
dwarfism (Alcézar et al., 2005), induced expression of oat ADC caused chlorosis and reduced
root growth in tobacco (Masgrau et al., 1997), and over expression of carnation ADC in tobacco
caused so much chlorosis that no plants survived to the next generation (Chang et al., 2000).
These findings indicate that very high levels of ADC over expression can be detrimental for
normal plant development and physiology.

While the tomato and M. polymorpha adc-box mutants in this study did not have such dramatic
increases in ADC-activity as these transgenic ADC-overexpressing lines, they may provide
unique benefits to study the role of ADCs in plants. In both tomato and M. polymorpha, adc-
box mutants had no discernible phenotype under non-stressed conditions (Figure 36, Figure
38), which vastly contrasts the phenotypes reported in the transgenic lines mentioned above.
As the native genomic context and transcriptional control of the ADC genes have been
maintained in the adc-box mutants, and as under both non- and cold-treated conditions no
increase in SIADC1/2 transcription was observed (Figure 34), native regulation of ADC
transcription following developmental cues or during stress responses likely remain intact in
this mutant. However, adc-box mutants produce exaggerated levels of ADC protein and
subsequent metabolic outputs compared to WT due to lack of translational repression (shown
through increased ADC activity; Figure 31, Supplementary Figure 18, Supplementary Figure
19). Therefore, such adc-box mutants could be used to investigate the protective role of ADCs
during various stress responses, without the detrimental phenotypes typically observed in
constitutive overexpression lines (i.e., dwarfed, or chlorotic plants).

It is also possible that while the adc-box mutants have no observed phenotypic difference to
WT under non-stressed conditions, they may be more resistant to various stresses due to higher
levels of ADC proteins and downstream stress-mitigating metabolites. If this is the case, adc-
box mutants may be more reliable during turbulent environmental changes and therefore be
agriculturally valuable lines. Yet, further phenotypic analysis is required to determine if the
adc-box mutants are more resistant to persisting and possible multiple stresses (e.g., drought,
temperature, or pathogen attack) or if stress-induced ADC transcription and excessive ADC
protein levels in the adc-box mutants may negatively impact their long-term phenotype and

agricultural output.
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It is unlikely that abiotic or biotic stress resistant adc-box mutants would have been previously
identified via traditional breeding or screening methods, such as crossings, mutagenic screens,
or T-DNA insertion libraries (Page and Grossniklaus, 2002). So far, very little sequence
variation has been found in ADC-box sequences of closely related species (e.g., Solanaceae
species; Figure 4; Supplementary Figure 1; Wu et al., 2019), nor have any ADC sequences
lacking an ADC-box been found, meaning there is likely little available germplasm with natural
ADC-box variations. Additionally, chemical- or radiation-induced mutagenic screens for stress
resistant plants are unlikely to identify adc-box mutants as these treatments typically generate
SNPs, which are unlikely to disrupt the larger angiosperm ADC-box structure significantly to
be identified in a screen. Finally, T-DNA insertion libraries are also unlikely to identify an adc-
box mutant as it is likely translation of ADC would be massively compromised by insertion of
a T-DNA into the 5’UTR, producing an ADC knock down or knock out line, rather than an
ADC over expressor. Therefore, targeted approaches to mutate ADC-boxes in crop plants (i.e.,
CRISPR-based approaches) would be required to develop lines with mis-regulated ADC
translation. Such adc-box mutant lines may become valuable agricultural tools for boosting
PA-related plant stress responses, whilst maintaining control over exactly when and where this
occurs due to the intact native ADC transcriptional regulation. In summary, adc-box mutants,
both those generated here and in other species in the future, may improve the community’s

understanding of the role of ADCs on PA production, as well as be valuable agricultural assets.

4.5 Investigating the translational regulation of ADCs has shed
new light on how R. solanacearum may benefit from RipTAL
activation of ADCs.

4.5.1 RipTAL induction of host ADCs may lead to accumulation of
phenolamides.

R. solanacearum injects RipTAL effectors into its host plants to induce ADC transcription,
resulting in a boost in ADC activity and levels of agmatine and putrescine (Wu et al., 2019;
Gallas et al., 2023). During this work, the method for measuring ADC activity and levels of
PA-related metabolites with LCMS has been greatly optimised and expanded, enabling
measurement of more metabolites than in these original publications. Through conducting
LCMS experiments on tomato adc-box mutants, adc cds mutants, as well as N. benthamiana

leaves transiently over expressing SIADC proteins, more knowledge of the impact of ADCs on
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PA metabolism has been gained. Such knowledge can be transferred to understanding how
RipTAL induction of ADCs may impact the wider PA network to benefit R. solanacearum.
During this work it was consistently observed that relative levels of phenolamides were
dramatically increased upon heightened ADC activity and reduced with lower ADC activity.
In cold-treated adult leaves of Asladcl/2-box mutant, which had 10-fold higher ADC activity
compared to WT, coumaroylagmatine and coumaroylputrescine levels increased 5.5- and 1.7-
fold compared to WT, respectively (Figure 33). Cold-treated adc2-box mutant (SI2M_-13)
seedling roots had 11.4-fold higher ADC activity than WT, as well as 32.4- and 4.6-fold
increases in feruloylagmatine and feruloylputrescine, respectively (Figure 64). Transient over
expression of SIADCI in N. benthamiana leaves also led to increased relative levels of
coumaroylputrescine, feruloylputrescine, cinnamoylputrescine, and coumaroylspermidine
(Figure 46). Finally, reduction of ADC activity in the adc cds mutants led to significantly
reduced relative levels of coumaroylagmatine, coumaroylputrescine, feruloylagmatine,
feruloylputrescine, and cinnamoylputrescine by 12-, 8-, 13-, and 6-fold, respectively (Figure
40). Over expression of LDC in transgenic 4. thaliana also showed increased levels of PAs
and phenolamides (Shimizu et al., 2019), suggesting that boosting PA levels, regardless of the
source, leads to increase phenolamide accumulation. Collectively these results demonstrate that
phenolamide levels are greatly impacted by alterations to agmatine and putrescine levels
caused by different ADC protein levels.

Based on these findings, it is likely that RipTAL induction of host ADCs also leads to increased
phenolamides. In fact, preliminary data from pepper leaves infiltrated with Xanthomonas
carrying Brgl1 found increased relative levels of coumaroylagmatine and coumaroylputrescine
(Niels Gallas, unpublished). It is therefore possible that manipulation of host phenolamide
levels may be the purpose of RipTAL induction of ADCs. Phenolamides typically protect plants
against biotic stresses through two main mechanisms: as antimicrobial compounds and
reinforcement of the secondary cell wall (Roumani et al., 2021). Hypothesised mechanisms for
how R. solanacearum may benefit from boosting phenolamides via RipTAL induction of host

ADCs despite their role in biotic stress are outlined in the sections below.

4.5.2 RipTAL-induction of host ADCs to produce anti-microbial compounds
that inhibit growth of niche competitors.

Release of HCAs and their conjugated phenolamides is an antimicrobial strategy used by plants
to reduce growth of pathogens. Previously, phenolamides have been found to be upregulated

during infection of various plant pathogens and cause direct inhibition of their growth in vitro
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(Roumani et al., 2021). These include bacterial pathogens Xanthomonas campestris, X. oryzae
and Pseudomonas syringae on both Solanaceae species and rice (Newman et al., 2001; Von
Roepenack-Lahaye et al., 2003; Zacares et al., 2007; Morimoto et al., 2018), as well as a vast
number of fungal pathogens infecting monocot crops such as rice, wheat, and barley (Morimoto
etal., 2018; Ube et al., 2019a; Ube et al., 2019b). Plants also release de novo synthesised HCAs
into the rhizosphere in response to pathogen attack (Lanoue et al., 2010a; Lanoue et al., 2010b;
Wallis and Chen, 2012). While it seems counterintuitive for R. solanacearum to induce host
phenolamide levels when they have antimicrobial actions on a diverse range of plant pathogens,
this boost may benefit R. solanacearum by either reducing its need to compete with other niche
microbes or reducing levels of other more potent antimicrobial compounds.

For a successful infection, R. solanacearum must compete with various other microbes in the
soil that associate with or near the host’s roots, as well as overcome the plant’s chemical and
physical defences (Xue et al., 2020). If R. solanacearum were able to inhibit the growth of
these other microbes by inducing host phenolamides, then it may achieve a growth advantage
over its niche competitors. Such a ternary interaction was initially hypothesised by Wu et al.,
2019, yet the antimicrobial compound they suggested was putrescine, rather than
phenolamides, which have direct antimicrobial activities. However, such a strategy would only
be viable if R. solanacearum were more resistant to the antimicrobial activity of phenolamides
than its competitors. Lowe et al., 2015 found that many diverse R. solanacearum strains carry
a gene cluster responsible for degrading plant derived HCAs (i.e., p-coumarate, caffeate, and
ferulate), which is rarely found in soil microbes. Degradation of these HCAs was found to be
important during the early stages of infection enabling R. solanacearum entry into the roots.
Additionally, genes encoding multidrug efflux pumps that protect R. solanacearum from toxic
compounds such as caffeate are also important for infection (Brown et al., 2007). It is therefore
plausible that R. solanacearum has multiple strategies to protect itself from HCAs, strategies
which may also work for related metabolites such as phenolamides, providing it with an
advantage over its competing niche microbes.

To test this hypothesis in the future, the transgenic ethanol inducible lines expressing GFP-
tagged Brgll or the Asladcl/2-box mutants generated in this work (section 3.6.3), both of
which lead to ADC over expression, could be used to analyse the impact of ADC over
expression on the microbiome. To then determine which metabolites that are increased upon
ADC over expression affect the microbiome and are responsible for giving R. solanacearum a
competitive growth advantage, R. solanacearum and any soil microbes found to have ADC-

dependent differential growth could be grown in vitro in media containing such metabolites.
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As the LCMS method of measuring PAs enables quantification of in planta metabolite
concentrations, microbes could be grown in physiologically relevant concentrations of each
metabolite. Through this method, any metabolites that do not impact R. solanacearum growth,
but impact growth of other microbes, could be identified as RipTAL-induced ternary interactor
metabolites.

Alternatively, R. solanacearum may induce host ADCs by RipTALs to boost phenolamide
levels, causing subsequent changes to other metabolic pathways. For example, RipTAL-
induced increases mono- and polyamine levels may stimulate HCT enzyme activity due to a
higher substrate availability, thereby increasing phenolamide levels. Yet, while PAs are highly
abundant due to increased ADC activity, levels of HCAs, the other HCT substrate, may not be
as high, causing a drain in the pool of available HCA substrates. This reduction in the plant’s
HCA pool could benefit R. solanacearum by reducing the energy required to degrade or export
these toxic compounds. Previous assays analysing bacterial growth in leaves or disease
progression following soil drenching and root wounding may not have observed this
phenomenon if such toxic compounds are not present in high levels in the leaves or if wounding
the roots alters the plants’ ability to synthesise such compounds. This hypothesis could be
tested using ADC over expressing plants (i.e., transgenic ethanol inducible lines expressing
GFP-tagged Brgl1 or the Asladc1/2-box mutants; section 3.6.3), where, in a non-wounding,
infection scenario, R. solanacearum would be expected to more easily infect ADC over

expressing plants compared to the WT lines.

4.5.3 RipTAL-induction of host ADCs to alter physical barrier formation and
facilitate entry into host vasculature.

Physiochemical barriers are a vital element of plants’ defence repertoire against pathogens. As
soil-borne pathogens that aim to colonise the vasculature of their hosts, R. solanacearum must
pass through these physiochemical barriers on their journey from the soil to their hosts xylem
(Kashyap et al., 2021; Shi et al., 2023; Jian et al., 2024). Four major barriers for R.
solanacearum have been reported by Planas-Marques et al., 2020, which must be overcome for
a successful infection to occur: root colonisation, circular invasion of the vasculature bundle,
radial spread through the cortex, and vertical movement up the plant vascular. To restrict
pathogen entry and horizontal and radial movement in the root, plants deposit lignin and
suberin physiochemical barriers, which have previously been found to be important in
resistance against R. solanacearum infection (Ishihara et al., 2012; Ferreira et al., 2017;

Kashyap et al., 2021; Kashyap et al., 2022; Shi et al., 2023). Both lignin and suberin are
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partially made up of phenolic compounds derived from the phenylpropanoid pathway (i.e.,
hydroxycinnamoyl alcohols) and aliphatic polymers (Boerjan et al., 2003; Vishwanath et al.,
2015; Xie et al., 2018; Serra and Geldner, 2022). Due to these physiochemical barriers being
such an important hurdle to overcome in R. solanacearum infection, it is possible that RipTAL-
induced ADC overexpression is used to divert HCA substrates away from lignin and suberin
synthesis by sequestering them into phenolamides. If this is the case, the plant would have a
reduced capacity to form these physiochemical barriers near cells that are injected with
RipTALSs during infection, easing the journey of R. solanacearum into the xylem.

Again, to determine if ADC over expression results in changes to suberin and/or lignin
deposition, ADC over expression lines could be used (i.e., transgenic ethanol inducible lines
expressing GFP-tagged Brgll or the Asladcl/2-box mutants; section 3.6.3). Various
histochemical stains exist that label suberin or lignin in plant tissue (Ursache et al., 2018) and
enable visualisation by fluorescence microscopy. If ADC over expression in the root leads to
reduced deposition of physical barriers, relatively lower staining would be observed compared
to a WT plant.

In summary, advances in LCMS measurement of PAs and related metabolites have provided
new hypothesised mechanisms for how R. solanacearum might benefit from a RipTAL-
induced boost in host PAs. Transgenic and CRISPR/Cas9-mutated lines generated in this work
will enable investigations into these hypotheses, hopefully leading to the elucidation of the role

of RipTALs and why they have targeted host ADCs for the past ~180 million years.

4.6 Conclusion

This work aimed to investigate how plant ADC translation is regulated by highly conserved
5’UTR elements and to develop new approaches to investigate how R. solanacearum benefits
from inducing ADC overexpression via a conserved RipTAL effector protein. To determine in
planta levels of ADC proteins and concentrations of PA-related metabolites, an LCMS-based
assay was employed. Optimisation of this assay increased measured ADC activity levels in WT
tomato leaves by ~600-fold, as well as increasing the number of metabolites whose
concentration could be measured from 5 up to 11. This, in addition to measuring relative levels
of phenolamides, vastly improved our ability to study the PA metabolic network. Using this
optimised LCMS method, CRISPR/Cas9-induced tomato, A. thaliana, and M. polymorpha
adc-box mutants were analysed and mutants with increased ADC activity, agmatine, and

putrescine levels compared to WT were found in all three species. This demonstrated the
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repressive role of the ADC-box on ADC translation in planta and that this role has been
conserved throughout evolution since the first land plants. RNA secondary structures of the
SIADCI and SIADC?2 5’UTRs, derived from SHAPE analysis, indicated that the SIADC-boxes
form a triple stem loop structure. By combining information from both ADC activity and PA
levels of different SIADC1/2-box mutants and these SIADC1/2-box RNA secondary structures,
the central ADC-box hairpin was identified as an essential element for controlling ADC
translation. Interestingly, the sequence encoding the central hairpin is conserved in
gymnosperms and any CRISPR/Cas9-induced mutations in the MpADC-box disrupting the
stem of this hairpin resulted in higher ADC levels compared to mutations elsewhere in the
sequence. Overall, this indicates that the central hairpin possibly evolved first to regulate ADC
translation, and angiosperms have later evolved a larger triple hairpin structure. However,
exactly how these hairpin structures can control ADC translation rates, particularly how this
mechanism may be sensitive to cellular PA needs, remains to be elucidated.

The ADCuORF, which is conserved in terms of its small size and position in the 5°UTR relative
to the ADC-box, was also investigated in this work through CRISPR/Cas9 mutagenesis, LCMS
measurements, and phenotypic analysis. Mutating the tomato 4DC uORFs reduced ADC
activity levels following cold treatment, while the non-treated Auorf1/2 double mutant had a
shorter phenotype with fewer flowers and leaves compared to the WT and Aadc1/2-box mutant,
which had no discernible phenotypic difference to WT. These findings, although preliminary,
have suggested a mechanistic model whereby the ADC uORF may be important for maintaining
ADC translation during periods of stress and/or development. Collectively, these results
suggest that ADC translation in plants may be both positively and negatively regulated by the
uORF and ADC-box, respectively, to respond to both cellular stresses and PA levels; however,
this still needs to be confirmed.

Analysis of the tomato adc cds mutants alongside the adc-box mutants highlighted the role of
ADC:s in PA synthesis and the wider PA network, including phenolamides. Low or high ADC
levels, generated from the adc cds or adc-box mutants respectively, resulted in lower or higher
phenolamide levels. This finding not only demonstrated the impact of ADC as a key regulatory
enzyme in PA pathway flux, but also gave new insights into how R. solanacearum may benefit
from increasing ADC levels via RipTAL effectors. We hypothesise that RipTAL-induced ADC
levels cause increased PA conjugation into phenolamides, which lowers the HCA pool, and
consequently reduces available substrates to form anti-microbial physical barriers in the root.
Alternatively, increased phenolamide levels may inhibit growth of niche microbes, giving R.

solanacearum a competitive advantage to infect plants.
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Overall, this work has expanded the current knowledge on plant ADC translational regulation,
the impact of ADCs on the wider PA metabolic network, as well as providing hypotheses as to

how R. solanacearum may benefit from a RipTAL-induced boost in ADC levels.
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5. Supplementary figures and tables

5.1 Introduction

A Gymnosperms | ADC-box |
Picea |: Picea abies C
Pice a sitchensis A X Y AGGCTGCGGCC
Pinus taeda
Pinus Pinus pinaster

Pinus sylvestris
Pseudotsug a menziesii
Cycas micholitzii
consensus

GC1 GC2 GC3 GC4

Angiosperms
B glosp

Spinacia oleracea
Actinidia chine nsis
Camellia sinensis
Sesamum indicum
Nicotiana benthamiana
Nicotiana tabacum
Datura stramonium
Capsicum annuum
Capsicum baccatum
Capsicum chinense
Petunia axillaris
Petunia inflata
Solanum lycopersicon
Solanum melongena
Solanum tuberosum
Solanum pennellii
Ipomoea trifida

Coffea arabica
Cynara cardunculus
Cucumis melo
Cajanus cajan
Glycine max

Vigna radiata
Medicago tuncatula
Fragaria vesca
Rosaceae Rosa chinensis

Solanaceae

Dicotyledons Fabaceae

Prunus avium

Morus notabilis

Ziziphus jujuba

Populus trichocarpa

Manihot esculenta

Juglansregia

Quercus suber

Arabidopsis thaliana

Brassica napus

Brassicaceae Brassica rapa

Capsella rubella

Camelina sativa

Tarenaya hassleriana

Durio zib ethinus

Eucalyptus grandis

Citrus clementna

Citrus sinensis

Brachypodium distachyon

Aegilops tauschii

Triticum a estivum

Poaceae Hordeumvulgare

Oryza sativa

Monocotyledons Sorghum bicolor

Zea mays

Ananas comosus

Phoenix dactylifera

Musa acuminata
Phalae nopsis equestris 5 STAG 5CRTCC G 4 GG®TTT T A

consensus tccgGCCTCGG CgGgtTttaA-

Supplementary Figure 1: ADC-box sequences from gymnosperms (A) and angiosperms (B) were aligned. Wu et al.,

2019 supplemental figure 4.
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Supplementary Figure 2: Schematic alignment of ADC 5'UTRs, highlighting the ADC-box and uORFs.

ADC 5’UTRs were aligned, and a schematic generated to show the conserved ADC-box, as well as the presence and placement

of'a uORF of the transcript relative to the ADC-box position. Figure taken from Wu et al., 2019 supplemental figure 5.
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5.2 Materials and Methods

Supplementary Figure 3: How to phenotype adult tomato plants.

30, 33, 36, 39, and 42 days after sowing seeds, plant height, internode length, leaf number, and flower number were determined
for each biological replicate (n = 20). Plant height was measured by holding the 0 cm mark of a ruler to the cotyledons (white
arrow; A) and then measuring the height until meristem where new leaves emerge, i.e., 17 cm in (white arrow; B). The
internode length was measured as the length between emerging leaves (red arrows; B). Leaf number only included adult and
mature leaves; this did not include the cotyledons or any immature leaves (e.g., first leaf in A). Tomato in figure C has four

leaves.
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Supplementary Table 1: Primers used in this work

Name ISequence 5'-3' Description Project Reference:

IADC1 gRNA_26-45 IGCGGTTAAAAGTTGTATGGTGGTTTTAGAGCTAGAAATAGCAAG ICRISPR mutagenesis of SIADC1 uORF gRNA CRISPR mutagenesis uORF TOMATO ESR (this work)
IADC1 gRNA_226-245 IGCCGGGGCTCTGGCCTCGGCGTTTTAGAGCTAGAAATAGCAAG ICRISPR mutagenesis of SIADC1 ADC box (GC3) gRNA ICRISPR mutagenesis ADCbox TOMATO ESR (this work)
IADC1 gRNA_260-279 IGACCAATGTTGTAATAGCTGGGTTTTAGAGCTAGAAATAGCAAG ICRISPR mutagenesis of SIADC1 ADC box (GC4) gRNA ICRISPR mutagenesis ADCbox TOMATO ESR (this work)
IADC2 gRNA_52-71 IGAACACCATACAGATATTAAGTTTTAGAGCTAGAAATAGCAAG ICRISPR mutagenesis of SIADC2 uORF gRNA CRISPR mutagenesis uORF TOMATO ESR (this work)
IADC2 gRNA_250-272 IGAGCCGGGGCCTCGGCCTCGGGTTTTAGAGCTAGAAATAGCAAG ICRISPR mutagenesis of SIADC2 ADC box (GC3) gRNA ICRISPR mutagenesis ADCbox TOMATO ESR (this work)
IA.thal. ADC2_gRNA628 (F) lattgCAAATCCACTTCTGCATGGT Mutate start codon of AtADC2 uORF_gRNA ICRISPR mutagenesis in A. thaliana - ADC2 uORF ESR (this work)
IA.thal. ADC2_gRNA628 (R) @aacACCATGCAGAAGTGGATTTG Mutate start codon of AtADC2 uORF_gRNA ICRISPR mutagenesis in A. thaliana - ADC2 uORF ESR (this work)
IA.thal. ADC2_gRNA826 (F) lattgAACCGCCGAGGCCGGAGCCT Mutate start of AAADC2 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC2 box ESR (this work)
IA.thal. ADC2_gRNA826 (R) @aacAGGCTCCGGCCTCGGCGGTT Mutate start of AAADC2 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC2 box ESR (this work)
IA.thal. ADC2_gRNA838 (F) lattgTAGGGGTTTAAAAACCGCCG Mutate middle of AtADC2 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC2 box ESR (this work)
IA.thal. ADC2_gRNA838 (R) @aacCGGCGGTTTTTAAACCCCTA Mutate middle of AtADC2 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC2 box ESR (this work)
IA.thal. ADC2_gRNA813 (F) lattgGGAGCCTCGGCTACCCCCTC Mutate 2nd half of AtADC2 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC2 box ESR (this work)
IA.thal. ADC2_gRNA813 (R) @aacGAGGGGGTAGCCGAGGCTCC Mutate 2nd half of AtADC2 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC2 box ESR (this work)
IA.thal. ADC1_gRNA841 (F) lattgTCGGGGCTAACCCCCTCAGA Mutate start of AAADC1 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC1 box ESR (this work)
|A.thal. ADC1_gRNA841 (R) @aacTCTGAGGGGGTTAGCCCCGA Mutate start of AAADC1 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC1 box ESR (this work)
IA.thal. ADC1_gRNA840 (F) lattgTTCTGAGGGGGTTAGCCCCG Mutate middle of AtADC1 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC1 box ESR (this work)
IA.thal. ADC1_gRNA840 (R) @aacCGGGGCTAACCCCCTCAGAA Mutate middle of AtADC1 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC1 box ESR (this work)
IA.thal. ADC1_gRNA873 (F) lattgGGGGAATTTGAAACCCGCCG Mutate 2nd half of AtADC1 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC1 box ESR (this work)
IA.thal. ADC1_gRNA873 (R) @aacCGGCGGGTTTCAAATTCCCC Mutate 2nd half of AtADC1 box_gRNA ICRISPR mutagenesis in A. thaliana - ADC1 box ESR (this work)
IA.thal. ADC2_gRNAG73 (F) lattgGTTGTTGTTGGGTTCAGATT 2x gRNA to cut out about 80 nt from spacer AtADC2 ICRISPR mutagenesis in A. thaliana - ADC2 spacer  |ESR (this work)
IA.thal. ADC2_gRNA751 (F) lattgTCGGGAAGGGCTGCGAGAGG 2x gRNA to cut out about 80 nt from spacer AtADC2 ICRISPR mutagenesis in A. thaliana - ADC2 spacer  |ESR (this work)
IA.thal. ADC2_gRNA751 (R) gtttCCTCTCGCAGCCCTTCCCGA 2x gRNA to cut out about 80 nt from spacer AtADC2 ICRISPR mutagenesis in A. thaliana - ADC2 spacer  |ESR (this work)
RFP (TCTG) FWD primer @aaGGTCTCaTCTGATGGTGTCTAAGGGCGAAGA Create RFP overhang to TCTG (Bsal) (Cloning for Brg11 mCerulean3/GUS reporter construct [ESR (this work)
RFP (TTAG) REV primer @aGGTCTCaGATTGGTGATGATATAAAGAGCGT Create RFP overhang to TTCG (Bsal) Cloning for Brg11 mCerulean3/GUS reporter construct [ESR (this work)
RFP_Bsal-mut (FWD) (ESR40) IGAaACCTACGTCGAGCAG Remove internal Bsal site from RFP CDS Cloning for Brg11 mCerulean3/GUS reporter construct [ESR (this work)
RFP_Bsal-mut (REV) (ESR41) [TTTGTCGGCCTCCTTGAT Remove internal Bsal site from RFP CDS +phosphate Cloning for Brg11 mCerulean3/GUS reporter construct [ESR (this work)
RFP_Bpil-mut (FWD) IGAgGACGGGGGCGTGCTG Remove internal Bpil site from RFP CDS Cloning for Brg11 mCerulean3/GUS reporter construct [ESR (this work)
RFP_Bpil-mut (REV) IGTATGTGGTGACTCTCTCC Remove internal Bpil site from RFP CDS +phosphate Cloning for Brg11 mCerulean3/GUS reporter construct [ESR (this work)
IA.thal. ADC2_gRNAG73 (R)#2 @aacAATCTGAACCCAACAACAAC 2x gRNA to cut out about 80 nt from spacer AtADC2 ICRISPR mutagenesis in A. thaliana - ADC2 spacer  |ESR (this work)
RipTAL IV-2 EBE_downstream_F lgtagccgggTCATCCCCTTTCTCTTTTC IAdd RipTALIV-2 EBE into Bs3 promoter (downstream of Brg11 EBE) Brg11 mCerulean3/GUS reporter construct ESR (this work)
IA.thal. ADC1_gRNA553 (F) lattgAGATGGTGAGAAATGCATGA Mutate start codon of UORF AtADC1 ICRISPR mutagenesis in A. thaliana - ADC1 uORF ESR (this work)
INEW_RipTALIV-2_EBE_dwn_R lccceectcTAACTTGAAGTTGTGAGGAT IAdd RipTALIV-2 EBE Bs3 promoter (downstream of Brg11 EBE) +phosphate  [Brg11 mCerulean3/GUS reporter construct ESR (this work)
ISIADC1_F (ESR61) IATATACCCTCTTATCTTCTCGC IAmplify region 637bp of SIADC1 (incl. start of CDS) (Genotyping CRISPR tomato mutants ESR (this work)
ISIADC1_R (ESR62) IGTGGAAAGGAAGGAATAGCC IAmplify region 637bp of SIADC1 (incl. start of CDS) (Genotyping CRISPR tomato mutants ESR (this work)
ISIADC1_F_seq (ESR63) IACTTTGTTAGATAAGGCCCA [Sequencing primer for PCR SIADC1 (FWD) (Genotyping CRISPR tomato mutants ESR (this work)
ISIADC2_F (ESR64) IACTCCAAGAAGAAGAAGCAT IAmplify region 621bp of SIADC2 (incl. start of CDS) (Genotyping CRISPR tomato mutants ESR (this work)




ISIADC2_R (ESR65) [TCCCAAGAAAAGGCATAGC IAmplify region 621bp of SIADC2 (incl. start of CDS) (Genotyping CRISPR tomato mutants ESR (this work)
ISIADC2_F_seq (ESR66) INAAGTGAGAGAGTTTCGATG [Sequencing primer for PCR SIADC2 (FWD) (Genotyping CRISPR tomato mutants ESR (this work)
IA.thal. ADC1_gRNA553 (R) (correct) [aaacTCATGCATTTCTCACCATCT Mutate start codon of uORF (corrected rev primer) ICRISPR mutagenesis in A. thaliana - ADC1 uORF ESR (this work)
ISIADC1_R _seq (ESR72) ICAGATTCTACACAACAACC ISequencing primer for PCR SIADC1 (REV) (Genotyping CRISPR tomato mutants ESR (this work)
ISIADC2_R _seq (ESR73) INAGCGTCTACACAACAAC ISequencing primer for PCR SIADC2 (REV) (Genotyping CRISPR tomato mutants ESR (this work)

IT2A-GUSI_F

IACATGCGGTGACGTCGAGGAGAATCCTGGACCTATGGTAGATCTGAGGGTAAA

ISDM T2A peptide 5' to GUS ATG

Brg11 mCerulean3/GUS reporter construct

ESR (this work)

[T2A-GUSi_R+Bsal (aagg)

ITAGCAGACTTCCTCTGCCCTCTCCGCTTCCccttTGAGACCATCCTCTGCAGTC

ISDM T2A peptide 5'to GUS ATG & Bsal overhang (AAGG) +phosphate

Brg11 mCerulean3/GUS reporter construct

ESR (this work)

RiboTrap_genotyping_F IGACCACATGAAGCAGCAC (Genotyping RiboTrap transgenic tomatoes (Basic internal GFP primer) Ribotrap ESR (this work)
RiboTrap_genotyping_R IGCTCAGGTAGTGGTTGTC (Genotyping RiboTrap transgenic tomatoes (Basic internal GFP primer) Ribotrap ESR (this work)
mCerulean3 #2_internal(#2)_F IGGAACTCTTCTTTTGTTGTC ISequence from internal mCerulean3 construct #2 - SECOND PRIMER Brg11 mCerulean3/GUS reporter construct ESR (this work)
RFP (TTAG) REV primer - New @aGGTCTCaGATTTCAAAAGGTGATGATATAAAGAGCGT Create RFP overhang to TTCG (Bsal) and insert RFP stop codon Brg11 mCerulean3/GUS reporter construct ESR (this work)
IAtADC1_F (ESR87) IGAATGAGCAGGAAGCTTGA Genotyping CRISPR A. thaliana mutants Genotyping CRISPR A. thaliana mutants ESR (this work)
IAt ADC1_F_seq (ESR88) IAATCACAAAATAGGGCCCA Genotyping CRISPR A. thaliana mutants Genotyping CRISPR A. thaliana mutants ESR (this work)
IAtADC1_R (ESR89) ICAGACGACGGTGTAAAGAT Genotyping CRISPR A. thaliana mutants Genotyping CRISPR A. thaliana mutants ESR (this work)
IAt.ADC1_R_seq (ESR90) IAGGTATCGATGGGAGTATCA Genotyping CRISPR A. thaliana mutants Genotyping CRISPR A. thaliana mutants ESR (this work)
IAt ADC2_F (ESR91) ICGCCTTCTCTTCTTCTTCT Genotyping CRISPR A. thaliana mutants Genotyping CRISPR A. thaliana mutants ESR (this work)
IAtADC2_F_seq (ESR92) INAAGTGAGAGAGTTTCGATG (Genotyping CRISPR A. thaliana mutants Genotyping CRISPR A. thaliana mutants ESR (this work)
IAtADC2_R (ESR93) IGATAAAAACATCACCGGCG Genotyping CRISPR A. thaliana mutants Genotyping CRISPR A. thaliana mutants ESR (this work)
IAtADC2_R_seq (ESR94) [TAGGCAGGAGGTACAAAGGA Genotyping CRISPR A. thaliana mutants Genotyping CRISPR A. thaliana mutants ESR (this work)
mCerulean3 #3_F_seq [TATGGTGCTCCTGGAATTTG LIl construct sequencing Brg11 mCerulean3/GUS reporter construct ESR (this work)
35Sp_R_seq (ESR96) ICATCTGTGGGTTAGCATTCT ILIIl construct sequencing Brg11 mCerulean3/GUS reporter construct

[SIADC1_F_Bsal(B)

IGGGTCTCTTCTGCCTAAACGGAACTCTACC

LUC/REN - S.ADC1_5'UTR (B-ATGG)

LUC/REN Assay

ESR (this work)

SLADC1_R_Bsal(ATGG) ICGGTCTCACCATCTCGTAAAATCTTCACAA LUC/REN - S.ADC1_5'UTR (B-ATGG) LUC/REN Assay ESR (this work)
SLADC2_F_Bsal(B) IGGGTCTCTTCTGAGCTGTTAGTTTCACGTTCTC LUC/REN - S.ADC2_5'UTR (B-ATGG) LUC/REN Assay ESR (this work)
SLADC2_R_Bsal(ATGG) ICGGTCTCACCATCTCTTCCCCGATCTGT LUC/REN - S.ADC2_5'UTR (B-ATGG) LUC/REN Assay ESR (this work)
SLADC1_uORF.KO_F IGTGGGGTGTTTGTTTGAAT LUC/REN - SI.ADC1_uORF knockout LUC/REN Assay ESR (this work)
SLADC1_uORF.KO_R GtTACAACTTTTAACCGGAATAG LUC/REN - SI.ADC1_uORF knockout + Phos LUC/REN Assay ESR (this work)
SLADC2_uORF.KO_F GTGTTCTTCTTTTTTGAATTCTAG LUC/REN - SI.ADC2_uORF knockout LUC/REN Assay ESR (this work)
SLADC2_uORF.KO_R GtTACAGATATTAATGGAGAAGAAG LUC/REN - SI.ADC2_uORF knockout + Phos LUC/REN Assay ESR (this work)

ISI.ADC1_uORF_F [TCCGACCAATTTTCTTCTTCTC [Tomato CRISPR T1 genotyping General Tomato ADC 5'UTR PCRs ESR (this work)
SI.ADC1_uORF_R [TCCCCACAACGACTTCAG [Tomato CRISPR T1 genotyping General Tomato ADC 5'UTR PCRs ESR (this work)
ISI.ADC1_ADC1box_F INAGTCGTTGTGGGGATATTC [Tomato CRISPR T1 genotyping General Tomato ADC 5'UTR PCRs ESR (this work)
ISI.ADC2_uORF_F [TTACAGCCGCTAGGTTTC [Tomato CRISPR T1 genotyping General Tomato ADC 5'UTR PCRs ESR (this work)
ISI.ADC2_uORF_R ICAAAAATCCCCACCCTGA [Tomato CRISPR T1 genotyping General Tomato ADC 5'UTR PCRs ESR (this work)
ISI.ADC2_ADC2box_F IGTGTTAGAGGGTGATTATCT [Tomato CRISPR T1 genotyping General Tomato ADC 5'UTR PCRs ESR (this work)
ISLADC1_boxKO_F IAGCTATTACAACATTGGTCA LUC/REN cloning for SLADC1 5'UTR LI (SDM ADC box KO) LUC/REN Assay ESR (this work)
SLADC1_boxKO_R_+P IAAAAGAAGCAAAAAAAGAACTTAAT LUC/REN cloning for SLADC1 5'UTR LI (SDM ADC box KO) LUC/REN Assay ESR (this work)
ISLADC2_boxKO_F IAACTATTACAACATTGGGAAG LUC/REN cloning for SLADC2 5'UTR LI (SDM ADC box KO) LUC/REN Assay ESR (this work)
SLADC2boxKO_R_+P IAAAAGAAGCAAAAAAACAAGTGA LUC/REN cloning for SLADC2 5'UTR LI (SDM ADC box KO) LUC/REN Assay ESR (this work)
ISI.ADC1_C540A_F [TGACAGTGATGGAAAGATCG Catalytically dead SI.ADC1 protein (C540A) Overexpressing SIADC proteins (catalytically dead) ~ |ESR (this work)

SLADC1_C540A R

gcTGTCAAGTCGGATAGAATTCC

Catalytically dead SI.ADC1 protein (C540A) +Phos

Overexpressing SIADC proteins (catalytically dead)
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ISI.ADC2_C548A_F [TGACAGTGATGGAAAGGTTG Catalytically dead SI.ADC2 protein (C548A) Overexpressing SIADC proteins (catalytically dead) ~ |ESR (this work)
ISI.ADC2_C548A R IgcCGTCAGGTCAGACAGTATT Catalytically dead SI.ADC2 protein (C548A) +Phos Overexpressing SIADC proteins (catalytically dead)  |ESR (this work)
ISI.ADC1_K149A_F IATGCAATCAGGACAGGTTC Catalytically dead SI.ADC1 protein (K149A) Overexpressing SIADC proteins (catalytically dead) ~ |ESR (this work)
ISI.ADC1_K149A_R IGCTACAGGATAAACACCTTGGTA Catalytically dead SI.ADC1 protein (K149A) +Phos Overexpressing SIADC proteins (catalytically dead) ~ |ESR (this work)
ISI.ADC2_K156A_F IATGCAATCAAGATAGGTTCGT Catalytically dead SI.ADC2 protein (K156A) Overexpressing SIADC proteins (catalytically dead)  |ESR (this work)
ISI.ADC2_K156A_R IGCCACCGGATAAACACCTTG Catalytically dead SI.ADC2 protein (K156A) +Phos Overexpressing SIADC proteins (catalytically dead) ~ |ESR (this work)

ISI.ADC1_BsalC_F lgggtctcacaccATGCCTGCTTTAGGTTGT Cloning tomato ADC proteins for LIl GG cloning Overexpressing SIADC proteins (WT) ESR (this work)
ISI.ADC1_BsalD_R lgggtctcacCTTCAAGCAACGCAGTAT Cloning tomato ADC proteins for LIl GG cloning Overexpressing SIADC proteins (WT) ESR (this work)
ISI.ADC2_BsalC_F lgggtctcacaccATGCCGGCCTTAGGTTG Cloning tomato ADC proteins for LIl GG cloning Overexpressing SIADC proteins (WT) ESR (this work)
ISI.ADC2_BsalD_R lgggtctcaccTTAGTAGGACCAAATCTCATCTT Cloning tomato ADC proteins for LIl GG cloning Overexpressing SIADC proteins (WT)
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IAdd Bsal (B) for pGrDL_F lgaaggtctcatctgCTCGAGCTTTTGAAGACAA Cloning pGreenll_DL_SPd (golden gate) LUC/REN Assay ESR (this work)

IAdd Bsal (B) for pGrDL_R lgaaggtctcaccgcTAGCCCTTTGGTCTTCTG Cloning pGreenll_DL_SPd (golden gate) +phosphate LUC/REN Assay ESR (this work)

ISLADC1_F_Bsal (TGGT) IGGGTCTCTtggtCCTAAACGGAACTCTACC For pGrll A-x-B 35Sp-5'UTR-LUC - ADC1 400bp 5'UTR LUC/REN Assay ESR (this work)

ISLADC1_R_Bsal (B) ICGGTCTCACAGACTCGTAAAATCTTCACAA For pGrll A-x-B 35Sp-5'UTR-LUC - ADC1 400bp 5'UTR LUC/REN Assay ESR (this work)

ISLADC1_F_Bsal (A) long IGGGTCTCTGCGGACCCTCTTATCTTCTCGC For pGrll A-B 5'UTR-LUC - ADC1 581bp 5'UTR LUC/REN Assay ESR (this work)

ISLADC2_F_Bsal (TGGT) IGGGTCTCTtggtAGCTGTTAGTTTCACGTTCTC For pGrll A-x-B 35Sp-5'UTR-LUC - ADC2 400bp 5'UTR LUC/REN Assay ESR (this work)

ISLADC2_R_Bsal (B) ICGGTCTCACAGACTCTTCCCCGATCTGT For pGrll A-x-B 35Sp-5'UTR-LUC - ADC2 400bp 5'UTR LUC/REN Assay ESR (this work)

35S SDM (TGGT)_F IggtTGAGACCCCcATCTAGATG For mutating 35S pro to go into pGreenll with GCCG-TGGT overhangs LUC/REN Assay ESR (this work)

35S SDM (TGGT)_R IACGTGTTCTCTCCAAATGA For mutating 35S pro to go into pGreenll with GCCG-TGGT overhangs LUC/REN Assay ESR (this work)

pGrDL_Col PCR [TTGCGCAGATAATAGTTCGT Cloning pGreenll_DL_SPd (golden gate) LUC/REN Assay ESR (this work)

ILII_vector backbone_F IGAGTGGTGATTTTGTGCC General cloning with Binder GG toolkit General cloning and genotyping Christine Kronauer (AG Lahaye)

ILII_vector backbone_R IGATAAACCTTTTCACGCC General cloning with Binder GG toolkit General cloning and genotyping Christine Kronauer (AG Lahaye)

35S promoter_F ICATCGTGGAAAAAGAACAC General cloning with Binder GG toolkit General cloning and genotyping Christine Kronauer (AG Lahaye)

ICKP298 IGACGCTTAGACAACTTAATAACAC (General cloning with Binder GG toolkit General cloning and genotyping Christine Kronauer (AG Lahaye)

Cas9_F (ESR124) IGGCGGAGCAAGCCAGGAGGAA [Tomato CRISPR Cas9-free genotyping [Tomato CRISPR ISchenstnyi et al., 2022 Kyrylo Schenstnyi
Cas9_R (ESR125) ICTTGACAGCCGCCCCCATCCT [Tomato CRISPR Cas9-free genotyping [Tomato CRISPR ISchenstnyi et al., 2022 Kyrylo Schenstnyi
IScrnADC2-F1 IAATCGGCTTTTGACATGGCG Genotype tomato adc2 knock out_F ILCMS analysis of PA coding sequence mutants Dousheng Wu (AG_Lahaye) Wu et al., 2019
IScrnADC2-R1 INAGGAGCTTTCTTGCGACCA (Genotype tomato adc2 knock out R ILCMS analysis of PA coding sequence mutants Dousheng Wu (AG_Lahaye) Wu et al., 2019
IScrnODC1-F1 ICCGTCTCAAAGGGAACAGAGA (Genotype tomato odc1 knock out_F ILCMS analysis of PA coding sequence mutants Dousheng Wu (AG_Lahaye)

IScrnODC1-R1 ICTTGAGCTGTACGGAGGAGC (Genotype tomato odc1 knock out R ILCMS analysis of PA coding sequence mutants Dousheng Wu (AG_Lahaye)

Kana seq R1 IGCCAAGCTCTTCAGCAATAT Plant Kanamycin selection marker_FWD General cloning and genotyping Dousheng Wu (AG_Lahaye)

Nos P seq R1 IGGATTGAGAGTGAATATGAG INos promoter_REV General cloning and genotyping Dousheng Wu (AG_Lahaye)

Kana seq F1 IGCTTGCCGAATATCATGG Plant Kanamycin selection marker_REV General cloning and genotyping Dousheng Wu (AG_Lahaye)

IGUS R1 IATCAATTCCACAGTTTTCGC 5' end of GUS gene_rev General cloning and genotyping Dousheng Wu (AG_Lahaye)

IScrnADC1-F1 [TACAGATACCCTTCCTCACCA Genotype tomato adc1 knock out_F ILCMS analysis of PA coding sequence mutants Dousheng Wu (AG_Lahaye) Wu et al., 2019
IScrnADC1-R1 [TGTCAATCACCAAATCAAGC (Genotype tomato adc1 knock out R ILCMS analysis of PA coding sequence mutants Dousheng Wu (AG_Lahaye) Wu et al., 2019
ladc1 M F IGGCTTTTGATTATGCTGTTC Genotype tomato adc1 knock out_F ILCMS analysis of PA coding sequence mutants Dousheng Wu (AG_Lahaye)

ladc1 MR ICATACAAGAAGACCCTCCGA (Genotype tomato adc1 knock out R ILCMS analysis of PA coding sequence mutants Dousheng Wu (AG_Lahaye)

IGUS_F (DW696) ICTGATAGCGCGTGACAAAAA IGUS_FWD General cloning and genotyping Dousheng Wu (AG_Lahaye)

IGUS_R (DW697) [TGAGCGTCGCAGAACATTAC IGUS_REV General cloning and genotyping Dousheng Wu (AG_Lahaye)

[TIP41_2 F IGCTTAGGGTTGATGGAGTGC [Tomato qPCR housekeeping primer QPCR uetal., 2019
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[TIP41_2 R ICTCTCCAGCAGCTTTCACG [Tomato qPCR housekeeping primer QPCR uetal., 2019
ISLADC1_F_gPCR ITAGCGAAAGTGGCAGAGCAA [Tomato qPCR of SI.ADC1 qPCR uetal., 2019 AG_Lahaye
ISLADC1_R_gPCR IAGGTATCGTACTCTCCGCGA [Tomato gPCR of SI.ADC1 qPCR uetal., 2019 AG_Lahaye
ISLADC2_F_gPCR [TTGGTCGCAAGAAAGCTCCT [Tomato qPCR of SI.ADC2 qPCR uetal., 2019 AG_Lahaye
SLADC2_R_gPCR ITGGCCAGAATGCTTTGTCCT [Tomato qPCR of SI.ADC2 qPCR uetal., 2019 AG_Lahaye
lLucNrev ICCTTATGCAGTTGCTCTCC LUC/REN - seq for overhangs LI LUC/REN Assay Moyle et al., 2017

FWD_SI.Actin pro [TGACAGATTCGCCCTCCA [Tomato actin promoter (for pGrll colony PCR and sequencing) LUC/REN Moyle et al., 2017

S1132 (REV) INACGCTCTTTTCTCTTAGGT [Sequencing A. thaliana CRISPR destination vectors (pDGE) ICRISPR mutagenesis in A. thaliana Ordon et al., 2020

M13_F GTTGTAAAACGACGGCCAG General cloning General cloning

M13_R ICAGGAAACAGCTATGACCATG General cloning General cloning

PLG9 TATCTCTCAGGCTCTCGAGG Genotyping M. polymorpha ADC 5'UTR Genotyping CRISPR M. polymorpha mutants Pia Ellison (Masters thesis, 2020)
PL70 GGGCATGTTTGTCTTCTGGG Genotyping M. polymorpha ADC 5'UTR Genotyping CRISPR M. polymorpha mutants Pia Ellison (Masters thesis, 2020)
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Supplementary Table 2: Final plasmids used in this work

Plasmid backbone Insert: Resistance: Results section used in: Generated by:
LIl p201N Cas9 Ubip:NeoR:Ubit_(U6p:gRNA8:U6t)x2_35Sp:NLS:3xGFP:35St_35Spx2:Cas9-NLS:Nost Kan CRISPR mutagenesis ESR (this work)
LIl p201N Cas9 Ubip:NeoR:Ubit_(U6p:gRNA9:U6t)x2_35Sp:NLS:3xGFP:35St_35Spx2:Cas9-NLS:Nost Kan CRISPR mutagenesis ESR (this work)
LIl p201N Cas9 Ubip:NeoR:Ubit_(U6p:gRNA10:U6t)x2_35Sp:NLS:3xGFP:35St_35Spx2:Cas9-NLS:Nost Kan CRISPR mutagenesis ESR (this work)
LIl p201N Cas9 Ubip:NeoR:Ubit_(U6p:gRNA11:U6t)x2_35Sp:NLS:3xGFP:35St_35Spx2:Cas9-NLS:Nost Kan CRISPR mutagenesis ESR (this work)
LIl p201N Cas9 Ubip:NeoR:Ubit_(U6p:gRNA12:U6t)x2_35Sp:NLS:3xGFP:35St_35Spx2:Cas9-NLS:Nost Kan CRISPR mutagenesis ESR (this work)
LIl p201N Cas9 Ubip:NeoR:Ubit_U6p:gRNA225:U6t_35Sp:NLS:3xGFP:35St_35Spx2:Cas9-NLS:Nost Kan CRISPR mutagenesis Dousheng Wu (AG_Lahaye)
pDGE347 U6Bp:gRNA628:U6t_RPS5Ap:zmCas9(12xintrons):RPS5At_Nosp:bastaR:Nost_OLE-1p:OLE-1-tagRFP:OLE1t Spec CRISPR mutagenesis ESR (this work)
pDGE347 U6Bp:gRNA826:U6t_RPS5Ap:zmCas9(12xintrons):RPS5At_Nosp:bastaR:Nost_OLE-1p:OLE-1-tagRFP:OLE1t Spec CRISPR mutagenesis ESR (this work)
pDGE347 U6Bp:gRNA838:U6t_RPS5Ap:zmCas9(12xintrons):RPS5At_Nosp:bastaR:Nost_ OLE-1p:OLE-1-tagRFP:OLE1t Spec CRISPR mutagenesis ESR (this work)
pDGE347 U6p:gRNA841:U6t_RPS5Ap:zmCas9(12xintrons):RPS5At_Nosp:bastaR:Nost_ OLE-1p:OLE-1-tagRFP:OLE1t Spec CRISPR mutagenesis ESR (this work)
pDGE347 UBp:gRNA840:U6t_RPS5Ap:zmCas9(12xintrons):RPS5At_Nosp:bastaR:Nost_ OLE-1p:OLE-1-tagRFP:OLE1t Spec CRISPR mutagenesis ESR (this work)
pDGE347 U6Bp:gRNA873:U6t_RPS5Ap:zmCas9(12xintrons):RPS5At_Nosp:bastaR:Nost_ OLE-1p:OLE-1-tagRFP:OLE1t Spec CRISPR mutagenesis ESR (this work)
pDGE347 UBp:gRNA553:U6t_RPS5Ap:zmCas9(12xintrons):RPS5At_Nosp:bastaR:Nost_ OLE-1p:OLE-1-tagRFP:OLE1t Spec CRISPR mutagenesis ESR (this work)
Llla F 5-6 (AB120) 35Sp:HA-SIADC1 (WT):35St Spec LCMS optimisation; ADC-box mechanism ESR (this work)
Llla F 5-6 (AB120) 35Sp:MYC-SIADC2 (WT):35St Spec LCMS optimisation; ADC-box mechanism ESR (this work)
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(

(
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Llla F 5-6 (AB120) 35Sp:HA-SIADC1 (K149A):35St Spec ADC-box mechanism ESR (this work)
Llla F 5-6 (AB120) 35Sp:HA-SIADC1 (C540A):35St Spec ADC-box mechanism ESR (this work)
Llla F 5-6 (AB120) 35Sp:HA-SIADC1 (K149A_C540A):35St Spec ADC-box mechanism ESR (this work)
Llla F 5-6 (AB120) 35Sp:MYC-SIADC2 (K156A):35St Spec ADC-box mechanism ESR (this work)
Llla F 5-6 (AB120) 35Sp:MYC-SIADC2 (C548A):35St Spec ADC-box mechanism ESR (this work)
Llla F 5-6 (AB120) 35Sp:MYC-SIADC2 (K156A_C548A):35St Spec ADC-box mechanism ESR (this work)
Llla F 4-5 (AB118) 35Sp:SIODC1-MYC:35St Spec ADC-box mechanism Niels Gallas (AG Lahaye)
Llla F 5-6 (AB120) 35Sp:HA-PBCV-1 DC:35St Spec ADC-box mechanism ESR (this work)
Llla F 4-5 (AB118) 35Sp:LUC:Nost_35Sp:REN:35St Spec ADC-box mechanism ESR (this work)
pALICEO1 (GG compatible) T7p:HA-SIADC1 (WT):T7t Amp ADC-box mechanism ESR (this work)
pALICEO1 (GG compatible) T7p:HA-SIADC1 (K149A_C540A):T7t Amp ADC-box mechanism ESR (this work)
pALICEO1 (GG compatible) T7p:MYC-SIADC2 (WT):T7t Amp ADC-box mechanism ESR (this work)
pALICEO1 (GG compatible) T7p:MYC-SIADC2 (K156A_C548A):T7t Amp ADC-box mechanism ESR (this work)
pGrDL_SPb 35Sp:LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism Moyle et al., 2017
pGrDL_SPb_GG GG (A-B)_ccdB cassette CmR_LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism ESR (this work)
pSoup Tet ADC-box mechanism Hellens et al., 2000
pGrDL_SPb_GG 35Sp:LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism ESR (this work)
pGrDL_SPb_GG Bs3p:LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism ESR (this work)
pGrDL_SPb_GG MASPp:LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism ESR (this work)
pGrDL_SPb_GG Lj Ubip:LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism ESR (this work)
pGrDL_SPb_GG 35Sp:SIADC1 5'UTR:LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism ESR (this work)
pGrDL_SPb_GG 35Sp:SIADC1 5'UTR AuORF:LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism ESR (this work)
pGrDL_SPb_GG 35Sp:SIADC1 5'UTR AADCbox:LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism ESR (this work)
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pGrDL_SPb_GG 35Sp:SIADC2 5'UTR:LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism ESR (this work)
pGrDL_SPb_GG 35Sp:SIADC2 5'UTR AuORF:LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism ESR (this work)
pGrDL_SPb_GG 35Sp:SIADC2 5'UTR AADCbox:LUC:35St_Slactinp:REN:Nost Kan ADC-box mechanism ESR (this work)

Llla F 4-5 (AB118) 35Sp:GUS (+inton):35St Spec ADC-box mechanism; Tools to study Ralstonia Dousheng Wu (AG_Lahaye)
pGWB654 35Sp:Brg11-RFP:Nost Spec ADC-box mechanism; Tools to study Ralstonia Dousheng Wu (AG_lahaye)
pGWB654 35Sp:RFP:Nost Spec Tools to study Ralstonia Christine Kronauer (AG_Lahaye)
Llla F 4-5 (AB118) 35Sp:RFP-LT16b-35St Spec Tools to study Ralstonia Dousheng Wu (AG_lahaye)
pUC57 (Bsal_B)_NLS-mCerulean3 #1 (+intron)-linker_(Bsal_C) Amp Tools to study Ralstonia ESR (this work)

pUC57 (Bsal_C)_NLS-mCerulean3 #2 (+intron)-linker_(Bsal_D) Amp Tools to study Ralstonia ESR (this work)

pUC57 (Bsal_D)_NLS-(+intron)-mCerulean3 #3-NLS_(Bsal_E) Amp Tools to study Ralstonia ESR (this work)

Llla F 2-3 (AB114) 35Sp:mCerulean3 #123:35St Spec Tools to study Ralstonia ESR (this work)

Llla F 4-5 (AB118) Bs3p(EBEs: RipTAL IV-2, Brg11, AvrBs3):mCerulean3x3:35St Spec Tools to study Ralstonia ESR (this work)

Llla F 4-5 (AB118) Bs3p(EBEs: RipTAL IV-2, Brg11, AvrBs3):mCerulean3x2-T2A-GUSi:35St Spec Tools to study Ralstonia ESR (this work)

Lilla R A-B (AB122) Bs3p(EBEs: RipTAL 1V-2, Brg11, AvrBs3):mCerulean3x2-T2A-GUSi:35St_35Sp:RFP-LTi6b:35St_Nosp:Neo:Nost Kan Tools to study Ralstonia Tomato transformation

Lilla R A-B (AB122) Bs3p(EBEs: RipTAL 1V-2, Brg11, AvrBs3):mCerulean3x3:35St_35Sp:RFP-LTi6b:35St_Nosp:Neo:Nost Kan Tools to study Ralstonia Tomato transformation

pBin 35Sp:alcR:Nost_alcAp:NLS-GFP-NLS:Nost_Nosp:NeoR:Nost Kan Tools to study Ralstonia Robert Morbitzer (AG_Lahaye)
pBin 35Sp:alcR:Nost_alcAp:Brg11-GFP:Nost_Nosp:NeoR:Nost Kan Tools to study Ralstonia Robert Morbitzer (AG_Lahaye)
pK7WG Trap NbADC1p(350bp):His(x6)-FLAG-GFP-AtRPL18:tocst_Nosp:NeoR:Nost Spec Tools to study Ralstonia Dousheng Wu (AG_lahaye)
pK7WG Trap SIADC1p(350bp):His(x6)-FLAG-GFP-AtRPL18:tocst_Nosp:NeoR:Nost Spec Tools to study Ralstonia Dousheng Wu (AG_lahaye)
pDSK602 Lacp:AvrBs3 T3SS-Hpx17-FLAG Spec Tools to study Ralstonia Niklas Schandry (AG_lahaye)
pDSK602 Lacp:AvrBs3 T3SS-Brg11-FLAG Spec Tools to study Ralstonia Niklas Schandry (AG_lahaye)
Llla F 4-5 (AB118) 35Sp:GFP:35St Spec General use Dousheng Wu (AG_lahaye)
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Supplementary Figure 4: Isotopic variants used for ADC and ODC activity assays.
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and putrescine variants are shown. One heavy ornithine was used; its heavy putrescine variant is shown (bottom right).



Supplementary Table 3: MRM transitions monitored for each compound.

Compound: Q1 mass (Da) Q3 mass (Da) Declustering potential (V) Collision energy (V)
Arginine 1 175.1 158.0 50 20
Arginine 2 175.1 116.1 50 20
Agmatine 1 131.1 114.1 22 15
Agmatine 2 131.1 72.1 22 20
Putrescine 1 89.1 72.0 22 14
Putrescine 2 89.1 72.0 22 25
Acetylputrescine 1 131.1 114.1 22 15
Acetylputrescine 2 131.1 72.0 22 20
Spermidine 1 146.2 129.0 20 20
Spermidine 2 146.2 72.0 20 20
Spermine 1 203.2 112.1 48 15
Spermine 2 203.2 129.1 48 24
Cadaverine 1 103.1 86.0 40 15
Cadaverine 2 103.1 69.1 40 25
Ornithine 1 133.0 116.0 50 10
Ornithine 2 133.0 70.0 50 20
Citrulline 1 176.1 159.1 22 15
Citrulline 2 176.1 113.1 22 25
Glutamine 1 147.1 130.0 40 10
Glutamine 2 147.1 84.0 40 30
GABA 1 104.1 87.0 90 17
GABA 2 104.1 59.1 90 20
Isotopic variant transitions:

Ds tryptophan (+5) 1 210.1 192.0 60 22
Ds tryptophan (+5) 2 192.1 150.1 100 22
13C, Ds citrulline (+3) 1 179.1 162.1 22 15
13C, Ds citrulline (+3) 2 179.1 116.1 22 20
13Ce arginine (+6) 1 182.1 165.1 50 20
13Ce arginine (+6) 2 182.1 122.1 50 20
13Cs agmatine (+5) 1 136.1 119.1 22 15
13Cs agmatine (+5) 2 136.1 76.1 22 20
13C4 putrescine (+4) 93.1 76.1 22 14
D7 "Ny arginine (+11) 1 187.1 169.0 50 20
D7 "Ny arginine (+11) 2 187.1 125.0 50 20
D7 "*N4 agmatine (+11) 1 142.1 124.1 22 20
D7 "*N4 agmatine (+11) 2 142.1 80.1 22 20
D7 "*N; putrescine (+9) 98.1 80.1 22 14
13C; ornithine (+7) 1 141.1 123.1 50 10
13C; ornithine (+7) 2 141.1 76.1 50 20
13Cs putrescine (+6) 95.1 77.1 22 14
Phenolamides:

Coumaroylagmatine 1 277.2 147.0 40 30
Coumaroylagmatine 2 277.2 114.1 40 25
Coumaroylputrescine 1 235.1 147.0 40 20
Coumaroylputrescine 2 235.1 89.0 40 20
Caffeoylagmatine 293.2 163.0 40 25
Caffeoylagmatine 293.2 114.0 40 30




Caffeoylputrescine 1 251.2 163.0 40 20
Caffeoylputrescine 2 251.2 89.0 40 20
Feruloylagmatine 1 307.2 177.0 100 25
Feruloylagmatine 2 307.2 114.0 40 30
Feruloylputrescine 1 265.2 177.0 40 20
Feruloylputrescine 2 265.2 89.0 40 20
Cinnamoylputrescine 219.2 131 40 20
Footnotes:

A dwell time of 5 milliseconds applies to all compounds.

"No standards for phenolamides to confirm retention time and MRM transitions.

Norspermidine, norspermine, 1,3-diaminopropane, 2-aminobutanoic acid (AABA), and 3-aminobutanoic acid (BABA) can also be
measured within the same LCMS analysis as the metabolites presented here; however, these metabolites were not presented in this thesis.
Additionally, MRM transitions of phenolamide combinations made from the mono/polyamines agmatine, putrescine, spermidine, spermine,
tyramine, noradrenaline, octopamine, dopamine, norspermidine, and norspermine conjugated to p-coumaroyl-CoA, caffeoyl-CoA, feruloyl-
CoA, sinapoyl-CoA, and cinnamoyl-Co have been established, but not yet measured from plant extracts.
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### ADC activity tomato cds mutants (July 2023) ###

# Importing and fixing data ———————————m
# Clear all previous lists
rm(list = 1s())
# Create working directory
setwd ("/Users/erinritchie/Documents/THESIS/4. Characterising ADC-box mutants/Tomato ADC assays/CDS mutants™)
# Importing csv file
RawData <- read.csv("Rdata_ Final Copy of CDS mutants May 2022 05102022 results.csv")
# Open view of raw dataframe
View (RawData)
# See structure of dataframe and vector types
str (RawData)
# Activate the packages that you will need for the script
install.packages (c("dplyr", "ggplot2", "ggpubr", "tidyverse", "broom", "AICcmodavg", "agricolae", "multcompView"))
library (dplyr)
library(ggplot2)
library (ggpubr)
library (tidyverse)
library (broom)
library (AICcmodavg)
library(agricolae)

library (multcompView)

# Formatting dataframe ———-————————— -
# Change Sample name from character to factor vector

RawData$Sample.name <- as.factor (RawData$Sample.name)

str (RawData)
# Reorder the "Sample name" factor - otherwise it will be alphabetical order

Sample.name_ordered <- factor (RawData$Sample.name, levels = c("WT", "adcl", "adc2", "adcladc2","odcl"))

Sample.name_groups <- group_by(RawData, Sample.name)

Sample.name_groups_ordered <- factor (Sample.name_groups$Sample.name, levels = c("WT", "adcl", "adc2", "adcladc2","odcl"))

# ADC activity (Cl3 agmatine) ——————— - — o e
# Plot exact 13C agmatine levels as boxplot
ggplot (RawData, aes(x = Sample.name_ordered, y = Cl3.Agmatine.nmol gFW.D5Trp.)) + #make background plot.
geom_boxplot (colour = "black") + #add boxplot
geom_jitter (width = 0.1, color = "dark gray", shape = 21) + #add data points, jittered.
theme (axis.text.x = element_text (angle = 90, vjust = 0.5, hjust = 1)) + #change position and angle of x-labels.
ggtitle ("ADC activity of tomato cds mutants") + # add graph title.
xlab("Tomato genotype") + #x-axis title.
expand_limits(y = 0) + #force y axis to start at 0.
ylab("13C agmatine (nmol/g FW)") + #y-axis title.
theme (panel.background = element_rect (fill = "white")) + #remove graph background (white) .
theme (axis.line = element_line(colour = "black"))
#Calculate WT mean
Cl3agmatine_sum <- summarise (Sample.name_groups,
Cl3agm.mean = mean (Cl3.Agmatine.nmol gFW.D5Trp.),
Cl3agm.sd = sd(Cl3.Agmatine.nmol gFW.D5Trp.))
Cl3agmatine_sum #View summary
#Conduct ANOVA
anova.ADCactivity <- aov(Cl3.Agmatine.nmol gFW.D5Trp. ~ Sample.name_groups_ordered, data = RawData)
summary (anova.ADCactivity
#If ANOVA is not significant, then there are no differences between the groups
#If ANOVA is significant, then continue to Tukey's post hoc test to find out which groups are different from each other
# Use Tukey's post-hoc test to find differences between each group (corrects for multiple testing)
TukeyHSD_ADCactivity <-TukeyHSD (anova.ADCactivity
TukeyHSD_ADCactivity
# Significance letters for plot display
multcompLettersd (anova.ADCactivity, TukeyHSD ADCactivity

Supplementary Figure 5: Example of R script used for generating box plot figures and statistical analysis of LCMS data.

Comments are written in green text; libraries are in blue text. When only two groups were compared, a Student’s T-test was

used rather than an ANOVA.
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5.3 CRISPR mutagenesis
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Supplementary Figure 6: Exemplar plasmid map of p20IN Cas9 with gRNAS in duplicate used for stable tomato

transformation.

gRNA9, gRNA10, gRNA11, and gRNA12 were also cloned in the same manner into p201N Cas9 (modified from Jacobs et
al., 2015). Plasmid contains: bacterial kanamycin resistance (KanR); neomycin in planta resistance gene (Nptll) with Solanum
tuberosum Ubiquitin 3 (StUbi3) promoter and terminator; Medicado truncatula U6 (MtU6) promoter driving identical gRNAs
in duplicate with scaffold spacer sequence; Cauliflower mosaic virus 35S promoter (35Sp) driving triple GFP with SV40
nuclear localisation signal (NLS) and Nos terminator (Nost); double 35Sp driven Cas9 with NLS and Nost; and, left and right
borders. Binding sequences of genotyping primers ESR124 and ESR125 in Cas9 sequence are also shown.

gRNA12 _ Ei gRNATT #A
gRNA9 #A gRNA9 #B |gRNA10 #B  gRNA10 #A gRNAT1 #B

Supplementary Figure 7: Transient expression of gRNA-p201N Cas9 constructs in N. benthamiana leaves demonstrates T-
DNA functionally through GFP expression.

Each gRNA-p201N Cas9 plasmid was transformed into A. tumefaciens GV3101 and single colonies were selected and further
tested via blunt-end syringe infiltration into N. benthamiana leaves at ODggo 0.4, alongside 35S:GFP as a positive control. For

some constructs, two colonies were tested (#A and #B). After 2 days, fluorescent images of whole leaves were taken using the

Typhoon with eGFP filter (DBR530DF20; 700V).
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Supplementary Table 4: gRNA target sequences used for tomato and 4. thaliana CRISPR/Cas9 mutagenesis

Species Targeted ADC 5’UTR element gRNA name gRNA sequence CRISPR/Cas9 vector used

Tomato SIADC1 uORF gRNAS*? GAACACCATACAGATATTAA  p201IN Cas9®

Tomato SIADC1-box (middle) gRNA9* GCCGGGGCTCTGGCCTCGGC  p201N Cas9®

Tomato SIADC1-box (3’ end) gRNA10* ACCAATGTTGTAATAGCTGG  p20IN Cas9”

Tomato SIADC2 uORF gRNAL1* GAACACCATACAGATATTAA  p201N Cas9®

Tomato SIADC2-box (middle) gRNA12* ACCCGCCGAGGCCGAGGCCC  p20IN Cas9®

Tomato SIADC1 and SIADC?2 (Brgll EBE) gRNA225¢ GCTTCTTTTGAGGGGGTAGC  p201N Cas9®

A. thaliana ~ AtADCI-box (5° end) gRNAS841 TCGGGGCTAACCCCCTCAGA  pDGE347 FAST Bar pRPS5a Cas9*
A. thaliana ~ AtADCI-box (middle) gRNAS840 TTCTGAGGGGGTTAGCCCCG  pDGE347 FAST Bar pRPS5a Cas9*
A. thaliana ~ AtADCI-box (3’ end) gRNAS873 GGGGAATTTGAAACCCGCCG pDGE347 FAST Bar pRPS5a Cas9*
A. thaliana ~ AtADC2-box (5° end) gRNASI3 GGAGCCTCGGCTACCCCCTC  pDGE347 FAST Bar pRPS5a Cas9*
A. thaliana ~ AtADC2-box (middle) gRNAS826 AACCGCCGAGGCCGGAGCCT pDGE347 FAST Bar pRPS5a Cas9!
A. thaliana ~ AtADC2-box (3’ end) gRNAS38 TAGGGGTTTAAAAACCGCCG pDGE347 FAST Bar pRPS5a Cas9*
Footnotes:

“two copies of same gRNA cloned into p201IN Cas9 vector
"Originally from Jacobs et al., 2015, but modified by Morbitzer, unpublished

“Cloned by Wu et al., 2019 and gRNA

4Ordon et al., 2020

Supplementary Table 5: Genotypic information of mutant TO transformants of gRNAS p201N Cas9

ADC1 or ADC?2 targeted

Plant code by which gRNA? Zygosity * Cloning (or final PCR result) sequencing - result

T325.3 ADCI1 - gRNAS ? 1bp deletion of +4 +?

T3 10 ADCI1 - gRNAS Heterozygous WT + mutant (4 bp across uORF ATG)

T313.1 ADCI1 - gRNAS Heterozygous WT + mutant (127 bp across uORF and 5'UTR)

T315.1 ADCI1 - gRNAS Heterozygous 1bp deletion of +4 (frameshift) + 4bp deletion of -1 and ATG
T3 18.1 ADCI1 - gRNAS Heterozygous WT + mutant (1bp of +4 nucleotide = frame shift)

T318.2 ADCI1 - gRNAS Heterozygous WT + mutant (1bp of +4 nucleotide = frame shift)

T320.1 ADCI1 - gRNAS Heterozygous WT + 2bp deletion of TG of ATG

T321.1 ADCI1 - gRNAS Heterozygous WT + mutant (9 bp across uORF ATG)

T3 26.1 ADCI1 - gRNAS Heterozygous 1bp deletion of +4 (frameshift) + 4bp deletion of -1 and ATG
T3 30.1 ADCI1 - gRNAS Heterozygous WT + mutant (2 bp deletion of 'TG' of uORF ATG)

T330.2 ADCI1 - gRNAS Heterozygous uORF ATG KO (4bp deletion) + 1bp deletion of +4 nucleotide (frameshift)
T331.2 ADCI1 - gRNAS Heterozygous 36bp deletion across uORF start codon and 5' + (?)

T333.1 ADCI1 - gRNAS Heterozygous 1bp deletion of +4 + (?)

T333.2 ADCI1 - gRNAS Heterozygous 1bp deletion of +4bp (frameshift) + 18bp deletion of uORF ATG
T333.3 ADCI1 - gRNAS Heterozygous WT + 1 bp deletion of +4 nucleotide (frameshift)

T335.1 ADCI1 - gRNAS Heterozygous 1bp SNP (ATG-->ATT) + 7p deletion over ATG

T3 36.1 ADCI1 - gRNAS Heterozygous WT + mutant (1 bp deletion of +4 nucleotide = frameshift)
T343.1 ADCI1 - gRNAS Heterozygous WT + mutant (5 bp deletion of +1 to +5 nucleotides = ATG KO)
T3 50.1 ADCI1 - gRNAS Heterozygous 1bp insertion (ATGG --> ATGAG = change frame and kozak)
T312.2 ADCI1 - gRNAS Homozygous 137bp deletion incl. uORF (4x clones all mutant)

T325.2 ADCI - gRNAS Homozygous 1bp deletion of +4 nucleotide (frameshift)

Footnotes:

* Based on initial gDNA PCR and subsequent cloning (if conducted)
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Supplementary Table 6: Genotypic information of mutant TO transformants of gRNA10 p201N Cas9

ADC1 or ADC?2 targeted

Plant code by which gRNA? Zygosity * Cloning (or final PCR result) sequencing - result
T4 12.1 ADCI - gRNA10 ?

T417.8 ADCI - gRNA10 ?

T432 ADCI - gRNA10 ?

T4 334 ADCI - gRNA10 ?

T4 38.1 ADCI - gRNAI10 ? 4bp deletion after ADCI box + (?)
T4 38.5 ADCI - gRNA10 ?

T450.3 ADCI - gRNA10 ?

T4 70.1 ADCI - gRNA10 ?

T4 73.1 ADCI - gRNA10 ?

T4 89.2 ADCI - gRNA10 ?

T4 98.1 ADCI - gRNA10 ?

T41.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T412.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 12.4 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 13.3 ADCI - gRNAI10 Heterozygous 4bp deletion after box and possibly 2 x SNP after box
T417.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 17.1 #2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T417.3 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T417.5 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 17.6 ADCI1 - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 17.7 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T417.9 ADCI - gRNAI10 Heterozygous 14 bp deletion after ADC1 box + ?
T4 19.1 ADCI1 - gRNAI10 Heterozygous 1bp insertion after ADC1-box and probably 4 bp deletion after box
T4 21 ADCI1 - gRNA10 Heterozygous Mutations occurring after ADC1-box
T426.3 ADCI1 - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 27 ADCI - gRNAI10 Heterozygous

T4 28.1 ADCI1 - gRNAI10 Heterozygous 4 or 5 bp deletion after ADC1 box + (?)
T43.4 ADCI - gRNA10 Heterozygous Single bp SNP after box

T430.2 ADCI1 - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 30.3 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T435.2 ADCI1 - gRNAI10 Heterozygous 1bp deletion offer ADC1-box and also possible deletion (?)
T437.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T439.4 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 39.5 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 4.2 ADCI1 - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 40.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 46.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 50.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 50.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T451.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T451.3 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T452.1 ADCI1 - gRNA10 Heterozygous WT and possible deletion after box
T452.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 54.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T455.1 ADCI1 - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 56.2 ADCI1 - gRNA10 Heterozygous Mutations occurring after ADC1-box
T4 58.1 ADCI1 - gRNAI10 Heterozygous Single bp SNP after box

T4 58.2 ADCI - gRNAI10 Heterozygous 1bp SNP after box + ?

T4 6.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T46.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 63.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 63.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 64.1 ADCI - gRNAI10 Heterozygous Single bp SNP after box

T4 64.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 64.3 ADCI - gRNAI10 Heterozygous Hetero - 7bp deletion after box

T4 66.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T47.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T47.2 ADCI - gRNA10 Heterozygous Hetero - 4 bp deletion after box
T471.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T472.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T473.3 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T475.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T477.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T477.3 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T479.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 80.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T483.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 86.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 87.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T491.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T492.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
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T492.2 ADCI1 - gRNAI10 Heterozygous Possible large deletion

T493.1 ADCI1 - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T494.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T495.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T495.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 96.1 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T4 96.2 ADCI - gRNA10 Heterozygous Mutations occurring after ADC1-box
T498.2 ADCI - gRNAI10 Heterozygous Mutations occurring after ADC1-box
T412.3 ADCI - gRNAI10 Homozygous 1 bp insertion after box

T4 2 ADCI - gRNAI10 Homozygous 6 bp deletion after box

T424.2 ADCI - gRNAI10 Homozygous 3bp deletion after box

T433.1 ADCI - gRNAI10 Homozygous 1bp insertion after ADC1 box and large deletion of 5' of ADC box
T4 34.1 ADCI - gRNAI10 Homozygous 2 bp insertion after box

T438.2 ADCI - gRNAI10 Homozygous Truncated??

T4 38.3 ADCI1 - gRNAI10 Homozygous 4 bp deletion after box

T4 38.4 ADCI - gRNAI10 Homozygous 7 bp deletion after box

T4 38.6 ADCI - gRNAI10 Homozygous Truncated??

T4 43.1 ADCI - gRNAI10 Homozygous 5 bp deletion after box

T443.2 ADCI - gRNAI10 Homozygous 8 bp deletion after box

T462.2 ADCI - gRNAI10 Homozygous 3 bp insertion after box

T4 68.1 ADCI - gRNAI10 Homozygous 6 bp deletion after box

T4 78.1 ADCI - gRNAI10 Homozygous 4 bp insertion after box

Footnotes:

* Based on initial gDNA PCR and subsequent cloning (if conducted)

Supplementary Table 7: Genotypic information of mutant TO transformants of gRNA11 p201N Cas9

ADC1 or ADC?2 targeted

Plant code by which gRNA? Zygosity * Cloning (or final PCR result) sequencing - result
T532.2 ADC2 - gRNAL11 ?

T51.1 ADC2 - gRNAI1 Heterozygous 9bp deletion (Akozak) + 2bp deletion

T512.1 ADC2 - gRNAI1 Heterozygous 8bp deletion (ATG KO) + 5bp deletion

T514.1 ADC2 - gRNAI1 Heterozygous WT + 3bp deletion 5' to ATG

T514.2 ADC2 - gRNAI1 Heterozygous 3x mutations - 1bp deletion, 3bp deletion, + 7bp deletion 5° from ATG
T515.2 ADC2 - gRNAI11 Heterozygous Sbp deletion + 12bp deletion and 2bp SNP

T515.3 ADC2 - gRNAI1 Heterozygous 2bp deletion + 3bp deletion (both 5' to ATG)
T516.1 ADC2 - gRNAI1 Heterozygous 2bp deletion + 3bp deletion (both 5' to ATG)
T516.2 ADC2 - gRNAI1 Heterozygous 2bp deletion + 5bp deletion + 6bp deletion (3x mutations?)
T516.4 ADC2 - gRNAI1 Heterozygous 2bp deletion + 3bp deletion (both 5' to ATG)
T518.2 ADC2 - gRNAI1 Heterozygous 3bp deletion + 3bp deletion

T519.1 ADC2 - gRNAI1 Heterozygous WT + 8bp deletion (Akozak)

T523.1 ADC2 - gRNAI1 Heterozygous Sbp deletion of -5 and -8 nucleotides + (?)

T523.2 ADC2 - gRNAI1 Heterozygous 1bp deletion + approx. 230bp deletion

T523.3 ADC2 - gRNAI1 Heterozygous WT + 8bp deletion (Akozak)

T523.4 ADC2 - gRNAI11 Heterozygous 3bp deletion + 4bp deletion

T524.1 ADC2 - gRNAI1 Heterozygous WT + 1bp deletion + 3bp SNP (3x mutation)
T525.1 ADC2 - gRNAI1 Heterozygous WT + 2bp deletion 5' to ATG

T525.2 ADC2 - gRNAI1 Heterozygous WT + 2bp deletion 5' to ATG

T526.3 ADC2 - gRNAI1 Heterozygous WT + 3bp deletion 5' to ATG

T527.1 ADC2 - gRNAI11 Heterozygous 1bp deletion + 14bp deletion (ATG KO)

T53.1 ADC2 - gRNAI1 Heterozygous 3bp deletion + 1bp insertion + Sbp deletion (3x mutations?)
T530.2 ADC2 - gRNAI1 Heterozygous Sbp deletion + 173bp deletion over uORF

T531.1 ADC2 - gRNAI1 Heterozygous 6bp deletion (Akozak) + ?

T533.1 ADC2 - gRNAI1 Heterozygous 172bp deletion over uORF + 4bp deletion 5' to ATG
T533.2 ADC2 - gRNAI1 Heterozygous 4bp deletion + 172bp deletion

T57.1 ADC2 - gRNAI1 Heterozygous 3bp deletion + 1bp deletion 5' to ATG

T57.2 ADC2 - gRNAI1 Heterozygous 6bp deletion + ?

T515.1 ADC2 - gRNAI1 Homozygous 1bp deletion, 7bp 5' to ATG

T518.1 ADC2 - gRNAI1 Homozygous 3bp deletion of -5, -6, and -7

T522.1 ADC2 - gRNAI11 Homozygous 3bp deletion 5' to ATG

T522.3 ADC2 - gRNAI1 Homozygous 3bp deletion 5' to ATG

T522.4 ADC2 - gRNAI1 Homozygous 3bp deletion 5' to ATG

T526.1 ADC2 - gRNAI1 Homozygous 3bp deletion 5' to ATG

T526.2 ADC2 - gRNAI1 Homozygous 3bp deletion 5' to ATG

T537.1 ADC2 - gRNAI11 Homozygous 3bp deletion 5' to ATG

T54.1 ADC2 - gRNAI1 Homozygous 1bp insertion at -8bp

T54.1 ADC2 - gRNAI11 Homozygous

Footnotes:

* Based on initial gDNA PCR and subsequent cloning (if conducted)
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Supplementary Table 8: Genotypic information of mutant TO transformants of gRNA225 p201N Cas9

Plant code SIADCI.PCR SIADCZ.PCR SIAD.CI SIADCI mutations SIAD.CZ SIADC2 mutations

sequencing sequencing zygosity* zygosity*
T10_62.6 Mutant? WT Heterozygous WT + 1bp substitution WT WT
T10 27.3 Mutant? WT Heterozygous WT + 5bp deletion of GC1 region (1bp of loop too) WT WT
T10_7.4 Mutant? WT Heterozygous WT + 3bp deletion of GGT WT WT
T10_56.1 Mutant? WT Heterozygous WT + 1bp insertion (G) in loop (TGAG) WT WT
T10_45.1 Mutant? WT Heterozygous WT + 1bp insertion (A in loop) WT WT
T10_99.1 Mutant? WT Heterozygous WT + 1bp insertion of Loop between GC1-2 WT WT
T10_67.2 Mutant? WT Heterozygous WT + 2bp deletion of GT WT WT
T10_72.3 Mutant?
T10_62.4 WT Mutant? WT WT Heterozygous WT, 13bp deletion, 8bo deletion
T10_65.8 WT Mutant? WT WT Heterozygous WT + 13bp deletion??
T10_77.2 WT Mutant? WT WT Heterozygous WT + large deletion... Sequence partially matches to
T10 1.3 WT Mutant? WT WT Homozygous 2bp deletion (GT)
T10_64.1 WT -? Mutant? WT WT Heterozygous WT + 6bp deletion of GC1 region
T10_1.7 WT Mutant? WT WT Heterozygous WT + 3bp deletion (GGT)
T10_98.2 WT Mutant? WT WT Heterozygous 1bp deletion (A in loop) + 9bp deletion of loop and GC2
T10_26.2 WT Mutant? WT WT Heterozygous WT + 13bp deletion from (+4 to +16)
T10 52.1 WT Mutant? WT WT Homozygous 278bp deletion of ADC-box and 34bp of ADC2 CDS
T10_1.8 WT Mutant? WT WT Heterozygous WT + 3bp deletion (GGT)
T10_60.2 WT Mutant? WT WT Heterozygous 287bp deletion of S'UTR and 68bp of ADC2 CDS + 3bp
T10_26.3 WT Mutant? WT WT Heterozygous WT + 13bp deletion from (+4 to +16)
T10_26.4 WT Mutant? WT WT Heterozygous WT + 13bp deletion from (+4 to +16)
T10_41.1 WT Mutant? WT WT Heterozygous 4bp deletion (GGGT) + 1bp insertion (A - loop)
T10_52.2 WT Mutant? WT WT Homozygous 278bp deletion of ADC-box and 34bp of ADC2 CDS
T10_53.1 WT Mutant? WT WT Heterozygous 1bp insertion (T - loop region) + deletion of T
T10_76.3 WT Mutant? WT WT Homozygous 278bp deletion of ADC-box and 34bp of ADC2 CDS
T10_78.2 WT Mutant? WT WT Homozygous 278bp deletion of ADC-box and 34bp of ADC2 CDS
T10 82.2 WT Mutant? WT WT Heterozygous 1bp insertion (T - loop region) + 6bp deletion of GC1
T10_96.1 WT Mutant? WT WT Heterozygous WT + possible 278bp deletion (weird sequences)
T10 1.2 WT Mutant? WT WT Heterozygous 3bp deletion of GGT + 2bp deletion of GT
T10_102.2 WT Mutant? ? WT?? Heterozygous WT + 2bp deletion
T10_29.3 WT Mutant? ? WT +?? Heterozygous WT + 3bp deletion of loop (TAG missing)
T10 89.2 Mutant?
T10_72.1 Mutant? Mutant? Homozygous 1bp deletion of loop Heterozygous WT + 1bp deletion (T)
T10_86.2 Mutant? Mutant? Homozygous 11bp deletion of ADC1-box (GGTAGCCGGGG) Heterozygous 3bp deletion of loop (TAG missing) + 32bp deletion of
T10_66.1 Mutant? Mutant? Heterozygous 7bp deletion of GC1 and loop + 16bp deletion of GC1 and  Heterozygous 4bp deletion (GGGT) + Sbp deletion (GGTAG)
T10_37.2 Mutant? Mutant? Heterozygous WT + 2bp deletion of GT Heterozygous WT + 4bp deletion of GGGT
T10_12.3 Mutant? Mutant? Heterozygous WT + 1bp deletion in GC2 region Heterozygous WT + 1x 13bp deletion
T10_65.2 Mutant? Mutant? Heterozygous 1bp deletion of T + 8bp deletion of GC1 (GAGGGGGT) Heterozygous WT + 103bp deletion (GC4 intact, but deletion goes 5')
T10_39.2 Mutant? Mutant? Heterozygous WT + 8bp deletion of GC1 Heterozygous 1bp insertion (A - loop region) + 1bp deletion T in loop
T10_66.2 Mutant? Mutant? Heterozygous 7bp deletion of GC1 and loop + 16bp deletion of GC1 and  Heterozygous WT + Sbp deletion of GGTAG
T10_10.1 Mutant? Mutant? Heterozygous 25bp deletion of GC1 and GC2 + 47bp deletion (+4bp Heterozygous WT + 1bp deletion (G in GC1)
T10 15.2 Mutant? Mutant? Heterozygous WT + 4bp deletion in GC1 Heterozygous WT + 1bp insertion in loop (TTAG)
T10_34.1 Mutant? Mutant? Heterozygous WT + 6bp deletion of GC1 (GGGGGT) Heterozygous Sbp deletion + large deletion (GC#4 still intact, but 144bp
T10 38.3 Mutant? Mutant? Heterozygous 83bp deletion of 5'UTR (1/2 of ADC1-box and 5'into Heterozygous 1bp deletion (G in GC1) + 5bp deletion GC1




T10_38.4 Mutant? Mutant? Heterozygous 1bp deletion in loop + 83bp deletion (1/2 of ADC1-box Heterozygous 1bp deletion (G in GC1) + 5bp deletion of GC1

T10 38.5 Mutant? Mutant? Homozygous 83bp deletion of 5'UTR (1/2 of ADC1-box and 5'into Heterozygous 1bp deletion (G in GC1) + 5bp deletion GGGGT
T10_38.6 Mutant? Mutant? Homozygous 13bp deletion of 1/2 GC1 and most of GC2 (incl. Loop) Heterozygous 1bp deletion of T in loop + 12bp deletion of GC1 + loop
T10_39.1 Mutant? Mutant? Homozygous 292bp deletion of S'UTR (incl. ADC1-box, but excl. Heterozygous 3xtypes (2x large deletion (GC4 and last loop region
T10_60.1 Mutant? Mutant? Homozygous 230bp deletion of S'UTR (incl. uORF until half of ADC1-  Heterozygous 3bp deletion of GGT + 177 bp deletion of ADC2-box
T10_67.1 Mutant? Mutant? Heterozygous WT + 1bp insertion in loop (TAAG) Heterozygous 2bp deletion (TA) + 3bp deletion (AGC)

T10_83.2 Mutant? Mutant? Heterozygous WT + 2bp deletion of GT Heterozygous Sbp deletion (GGGGT) + lbp insertion in loop (TAAG)
T10 86.3 Mutant? Mutant? Homozygous 11bp deletion of ADC1-box (GGTAGCCGGGG) Heterozygous 3bp deletion of loop (TAG missing) + possible deletion
T10_87.1 Mutant? Mutant? Heterozygous WT + 3bp deletion (GGT) Heterozygous WT + 1bp insertion (A - loop region)

T10_31.2 Mutant? Mutant? ? Loop deletions (TAG between GC1-2 and 1bp deletion of ~ Heterozygous WT + 4bp deletion of GGGT

T10 69.1 Mutant? Mutant? Heterozygous 2bp deletion (GT) + 6bp deletion of 1/2 GC2 (AGCCGG)
T10 103.1 Mutant? Mutant? L ? Heterozygous WT + 1bp deletion (T)........ ?

T10_37.3 Mutant? Mutant? Heterozygous WT + 1bp deletion of T in loop (between GC1-2) Heterozygous WT + large deletion (?)

T10_52.0 Mutant? Mutant? Heterozygous WT + 4bp deletion of loop (GTAG) ? 4xdifferent mutations/degraded PCR

T10_52.3 Mutant? Mutant? Heterozygous?  8bp deletion of loop and GC2 + ?? Heterozygous WT + Sbp deletion of GC1

T10_58.2 Mutant? Mutant? Heterozygous 7bp deletion of GC1 and loop + 4bo deletion of loop Homozygous?  2bp deletion (AG)

T10 62.3 Mutant? Mutant? ? 2bp deletion of GT Homozygous? 1bp insertion (TTAG)

T10_71.1 Mutant? Mutant? WT? WT? Heterozygous WT + 1bp deletion (T)

T10_75.1 Mutant? Mutant? Heterozygous WT + 1bp insertion in loop (GC1-2)

T10_83.1 Mutant? Mutant? Heterozygous WT + 2bp deletion of GT Heterozygous Sbp deletion (GGGGT) + 1bp deletion (T)

T10_1.1 Mutant? Mutant? Heterozygous WT + 1bp insertion (A in loop) Heterozygous WT + 6bp deletion of GC1 region

T10 102.1 Mutant? Mutant? Heterozygous 4bp deletion (GGGT) + 1bp substitution (TAAG) 2xWT + shorter seq??

Footnotes:

* based on initial gDNA PCR and subsequent cloning (if conducted)
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Supplementary Figure 9: Exemplar plasmid map of pDGE347 CRISPR/Cas9 plasmid with gRNA826 used for stable A.

thaliana transformation.

gRNA841, gRNA840, gRNA8Z73, gRNA8Z13, and gRNA838 were also cloned in the same manner into pDGE347; cloning
method and vectors from Ordon et al., 2020. Plasmid contains: gRNA scaffold, including a U6-26 promoter (U6-26 pro) from
A. thaliana, driving gRNA transcription; A. thaliana Ribosomal Protein S54 (RPS5A4) promoter driving a Zea mays-codon
optimised Cas9 (zmCas9) containing 12 inserted introns and Pisum sativum rbcS-E9 terminator; BASTA in planta resistance
gene (Bar; phosphinothricin N-acetyltransferase) with Nos promoter (Nos pro) and terminator (Nos term); FAST marker for
seed coat expressed TagRFP (TagRFP fused to A. thaliana Oleosin 1 (OLE-1) with its native promoter, 5’UTR, and terminator);

bacterial spectinomycin resistance (SpectinomycinR); and, left and right borders. Binding sequences of genotyping primers

CKP298 and ESR40 in TagRFP are also shown.

Supplementary Figure 8: Exemplar of genotyping
crosses of tomato CRISPR mutants.

Flowers from SIADCI-box mutant T4 77.1 (#14)
and SIADC2-box mutant T10 26.2 (#48) were
crossed and F1 seeds from the resulting tomato
were sown and progeny plants tested via PCR of
SIADCI 5'UTR,; bands
heterozygosity, with the expected WT product size

two indicate
is 637bp and the T4 77.1 parental mutation would
produce a 529bp product. F1 plants #2, #3, and #6
were kept for seed production. Approximately 20
these
a homozygous SIADCI

F2 progeny from three plants were
genotyped; all showing
mutant product size (529bp) were confirmed in
second PCR (B, top), and a PCR of SIADC2 5’UTR
was conducted, run on a 3% agarose gel (B,
bottom), and sent for Sanger sequencing (C).
Plants 3.9 and 6.1 were both homozygous for
parental T10 26.2 the SI4ADC2-box mutation (13bp
deletion); plant 3.9 was kept for seed and used for

subsequent experiments.

__———T-DNARB
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AtADC1 WT CTCCTTCATGCATTTCTCACCATCTCTCTCTTCTTTCACGTCTCTCTTCC

AtlM -15 CTCCTTC.EGCATTTCTCACCATCTCTCTC‘I‘TCTTTCACGTCTCTCTTCC
At1M -53 CTCCTTCATGCATTTCTCACCATCTCTCTCTTCTTTCACGTCTCTCTTCC
ALIM +1 CTCCTTCATGCATTTCTCACCATCTCTCTCTTCTTTCACGTCTCTCTTCC
At1M -4 CTCCTTCATGCATTTCTCACCATCTCTCTCTTCTTTCACGTCTCTCTTCC

FEEEAA T A A XA IR AA XA TR A AT AT A AT AALA T TR A A AR A AT AR A X T AL

AtADC1 WT CTGAAACTTTCCCGAGAAAATTCTCAATCCTCTATTTTCTCGAGAARAATT
ALIM -15 CTGAAACTTTCCCGAGAAAATTCTCAATCCTCTATTTTCTCGAGAARAATT
At1M -53 CTGAAACTTTCCCGAGAAAATTCTCAATCCTCTATTTTCTCGAGAAAATT
AtlM +1 CTGAAACTTTCCCGAGAAAATTCTCAATCCTCTATTTTCTCGAGAAAATT
ALIM -4 CTGAAACTTTCCCGAGAAAATTCTCAATCCTCTATTTTCTCGAGAARAATT

ok ko K K Kk Kk Rk KK Kk kK K kK R kK kK Kk Kk kK Rk ok kR
AtADC1 WT CTCATTCTCATTTTCTTTCAGGGAARAGTTTTGTTGTTGAATACAGATTT
AtlM -15 CTCATTCTCATTTTCTTTCAGGGAARAGTTTTGTTGTTGAATACAGATTT
ALIM -53 CTCATTCTCATTTTCTTTCAGGGAAAAGTTTTGTTGTTGAATACAGATTT
At1M +1 CTCATTCTCATTTTCTTTCAGGGAARAGTTTTGTTGTTGAATACAGATTT
AtIM -4 CTCATTCTCATTTTCTTTCAGGGAAAAGTTTTGTTGTTGAATACAGATTT

FHEEAA TR A XA AR AA KA TR AT AT A AT AL A A AR AAAAA T AR A * T A&

AtADC1_WT GEAAACTTCATTTGTITTTTTTCCGTTTTTAACCAAAATTTTTAAAAARGC
At1M -15 GGAAACTTCATTTGTTTTTTTCCGTTTTTARCCAAAATTTTTAAARAAGC
AtlM -53 GGAAACTTCATTTGTTTTTTTICCGTTTTTAACCAAAATTTTTAAAAARGC
At1M +1 GGAAACTTCATTTGTTTTTTTICCGTTTTTAACCAAAATTTTTAAARARGC
At1M -4 GGAAACTTCATTTGTTTTTTTICCGTTTTTAACCAAAATTTTTAAAAARGC

KAEE XA XX A A AT X AKX XA T XA A AT AT A A A A A A A A A A A A kb A Ak r ko hd
AtADC1_WT TTTCTTCTGARCGTTAATCGTGGAGAGTTTCGGETCGEGTCGGGTCGTAR
AtlM -15 TTTCTTCTGAACGTTAATCGTGGAGAGTTTCGGETCGGETCGGGTCGTAR
AtlM -53 TTTCTTCTGARCGTTAATCGTGGAGAGTTTCGGETCGEGTCGGGTCGTAR
ATIM +1 TTTCTTCTGAACGTTAATCGTGGAGAGTTTCGGGTCGGGTCGGGTCGTAA
At1M -4 TTTCTTCTGAACGTTAATCGTGGAGAGTTTCGGETCGGETCGGGTCGTAR

FHEEEAA T AKX A AR AT A A FA XA AT AT AKX AT AR A A AR AL T AR A A X H AL

AtADCl_WT AAGGCGGEGTTTCACGESTGGTGATAGATTCACCTCCTGCTTCCTTC
AtIM -15 AAGGCGGGTTTCACGGTGGTGATAGATTCACCTCCTGCTTCCTTCEEEEE
Ath_—53 AAGGCG———-——-TC——————— TGCTAGATTC—————————————————————
Ath_+l AAGGCGEGTTTCACGETGGTGATAGATTCACCTCCTGCTTCCTTC
At lM_— 4 AAGGCGGEGTTTCACGETGET GATAGATTCACCTCCTGCTTCCTTCE
w ok ok ok * & LR
ALADC1 WT GGGTTAGCC-CCGAGGCTCTTCGCCTCGGCEGGTTTCAAATTCCCCCREN
AtlM -15 CTCTTCGCCTCGGCGEETTTCAAATTCCCCCLER
AtlM -53 GCCTCGECEGGTTTCARATTCCCCCLEN:
AtlM +1 GGGTTAGCCACCGAGGCTCTTCGCCTCEGCEGETTTCAAATTCCCCCLEY:
At1M -4
RS A SRS EE RS SR EEEEEEEE S S
AtADCl_WT TCTAACAAACTCACAGATTCATTTTCTCCATTTTTTTTGTTTGTTGAAAR
Athﬁ—lS TCTAACAAACTCACAGATTCATTTTCTCCATTTTTTTTGTTTGTTGAARA
At1M -53 TCTAACAARACTCACAGATTCATTTTCTCCATTTTTTTTGTTTGTTGAARR
Ath_+l TCTAACAAACTCACAGATTCATTTTCTCCATTTTTTTTGTTTGTTGAAAR
AtlM -4 TCTAACAAACTCACAGATTCATTTTCTCCATTTTTTTTGTTTGTTGAARA
B KAEEIAAA AR A KA AR RAKA AR A RAA A A AR AR A A A AR AR A AR AR A A A AA A A A A AL
AtADCl_WT TTTGAATCCACAAATTTTGAATTCATTTGTAACCGTTCGTTGAAGAAGAR
Ath_—lS TTTGAATCCACAAATTTTGAATTCATTTGTAACCGTTCGTTGAAGAAGAR
Athﬁ—EB TTTGAATCCACAAATTTTGAATTCATTTGTAACCGTTCGTTGAAGAAGARL
Ath_+l TTTGAATCCACAAATTTTGAATTCATTTGTAACCGTTCGTTGARGARAGAR
Ath7*4 TTTGAATCCACAAATTTTGAATTCATTTGTAACCGTTCGTTGAAGAAGRARA
HEEIAA TR A XA AR AA A A A A A A A AA I AT A A A A A A A A c A A Ak bk hhrhkkhhk
AtADC1 WT GAAGATGCCTGCTCTAGCTTTTGT
AtlM -15 GAAGATGCCTGCTCTAGCTTTTGT
AtIM -53 GAAGATECCTGCTCTAGCTTTTGT
AtIM +1 GAAGATGCCTGCTCTAGCTTTTGT
AtiM -4 GAAGATGCCTGCTCTAGCTTTTGT

KAK K AA TR A XA AXN AL A A A XA AT AN

Supplementary Figure 10: Alignment of 4t4DC1-box CRISPR/Cas9 mutants used in subsequent experiments in this work.

AtADCI WT and CRISPR mutant promoter and part of the CDS were aligned using CLUSTALW
(https://www.genome.jp/tools-bin/clustalw) to demonstrate CRISPR/Cas9-induced mutations, where deletions are shown as
red dashes and insertions or substitutions shown in bolded red text and the absence of an asterisk under the alignment. The
ADC-box is shaded black with bolded white text. The uORF and start of ADC CDS are shaded grey with bolded black text;

start and stop codons are underlined.
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ATADCZ WT CCACTTCTGCATGEGTTGGGAGAATCTGTTAGAGAATTTTTGTTGTTGTTG

AtZM -18 CCACTTCTGCAEGGTTGGGAGBATCTGTTAGAGAATTTTTGTTGTTGTTG
AtZM +1 CCACTTCTGCAEGGTTGGGAGBATCTGTTAGAGAATTTTTGTTGTTGTTG
AtZM -6 CCACTTCTGCAEGGTTGGGAGBATCTGTTAGAGAATTTTTGTTGTTGTTG

Je e dr dr Jd dr ok e 9t Jr d d i dr J o de 9 J d d i de J i o dk 9 o Je ke o e o o e e e

AtADCZ WT GGTTCAGATTTGGAAAATTTCCTTTTTTTCGAGTTTCTTCTGAATTATTC
AtZM -18 GGTTCAGATTTGGAAAATTTCCTTTTTTTCGAGTTTCTTCTGAATTATTC
AtZM +1 GGTTCAGATTTGGAAAATTTCCTTTTTTTCGAGTTTCTTCTGAATTATTC
AtZM -6 GGTTCAGATTTGGAAAATTTCCTTTTTTTCGAGTTTCTTCTGAATTATTC

Je e dr dr J o dr ok e 9t Jr d d i dr J ok de 9 d d d i 9 J e dir o dk o o de ke o e o ko e e

AtADCZ WT ATCGTGGAGATTCTCGGATCGGGAAGGGCTGCGAGAGGTGGTTTTCACGG
AtZM -18 ATCGTGGAGATTCTCGGATCGGGAAGGGCTGCGAGAGGTGGTTTTCACGG
AtZM +1 ATCGTGGAGATTCTCGGATCGGGAAGGGCTGCGAGAGGTGGTTTTCACGG
AtZM -6 ATCGTGGAGATTCTCGGATCGGGAAGGGCTGCGAGAGGTGGTTTTCACGG

Je e dr dr J o dr ok e 9t Jr d d i dr J ok de 9 d d d i 9 J e dir o dk o o de ke o e o ko e e

AtADCZ WT CGGGGATAGATTCATCTTCTGTCTTCTCCT g/ clelelclcyw:-Ne slalcr-Ne coyele:
AtZM -18 CGGGGATAGATTCATCTTCTGTCTTCTCCTg/clelelclcyw-NelslalerNe —— — ——
AtZM +1 CGGGGATAGATTCATCTTCTGTCTTCTCCT g/ clelelclcyw:-Ne slalcr-Ne coyele:

AtZM -6 CGGGGATAGATTCATCTTCTGTCTTCTCCTg/clelelcicyw-Ne slalcr-Nelc i — —
Kk FH KKK I KA KK I A KKK KRR AR R KKK KR KKK KKK KKK KKK KK KK

AtADCZ WT clcssijelccideccipyypv vV \sses TACCTTTACARATTCTGGGARATTAG
AtZM -18 e ppvvV\slslels TACCTTTACARATTCTGGGRAATTAG

AtZM +1 clcssijelccilaccippypvvV\seoees TACCTTTACARATTCTGGGARATTAG
AtZM -6 ———euyslcicidelcciypppv vV dsee TACCTTTACARATTCTGGGRAATTAG
% 3 3k K gk o gk ok gk ok ok ok K ok ok Kk ok
AtADCZ WT ARAARARAAAGGTTTGATTTTTCAGTTTTTGCTCTGTTCTTCTCTCGAAAG
AtZM -18 ARAARARAAAGGTTTGATTTTTCAGTTTTTGCTCTGTTCTTCTCTCGAAAG
AtZM +1 ARAARARAAAGGTTTGATTTTTCAGTTTTTGCTCTGTTCTTCTCTCGAAAG
AtZM -6 ARAARARAAAGGTTTGATTTTTCAGTTTTTGCTCTGTTCTTCTCTCGAAAG
- LR R
AtADCZ WT TTTTTGTTTTGTTCGAGAATTTCTGTARAGTGAGATTGTTGATCGTTTGC
AtZM -18 TTTTTGTTTTGTTCGAGAATTTCTGTARAGTGAGATTGTTGATCGTTTGC
AtZM +1 TTTTTGTTTTGTTCGAGAATTTCTGTARAGTGAGATTGTTGATCGTTTGC
AtZM -6 TTTTTGTTTTGTTCGAGAATTTCTGTARAGTGAGATTGTTGATCGTTTGC
LR R
AtADCZ WT TGATAAGAGGGTGAAGATARAGATGCCTGCTTTAGCTTGCGT
AtZM -18 TGATAAGAGGGTGAAGATAAAG&EECCTGCTTTAGCTTGCGT
AtZM +1 TGATAAGAGGGTGAAGATARAGATGCCTGCTTTAGCTTGCGT
AtZM -6 TGATAAGAGGGTGAAGATAAAGATGCCTGCTTTAGCTTGCGT

e e Je e dr o e 9t dr e i de J ok de o db d d i de J e i o dk o o ke ok o o ok

Supplementary Figure 11: Alignment of 4t4DC2-box CRISPR/Cas9 mutants used in subsequent experiments in this work.

AtADC2 WT and CRISPR mutant promoter and part of the CDS were aligned wusing CLUSTALW
(https://www.genome.jp/tools-bin/clustalw) to demonstrate CRISPR/Cas9-induced mutations, where deletions are shown as
red dashes and insertions or substitutions shown in bolded red text and the absence of an asterisk under the alignment. The
ADC-box is shaded black with bolded white text. The uORF and start of ADC CDS are shaded grey with bolded black text;

start and stop codons are underlined.
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MpADC WT

MpADC_WT
MpC_-10
MpC_-30

MpM +1°
MpM +1°
MpM -8
MpM_-14
MpM -6
MpM +1*

MpADC WT

MpADC_WT
Mpc_-10
MpC -30
MpC -4
MpC -1
MpM +1¢
MpM +1%
MpM -8
MpM -14
MpM -6
MpM +1%

MpADC_WT
MpC_-10
MpC_-30

MpM +1°¢
MpM +1°
MpM -8
MpM -14
MpM -6
MpM +1*

TGTCGGCCGECGTCCTCTGTCTCACCCAGGGEGGAAGCGEATCTCTGTGACCTTCCGGGEE
TGTCGGCCGECGTCCTCTGTCTCACCCAGGGCGEAAGCGEATCTC—————————— CGGGEG
TCTCGGCCGECGTCCTCTCTCTCACCCAGGGCGEAAGCGCATCTCTCTCGACC————————
TGTCGGCCGECETCCTCTGTCTCACCCAGGGCGEAAGCGEGATCTCTGTGAC————CGEGEE
TGTCGECCGECETCCTCTGTCTCACCCAGGGCEGERAGCGEATCTCTGTGACCTC-CGGEGEGE
TGTCGGCCGECGTCCTCTGTCTCACCCAGGGCGGAAGCGEATCTCTGTGACCTTCCGGGEE
TGTCGGCCGECGTCCTCTGTCTCACCCAGGGCGEGAAGCGEATCTCTGTGACCTTCCGGGEE
TGETCGGCCGECETCCTCTGTCTCACCCAGGGCGERAAGCGEATCTCTGTGACCTTCCGEGEE
TGTCGGCCGECGTCCTCTGTCTCACCCAGGGCGEGAAGCGEGATCTCTGTGACCTTCCGGGEE
TGTCGGCCGECGTCCTCTGTCTCACCCAGGGCGGAAGCGEATCTCTGTGACCTTCCGGGEE

TGTCGGCCGECGTCCTCTGTCTCACCCAGGGCGGAAGCGEATCTCTGTGACCTTCCGGGEE
e 3k e e e e ke 9 ok o e ok ok e e ok ok e e e

AGTCGTTGETCTCAGGGACCTTGCTTGGCTTGGETTTTAGGAGGGTTTTGGATATCCARAC
AGTCGTTGETCTCAGGGACCTTGCTTGGCTTGGETTTTAGGAGGGTTTTGGATATCCARAC
GCTTGECTTGEETTTTAGCGAGGGTTTTGCATATCCARC
AGTCGTTGETCTCAGGGACCTTGCTTGGCTTGGETTTTAGGAGGGTTTTGGATATCCAAC
AGTCGTTGETCTCAGGGACCTTGCTTGGCTTGGETTTTAGGAGGGTTTTGGATATCCARAC
AGTCGTTGETCTCAGGGACCTTGCTTGGCTTGGETTTTAGGAGGGTTTTGGATATCCARAC
AGTCGTTGETCTCAGGGACCTTGCTTGGCTTGGETTTTAGGAGGGTTTTGGATATCCAAC
ACTCGTTGETCTCAGGGACCTTGCTTGGCTTGGETTTTAGGAGCGTTTTCCGATATCCARAC
AGTCGTTGETCTCAGGGACCTTGCTTGGCTTGGETTTTAGGAGGGTTTTGGATATCCARAC
AGTCGTTGETCTCAGGGACCTTGCTTGGCTTGGETTTTAGGAGGGTTTTGGATATCCARAC

AGTCGTTGGTCTCAGGGACCTTGCTTGGCTTGGETTTTAGGAGGGTTTTGGATATCCAAC
e 3k ke ek 2k 3k A e e ke A e ko ok ok ok 2k ko ok ek ke ok ok ke

TTAGGTCCGGGCAAATCCCGARACTCCATCTTCAATTCTTGAGT TGTCTGCCATTCCAAT
TTAGGTCCGGGCAAATCCCGARACTCCATCTTCAATTCTTGAGTTGTCTGCCATTCCRAAT
TTAGGTCCGGGCAAATCCCGARACTCCATCTTCAATTCTTGAGTTGTCTGCCATTCCRAAT
TTAGGTCCGGGCAAATCCCGAAACTCCATCTTCAATTCTTGAGTTGTCTGCCATTCCRAT
TTAGGTCCGGGCAAATCCCGAAACTCCATCTTCAATTCTTGAGTTGTCTGCCATTCCRAAT
TTAGGTCCGEECAAATCCCGARAACTCCATCTTCAATTCTTGAGTTGTCTGCCATTCCRAT
TTAGGTCCGGGCAAATCCCGARACTCCATCTTCAATTCTTGAGTTGTCTGCCATTCCRAAT
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TGAAGCCTCCAGAGGTTCTCTTTCAGCTCTCGAACTCATTGTGGATCTCGAARTTTTAGR
TCAAGCCTCCAGAGGTTCTCTTTCAGCTCTCGAACTCATTGTGCATCTCCAARTTTTAGR
TGAAGCCTCCAGAGGTTCTCTTTCAGCTCTCGAACTCATTGTGGATCTCGAARTTTTAGR
TGAAGCCTCCAGAGGTTCTCTTTCAGCTCTCGAACTCAT TGTGGATCTCGAARTTTTAGR
TGAARGCCTCCAGAGGTTCTCTTTCAGCTCTCGAACTCATTGTGGATCTCGAARTTTTAGR
TGAAGCCTCCAGAGGTTCTCTTTCAGCTCTCGAACTCATTGTGGATCTCGAARTTTTAGR
TGARGCCTCCAGAGGTTCTCTTTCAGCTCTCGRACTCATTGTGGATCTCGAARTTTTAGR
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GAGCGTAGCCAGGAGCGTCCTGCTGCTAAGAGTCTTATTTTTGACACCCAGARGACARAAC
GAGCGTAGCCAGGAGCGTCCTGCTGCTAAGAGTCTTATTTTTGACACCCAGARAGACARAC
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Supplementary Figure 12: Alignment
of MpADC-box CRISPR/Cas9 mutants
used in subsequent experiments in this

work.

M. polymorpha WT and CRISPR
mutant 5’UTR and part of the CDS
were aligned using CLUSTALW
(https://www.genome.jp/tools-

bin/clustalw) to demonstrate
CRISPR/Cas9-induced mutations,
where deletions are shown as red
dashes and insertions or substitutions
shown in bolded red text and the
absence of an asterisk under the
alignment. The ADC-box is shaded
black with bolded white text. The
uORF and start of ADC CDS are
shaded grey with bolded black text;

start and stop codons are underlined.



5.4 LCMS optimisation

A GUS HA-SIADC1 B GUS HA-SIADC1 MYC-SIADC2
M + 1 2 3 1 2 3 M 1 2 1 2 1 2

~100 .-_
-?oi . \

~55.L

1~80

GUS  MYC-SIADC2
+ M1 2 3 1 2 3

_1ooi-_ -

~70

X

Supplementary Figure 13: Over expression of epitope-tagged tomato ADC proteins in N. benthamiana leaves for protein

identification and quantification via MS.

N. benthamiana leaves were agroinfiltrated with constitutively expressed HA-SIADCI, MYC-SIADC2, and GUS
(negative control) constructs. Samples were harvested for protein extraction at 1, 2, and 3 dpi, and protein expression
was analysed via western blotting against the HA (A, top) or MYC epitope tags (A, bottom); expected sizes are 78.7
kDa and 79.9 for HA-SIADCI1 and MYC-SIADC?2, respectively. As positive controls (“+”), samples from a previously
successful western blot were used, while GUS, with no epitope tag, was used as a negative control; 1, 2, or 3 dpi is
displayed above each blot. Ponceau stains of each blot are shown below the western to verify even protein loading. (B)
As the 2 dpi samples had the strongest western blot bands, these were run on an additional SDS-PAGE gel in duplicate

(1 and 2, above gel) and stained with Coomassie before gel sections were cut at approximately 80 kDa for MS analysis.
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Supplementary Figure 14: Cold treatment did not influence levels of metabolites other than ADC activity.

WT (grey) and AtadcI-box mutants AtM1_-53 and AtM1_-15 (blue) were grown vertically on 2 MS plates for 2
weeks before being cold treated for 12 hours at ~5°C and sampled for an ADC activity assay and LCMS analysis
of the PA-related metabolite profile. Three seedlings were pooled to generate a sample of ~10 mg (n = 3-4). One
replicate plate was kept in the climate chamber, wrapped in tinfoil as a room temperature (RT) negative control
(n = 1). Samples were homogenised in buffer containing heavy arginine, incubated at 37 °C for 1 hour, and
prepared for LCMS analysis. Acetylputrescine (A), ornithine (B), citrulline (C), glutamine (D), and GABA (E)
levels are shown in nmol/g FW, normalised to D5 tryptophan; D5 tryptophan (F) shown as nmol/pL of buffer.
An ANOVA, followed by a Tukey HSD test, was conducted to determine statistical significance; letters displayed

above each box indicate significance, where groups with different letters are significantly different to o = 0.05.
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Supplementary Figure 15: Salt treatment amplified the effects of the Aradc2-box mutations on PA-related

metabolite levels.

WT (grey) and Atadc2-box mutants AtM2 _-18 and AtM2_-6 (yellow) were grown vertically on /2 MS plates for
7 days before being transferred to fresh 2 MS plates with or without 150 mM NaCl. After another 7 days of
growth, samples for an ADC activity assay and LCMS analysis of the PA-related metabolite profile were taken.
Three seedlings were pooled to generate a sample of ~10 mg (n = 4-6). Samples were homogenised in buffer
containing heavy arginine, incubated at 37 °C for 1 hour, and prepared for LCMS analysis. Acetylputrescine (A),
ornithine (B), citrulline (C), glutamine (D), and GABA (E) levels are shown in nmol/g FW, normalised to D5
tryptophan; D5 tryptophan (F) shown as nmol/pL of buffer. An ANOVA, followed by a Tukey HSD test, was
conducted to determine statistical significance; letters displayed above each box indicate significance, where

groups with different letters are significantly different to o = 0.05.
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Supplementary Figure 16: Transient expression of epitope-tagged tomato ADC proteins in N. benthamiana leaves for
ADC activity and PA measurement via LCMS.

N. benthamiana leaves were agroinfiltrated with 35S:HA-SIADCI, 35S:MYC-SIADC2, or an empty strain (negative
control). Samples were harvested for LCMS analysis after 2 days, but at both 2 and 3 days for protein extraction. Protein
expression was analysed via western blotting against the HA (A, left) or MYC epitope tags (A, right); expected sizes
are 78.7 kDa and 79.9 for HA-SIADC1 and MYC-SIADC?2, respectively. Ponceau stains of each blot are shown below

the western to verify even protein loading (B).
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5.5 Characterisation of CRISPR mutants

ab  ap b Supplementary Figure 17: D5 tryptophan levels are consistent across

ab b a ab ab
i . $ cold-treated adc-box mutant tomato genotypes.
HT™="0 ' H=
i I

Samples from cold-treated detached leaves of single and double tomato

N
n

ADC-box mutants were prepared for ADC activity assays and LCMS

w
o

analysis of their polyamine profile (n = 6). D5 tryptophan is used as an

internal control in the ADC activity assay buffer and its levels are

D5 tryptophan (nmol/g FW)

N
%

presented here in nmol/g FW. WT and the control line (SI1C _-6) are
shown in grey, SIADC1-box mutants (SIIM_-4 and SI1M_-108) in blue,
SIADC2-box mutants (SI2M_+1 and SI2M_-13) in yellow, and double
SIADC-box mutants (brgl I-ebe and adcl/2-box) in green. An ANOVA,

@/\ A ,}&; &\\ g followed by a Tukey HSD test, was conducted to determine statistical
significance; letters displayed above each box indicate significance,

where groups with different letters are significantly different to o =0.05.
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Supplementary Figure 18: Second ADC activity assay of all tomato ADC-box mutants

Samples from cold-treated detached leaves of single and double tomato 4ADC-box mutants were prepared for ADC activity assays and
LCMS analysis of their polyamine profile. ADC activity (heavy agmatine) (A), agmatine (B), putrescine (C), and arginine (D) levels
are shown in nmol/g FW, normalised to D5 tryptophan. WT and the control line (SI1C _-6) are shown in grey, SIADCI-box mutants
(SIIM_-4 and SI1M_-108) in blue, SIADC2-box mutants (SI2M_+1 and SI2M _-13) in yellow, and double S/ADC-box mutants (brgl1-
ebe and adc1/2-box) in green. An ANOVA, followed by a Tukey HSD test, was conducted to determine statistical significance; letters

displayed above each box indicate significance, where groups with different letters are significantly different to o = 0.05.

235



A C ab b a B b a ab ab C b b 1 ab
_ . . 30
F 60 I [ 1500
) z z l
2 o Sy : 3
. 3 3
S 2o 21000 ==
£ | — 1 [ e | .
g £ L '
? € 10 1 . £
v 200 > S 500
al < ] &
——— =
0 0 0
D 300 a ) a a E 800 a a a a F Fl a a a
1= [ ] A
= 600 = I
= e i
o o o
g ' 3 I e e N
g g T o — ==
£ T <
gl ==1—Ik £
£ 100 | E
g z . & 200 & 50
il -
0 0 0 @ .
C b ab T H b b a 1 a a a a
0 s |
= 750
s | 2 20 | %
[T
2300 2 ﬁ:l @
= 3 N 2
; ‘ E . gsoo
o i | e— o £
g0 3 I g
c T & 10 = T
E | 2 ézso . .
100 g |
:.: <
0 0 0
‘(\ ,\Q% el e
J 5‘ a a K 12 a a a 3 \@/ ﬂﬁ/ &:\\"ﬁ
15000 | § NS
i - E = i
—~ ) =t
g ﬁ ﬁ S 8 i 7 ™ I:,:I
210000 T T é
2 | <
5 ©
< 5
e e 4
& s g
a
0! 0
«© IN& X o N N © xxy"*
» AW N
¥ ¥

Supplementary Figure 19: Third ADC activity assay with single and double adc-box tomato mutants.

Samples from cold-treated detached leaves of single and double tomato ADC-box mutants were prepared for ADC activity
assays and LCMS analysis of their polyamine profile. WT and the control line (SI1C_-6) are shown in grey, SIADCI-box
mutants (SIIM_-4 and SIIM_-108) in blue, SIADC2-box mutants (SI2M_+1 and SI2M_-13) in yellow, and double S/ADC-
box mutants (brgll-ebe and adcl/2-box) in green. ADC activity (heavy agmatine) (A), agmatine (B), putrescine (C),
arginine (D), spermidine (E), spermine (F), ornithine (G), acetylputrescine (H), citrulline (I), and GABA (J) levels are
shown in nmol/g FW, normalised to D5 tryptophan; D5 tryptophan levels (K) shown as nmol/g FW. An ANOVA, followed
by a Tukey HSD test, was conducted to determine statistical significance; letters displayed above each box indicate

significance, where groups with different letters are significantly different at the oo = 0.05 level.
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Supplementary Figure 20: SIADC Auorf mutants have lower ADC activity and some metabolite levels compared to WT.

Samples from cold-treated detached leaves of WT (grey), AuorfI (blue), Auorf2 (yellow) and the double tomato uorf mutant
(Auorf1/2, green) were prepared for ADC activity assays and LCMS analysis of their polyamine profile. Citrulline (A), glutamine
(B), GABA (C), and cadaverine (D) levels are shown in nmol/g FW, normalised to D5 tryptophan (E; presented as nmol/uL of
buffer). An ANOVA, followed by a Tukey HSD test, was conducted to determine statistical significance; letters displayed above

each box indicate significance, where groups with different letters are significantly different to o = 0.05.
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Supplementary Figure 21: Internode lengths of Auorf1/2 are smaller than WT and Aadc1/2-box at 30 to 42 days after sowing.

After 30, 33, 36, 39, and 42 days after sowing seeds, the internode lengths between leaves 1-2 (A), 2-3 (B), 3-4 (C), 4-5 (D),
and 5-6 (E) of WT (grey), Auorf1/2 (pink), and Aadcl/2-box (green) tomato plants were measured (n = 20). Shaded area

shadowing each line represents a 95% confidence interval, where any point that the shaded areas of two lines are not covered

by one another, they are statistically significantly different to the o = 0.05 level; when the shaded area is lacking, less than 3

plants had those leaves at that measurement day.
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Supplementary Figure 22: D5 tryptophan levels are unaffected
by MpADC-box genotype.

M. polymorpha TAKI1 (grey), control mutants (grey), and
Mpadc-box mutants (green) were cold-treated for 16 hours,
before samples were taken and prepared for ADC activity
assays and LCMS analysis of the polyamine profile (n = 6). As
a negative treatment control, an additional plate of TAKI1
plants was kept at room temperature in the dark (RT; grey; n =
6). D5 tryptophan is used as an internal control in the ADC
activity assay buffer and its levels are presented here in nmol/g
FW. An ANOVA, followed by a Tukey HSD test, was
conducted to determine statistical significance; letters
displayed above each box indicate significance, where groups

with different letters are significantly different to c = 0.05.
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5.6 Analysis of tomato adc and odc cds mutants ADC-box

mechanism

003 a a a 9 Supplementary Figure 23: D5 tryptophan levels are consistent across
cold-treated adcl, adc2, adcladc2, and odcl mutant tomato

% | | genotypes.
§ 0.02 ’ | | Samples from cold-treated detached tomato leaves of WT (grey),
% === single adcl (blue), adc?2 (yellow), and double adc (green) mutants, and
-‘C;_ I | ! the odc mutant (pink) were prepared for ADC activity assays and

°)
§0.01 “ LCMS analysis of their polyamine profile (n = 6). D5 tryptophan is
g used as an internal control in the ADC activity assay buffer and its
levels are presented here in nmol/g FW. An ANOVA, followed by a
0 Tukey HSD test, was conducted to determine statistical significance;
$« 0&\ 02)0/ ) 60' 0&/\ lefters .displayed above ea.ch _bOX indice.lte significance, where groups
06(’ with different letters are significantly different to o = 0.05.

5.7 ADC-box mechanism

A e e b € dede | bc b i e bad b Supplementary Figure 24: Individual luciferase and

renilla luminescence of golden gate compatible
pGrDL _SPb (GG) reporter plasmids, pGrDL _SPb, and
358p:LUC in LIl F 4-5.

3e+06

U 2e+06

Golden-gate compatible (pGrDL _SPb (GG)) luciferase

[1V]

s == reporter constructs with a 35S promoter (35Sp) as a
Te+06 ==

« I E E‘ﬂ |:_J3 positive control, Bs3 promoter (Bs3p) as a negative
control, and 35Sp-driven tomato ADC 5°UTRs

(SIADC1/2 5°UTR) were generated and agroinfiltrated

0e+00 — ——

B 4e+06] ¢ < b < < c < c a c c c into WT N. benthamiana leaves (n = 5). The original
pGrDL _SPb plasmid (Moyle et al., 2017) with a
3e+06 358p:LUC reporter, as well as the previously generated
358p:LUC construct with an LI/ F 4-5 backbone were
& 2e+06 also agroinfiltrated in the same manner. After 2 dpi (left)
and 3 dpi (right), samples were taken for luminescence
Te+06 measurement. Luciferase luminescence was normalised

to renilla luminescence and LUC/REN is reported here

0e+00] =T i i — - as arbitrary units (AU). An ANOVA, followed by a

R R Q \ \ R Q Q Q & : .
5 {\\?,"JCQ %\5‘;" & \QS\ w“’\g\ 5 &7,6‘* 2RO AR Tukey HSD test, was conducted to determine statistical
significance; letters displayed above each box indicate

significance, where groups with different letters are

significantly different to o = 0.05.
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pGrDL SFb TAARACGACGGCCAGTGAGCGCGCGTAATACGACTCACTATAGEECGRATIGEETACCGSE 3000

pGrDL_SFb_GG TAAAACGACGGCCAGTGAGCECGCGTARTACGACTCACTATAGGGCGARTTGEGTACCGE 3000
A A N N N N N N A N A A A A A A A A A A A A A A A A AN A ANNNNNNNNNNNNNN I NSY
pGrDL_SFb GCCCACCCCCCTACTCCARARATGTCARRGATACAGTCTCAGAAGACCARAGEECTA-—— 3054
pGrDL_SFb_GG GCCCACCCCCCTACTCCARARRTGTCARAGATACAGTCTCAGARGACCARAGEECTHERE 3060
AR N N N N A N A A A A A A A A A A A A A A A A AN AN ANNNNNNNNNNNNNN NI AN
pGrDL_SFb 3054
pGrDL_SFb_GG EAGA AR GAAAGAA AACCCACAGA AGAGA A 3120
pGrDL_SFb 3054
pGrDL_SFb_GG 3180
pGrDL_SFb 3054
pGrDL_SFb_GG 3240
pGrDL_SFb 3054
pGrDL_SFb_GG 3300
pGrDL_SFb 3054
pGrDL_SFb_GG 3360
pGrDL_SFb 3054
pGrDL_SFb_GG 3420
pGrDL_SFb 3054
pGrDL_SFb_GG 3480
pGrDL_SFb 3054
pGrDL_SFb_GG 3540
pGrDL_SFb 3110
pGrDL_SFb_GG 3600
pGrDL_SFb 3170
pGrDL_SFb_GG 3660
pGrDL_SFb 3230
pGrDL_SFb_GG 3720
pGrDL_SFb 3290
pGrDL_SFb_GG CGTGGA AACACGTTCCAACCACGACTTCA 3780
HAAAAAAAAAAAANN AANNNNNNNNNEES FEEEN
pGrDL_SFb 3350
pGrDL_SFb_GG 3840
pGrDL_SFb 3403
pGrDL_SFb_GG 3900
pGrDL_SFb 3463
pGrDL_SFb_GG 3960

A E T T T T A A AT T T T T TN AN NI A AAIIHIINNNHHHHNNNNNN NI T K

pGrDL_SFb 3523
pGrDL_SFb_GG 4020

A E AT T T AT AT T T T T TN AN NI A AAIIIIINNNHHNHHNNNNN NI H TS

pGrDL_SFb 3583
pGrDL_SFb_GG 4080

A E AT T T AT AT T T T T TN AN NI A AAIIIIINNNHHNHHNNNNN NI H TS

Supplementary Figure 25: Alignment of pGrDL SPb and pGrDL SPb (GG) plasmids, showing differences
in 35S promoters and sequences 5’ to the luciferase start codon.

Alignment of full pGrDL _SPb and 35Sp:LUC pGrDL _SPb (GG) plasmid sequences generated via ClustaL.
A section of the alignment shown here to highlight the differences in the 35Sp sequences (bold text, grey),
the Bsal overhangs used for cut ligations (white bold text, black background), and luciferase gene (bold text,

green) with its start codon (underlined). Matching sequences are indicated by an asterisk below the alignment.
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S1ADCL MPALGCCVESAVSPPLGY SF---—-LSTPEIFSS5GVPPSTNAVP—-LTTHWSPELSSDLY 53

S1ADCZ MPALGCCVIDASVSPPLGYAFSWDSSLPAPELFSSGVPPATNARAVSTGSHWSTDLSSDLY ]
AtADC1 MPALAFVDIPI-———————— DIF5——————, SIF---TPS5VSTAVVDGSCHWSPSLSS5LY 43
AtADCZ MPALACVDISFVPPAYAFSDTAG—————-! DVF---IPASSFTSAAVVVDRWSPSLSS5LY 51
LR TN L * o1 rkE_kkk R
S1ADC1 RIDGWGRAPYFTVNSSGDISVRPHGTDILPHQEIDLLEVVEKRSDP INSGGLGLQLELVVE 113
S1ADCZ BVDGWGAPYFSVNSS5GDISVRPHGTDTLPHQEIDLLEVVEKRSDPENLGGLGLOMELVVE 120
AtADC1 RIDGWGAPYFAANSSGNISVRPHGSNILPHQDIDLMEVVERVIDP---3GLGLOLEFLIVRE 100
AtADCZ RIDGWGAPYFIANSSGNISVRPHGSETLPHQDIDLLEIVEKVIGPESSGELGLOLELIVRE 111
e L N e L s R s TN T JEEEHE s h K kA
S1ADC1 FPOVLENRLESLOSAFDYAVOSEGYERHY QGVYPVKCHQDREVVEDIVEFGTGERFGLER 173
S1ADCZ FPOVLENRLETLOSAFDMATNSQGYERHY QGVYPVKCHQDREVVEDIVKFGSPYRFGLER 180
AtADC1 FPOVLENRLECLOSAFDYATIQSQGYDSHYQGVYPVKCHQDRFITEDIVEFGSGERFGLER 180
AtADCZ FPOVLENRLECLOSAFDYATKSQGYDSHY QGVYPVKCHQDREVVEDIVKFGSSFRFGLER 171
HEEETHNREE HHANHEE Fy ok o Rk s kAR FARHN IR FIRAN g s FER N hh AN kTN
S1ADC1 GSKPELLLAMSSLCKGSSEGLLVCHGFKDAEY ISLALVARKLOLNTIVIVLEQEEELDLVI 233
S1ADCZ GSKPELLLAMNCLSKGSADALLVCHGFKDTEY ISLALVARKLLLNSVIVLEQEEELDLVI 240
AtADC1 GSKPEILLAMSCLCKGNPEAFLVCHGFKDSEY ISLALFGRKLELNTVIVLEQEEELDLVI 220
AtADCZ GSKPEILLAMSCLCKGSPDAFLVCHGFKDAEY ISLALLGRKLALNTVIVLEQEEELDLVI 231
HEEET oHREE | K KK xR REERKKN RERKNEL | KAK R E R AN AR EARAN AR TN
S1ADC1 DISREMAVOPVIGLRAKLRTKHSGHFGSTSGEKGKFGLTITTQILRVVRKLKESGMLDCLY 293
S1ADCZ DISREMSVRPVIGLRAKLRTKHSGHFGSTSGEKGKFGLT TTQILRVVEKLDESGMLDCLO 300
AtADC1 DLSQEMNVRPVIGLRAKLRTKHSGHFGSTSGEKGKFGLT TVQILRVVRKLSQVGMLDCLY 280
AtADCZ ELSQEMNVRPVIGLRAKLRTKHSGHFGSTSGEKGKFGLT TTQIVRVVRKLROSGMLDCLY 231
TrEpEE K AEHAANKAFNIANRETNIIRRTTNINRRITN Sk H_H ook o kR FER
S1ADC1 LLHFHIGSQIPSTELLADGVGEAAQVY SELVRLGAGMKF IDIGGGLGIDYDGTKSSDSDV 353
S1ADCZ LLHFHIGSQIPTTELLADGVGEATQIYSELVRLGAGMKF IDIGGGLGIDYDGSKSSNSDV 380
AtADC1 LLHFHIGSQIPSTALLSDGVAEAAQLYCELVRLGAHMEVIDIGGGLGIDYDGSKSGESDL 340
AtADCZ LLHFHIGSQIPSTSLLSDGVAEAAQLYCELVRLGAHMEVIDIGGGLGIDYDGSKSGESDL 351
HEKETRNREH T 2K Kk g HHK Kk gk k FEFHHXN *F FANIETHHONRET 2 h K hw s
S1ADC1 SVGYGLODYASTVVOAVRFVCDRENVKHPVICSESGRATIVSHHSVLIFEAVSSTTTR-5Q 412
S1ADCZ SVCYSIEEYASAVVOAVLYVCDREGVKHEVICSESGRATVSHHSILIFEAVSASTSHVST 420
AtADC1 SVAYSLEEYARAVVASVRFVCDQESVKHEVICSESGRAIVSHHSVLIFEAVSAGQO-—H 397
AtADCZ SVAYSLEEYARAVVASVRVVCDRSSVKHEVICSESGRATVSHHSVLIFEAVSADKFMVHQ 411
HE E waarkk akK ak KAk RKNREEERANREETERONRE g E AN AE
S1ADC1 EL55MSTLHSFVEKLNDDARGDYRNLSARATRGEYDTCMLYADQLEQRCVDOFKDGNLDIE 472
S1ADCZ QP55GGLOSLVETLNEDARADYRNLSARAVRGEYDTCLIYSDOLEQRCVEQFKDGSLDIE 480
AtADC1 -ETPTDHQFMLEGY SEEVRGDYENLYGAAMRGDRESCLLYVDOLKQRCVEGFKEGSLGIE 456
AtADCZ -ATPGDIQFLLEGN-EEARANYEDLYARVMRGDHESCLLYVDOLKQRCVEGFKEGVLSIE 469
. YT prLE,ak nE K aEEy aakaah KEREEENK, EHgh Kk Ew
S1ADC1 QLAAVDAVCDEVSKAIGASDEVRTYHVNLSVEISIPDFWAIDQLFPIVPIHKLDEHPSAR 532
S1ADCZ QLAAVDSICDWVSKAIGVADEVRTYHVNLSVFISIPDFWGESQLFPIVPIHRLDEKPTMR 540
AtADC1 QLAGVDGLCEWVIKAIGASDEVLIYHVNLSVE ISIPDFWGIDOQLFPIVPIHKLDOREPAAR 516
AtADCZ QLASVDGLCEWVLEATGASDEVHTYNINLSVF ISIPDLWGIDOLFPIVPIHKLDORPGAR 529
HEE EK skpak KKK skKh FE o hRREERKNAN ;E o KAFEXANEK ;AKX a2k K
S1ADC1 GILSDLICDSDGKIDKF IGGESSLALHELGSG--N5APY Y LGMF LGGAYEEALGSLHNLE 580
S1ADCZ GILSDLICDSDGKVDKF IGGESSLPLHEIGSG--DEGRY Y LGMF LGGAYEEALGSLHNLE 5598
AtADC1 GILSDLICDSDGKINKF IGGESSLPLHEMDNNGCSGERY Y LGMF LGGAYEEALGGVHNLE 576
AtADCZ GILSDLICDSDGKINKFIGGESSLPLHELDEKNG-SGGRYFLGMF LGGAYEEALGGVHNLE 588
HEKETRNRERERK 3 R R HRHNDET Hkhy | Er AN AAEERANARENRN  h TR
S1ADC1 GGPSVLRVSQSDSPHSFAVIYAVPGPSCADVLRAMOHEPELMFETLKHRAEEFVHKE-—— 647
S1ADCZ GEPSVVRVMOSDSFHSFAVIRSVPGPSCADIVLRAMOFEPELMFETLKHRAEEFLEQG——— 655
AtADC1 GEPSVVRVLOSDGEHGFAVIRAVMGOSSADVLRAMOHEPEIMFQTLKHRAEE PRNNNNER 636
AtADCZ GGEPSVVRVSQSDGEHSFAVIRAVPGQSSAIVLRAMOHEPELMFOTLEKHRAEEMMHTKGGS 648
HEEET ohh KEH Kk _KEHK sk * K KAFERKNE _ FEXAN K EEXANAAE
S1ADC1 ————EEVE--—--V5LANSLNQSFHNMPYLAPHSSCCFS——————————————| GYYYCHD 684
S1ADCZ ————EGEGEGVAFGSLTS5LAQSFHNMPYLS5——-SCCFTAEATANANTNTNNGGYY Y YSE 708
AtADC1 CGDE-————— GHDKLVVASCLAKSFNNMPYLSMET -—5-—-—- TNALTAAVHNLGVYYCDE 684
AtADCZ EGENEEEEEDDEFNNVAASLDRSFHNMEFYLATEQASP————- SNSLSAATSNLGFYYCDE 703
pro L F rEE EAAEN * kk
S1ADC1 ENIVGVGRECAIGEEEFWFYCVA* 707
S1ADCZ DN-———————, AARFEDEIWSY*-—— 721
AtADC1 AAAGGG----GKGEKDENWSYFG*- 702

ATADC2 DVYDYI---—SA¥ —mmmmmmm e 711

Supplementary Figure 26: Alignment of 4. thaliana and tomato ADC peptide sequences,
highlighting two key catalytic residues.

The translated peptide sequence of AtADCI, AtADC2, SIADCI, and SIADC2 coding
sequences were aligned using Clustal. Two residues essential for AtADC1 catalytic activity
were identified as K136 and C524 (Hanfrey et al., 2001); these are highlighted in blue and
yellow, respectively, for all four peptide sequences. Identical residues are indicated below the

alignment by an asterisk, while partial conservation is indicated by a full stop or colon.
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Supplementary Figure 27: Verification of transient
expression of SIADC1/2, SIODC, and PBCV-1 DC
proteins in WT N. benthamiana for LCMS analysis.

Epitope-tagged, WT and catalytic SIADC1/2 mutants,
SIODC, and PBCV-1 DC, as well as control GUS
(negative) and Brgl!l (positive) constructs for LCMS
analysis, were transiently expressed in WT N
benthamiana leaves for 2 3 days; samples were taken for
western blot and LCMS analysis. HA-tagged SIADCI
proteins, HA-tagged PBCV-1 DC, GUS, and Brgll1 (A),
and MYC-tagged SIADC2 proteins, SIODC-MYC, GUS,
and Brgl1 (B) were run on a 10% SDS-PAGE gel. Blots
were incubated with anti-HA-HRP (A) or with anti-MYC
primery and anti-mouse secondary (B) antibodes.
Molecular weight marker (M) band sizes (left) and
expected weights of expressed tagged proteins (right) are
shown; SIADCI 78 kDa, PBCV-1 DC 44 kDa, SIADC2
80 kDa, and SIODC 48 kDa. Ponceau stained blot shown

below each western blot.
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Supplementary Figure 28: Remaining PA levels from transiently expressed WT and catalytically dead ADCs, ODC, and PBCV1-
DC proteins.

After 2 dpi, samples of GUS (grey), Brgll (grey), SIADC1 WT and mutant variants (blue), SIADC2 WT and mutant variants
(yellow), PBCV1-DC (purple), and SIODC (green) constitutively expressed in N. benthamiana leaves were harvested for LCMS
analysis (n =6). Spermidine (A), spermine (B), citrulline (C), ornithine (D), acetylputrescine (E), glutamine (F), and GABA (G)
were measured. An ANOVA, followed by a Tukey HSD test, was conducted to determine statistical significance; letters displayed

above each box indicate significance, where groups with different letters are significantly different at the a. = 0.05 level.
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Supplementary Figure 29: Phenolamide levels from transiently expressed WT and catalytically dead ADCs, ODC, and PBCV1-
DC proteins.

After 2 dpi, samples of GUS (grey), Brgl1 (grey), SIADC1 WT and mutant variants (blue), SIADC2 WT and mutant variants
(yellow), PBCV1-DC (purple), and SIODC (green) constitutively expressed in N. benthamiana leaves were harvested for LCMS
analysis (n =6). Coumaroylputrescine (A), feruloylputrescine (B), cinnamoylputrescine (C), and coumaroylspermidine (D) were
measured. An ANOVA, followed by a Tukey HSD test, was conducted to determine statistical significance; letters displayed

above each box indicate significance, where groups with different letters are significantly different at the co = 0.05 level.

244



A g ¢ b ¢ b b ¢ b Supplementary Figure 30: Individual luciferase and renilla
3e+06 luminescence of 35Sp:SIADC1/2yr 5 UTR:LUC reporters
co-expressed with EV, SIADClwr or SIADClka ca
rer06 T proteins.
S .
2 I 358p:SIADCI1/2wr 5’UTR:LUC reporters co-expressed
:: with EV, SIADC1/2wrt, or SIADC1/2ka_ca proteins in N.
e | | . benthamiana leaves (n = 6). 355p:LUC and Bs3p:LUC
== — reporters were used as positive and negative controls for
0e+00 —— i luciferase expression. After 2 dpi, samples were taken for
B 3e+06 3 5 < < < < 5 5 luminescence measurement. An ANOVA, followed by a
Tukey HSD test, was conducted to determine statistical
I ’ significance; letters displayed above each box indicate
2e+06 . significance, where groups with different letters are
z I | E $ significantly different at the ao = 0.05 level.
tevs .
==
0e+00

355piUC Bs3plUC ~ EV  ADClwy ADClka ca EV  ADC2y7 ADC2 ca

355pADC Ty S'UTRLUC 355pADCyT S'UTRLUC
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Supplementary Figure 31: Individual
luciferase and renilla luminescence of
358p:SIADC1 wiisuorpsade-box S UTR: LUC
reporters

SIADClwr or SIADClga ca proteins.

co-expressed with EV,

358p-driven  SIADCI  5°’UTR:LUC
reporters (WT, Auorf, and Aadc-box
variants)
SIADClwrt, or
SIADCL1 (SIADClka ca) proteins in N.
benthamiana leaves (n = 6). 35Sp:LUC

co-expressed with EV,

catalytically  dead

and Bs3p:LUC reporters were used as
positive and negative controls for
luciferase expression. After 2 dpi,
samples were taken for luminescence
measurement. An ANOVA, followed by
a Tukey HSD test, was conducted to
determine statistical significance; letters
displayed above each box indicate
where

significance, groups  with

different letters are significantly

different to o = 0.05.

355p:S'UTR ppox

& & &
M @S & & 8 ¢y

100 kDabb L
——_ ame B 8D
70 kDabk W . . ?
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Supplementary Figure 32: Western blot of SIADC1wr and SIADClka ca proteins co-expressed with WT and mutant

SIADCI luciferase reporter constructs.

358p:LUC, Bs3p:LUC, and 35Sp:SIADC1wijauorpsade-box 3 'UTR:LUC reporters co-expressed with EV, SIADClwr, or
catalytically dead SIADC1 (SIADClka ca) proteins in N. benthamiana leaves (n = 6). After 2 dpi, one leaf disk was taken

from each infiltration replicate and combined into one pooled sample for a western blot. Blot was incubated with an anti-

HA-HRP antibody to detect HA-tagged SIADC proteins. Molecular weight marker (M) band sizes (left) and expected

size of tagged SIADC1 proteins (right).
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Supplementary Figure 33: Individual
luciferase and renilla luminescence of
358p:SIADC1/2  5’UTR:LUC reporters
co-expressed with GUS or SIADC1/2wr

proteins.

358p:SIADC1/2 5°UTR:LUC (WT, Auorf
or Aadc-box) reporters were co-expressed
with GUS or SIADC1/2wr proteins in N.
benthamiana leaves (n = 6). After 2 dpi,
samples were taken for luminescence
measurement. An ANOVA, followed by
a Tukey HSD test, was conducted to
determine statistical significance; letters
displayed above each box indicate
significance, where groups with different

letters are significantly different at the o

=0.05 level.

Supplementary Figure 34: Polyamine related proteins are
evenly expressed when co-expressed with 355p:LUC,
358p:SIADClwr 5’UTR:LUC, and 35Sp: SIADC1aadc-box
5’UTR:LUC reporters

358p:LUC (A), 358p:SIADClwr 5°’UTR:LUC (B), and
358p:SIADCl pade-box 5 ’UTR:LUC  (C)
expressed with GUS, SIODC, PBCV1-DC, SIADC2wr,
SIADClwr, SIADClga, SIADClca, or SIADClka ca

proteins in N. benthamiana leaves (n = 6). After 2 dpi, one

reporters  co-

leaf disk was taken from each infiltration replicate and
combined into one pooled sample for a western blot. Blot
was incubated with an anti-HA-HRP antibody to detect
HA-tagged proteins (A) or anti-MYC primary and anti-
mouse-HRP secondary antibodies to detect MY C-tagged
proteins (B). Molecular weight marker (M) band sizes

(left) and expected size of tagged proteins (right).
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Supplementary Figure 35: Individual luciferase and renilla luminescence of 35Sp:LUC, 35Sp:SIADC1wr 5’UTR:LUC, and
358p: SIADC 1 agde-box 5 'UTR:LUC reporters co-expressed with polyamine-related proteins.

358Sp:LUC, 358Sp:SIADC1wr 5°’UTR:LUC, and 35Sp:SIADC I aadc-box 5 'UTR:LUC reporters co-expressed with GUS, SIODC,
PBCV1-DC, SIADC2wr, SIADClwr, SIADClga, SIADClca, or SIADClga ca proteins in N. benthamiana leaves (n = 6).
After 2 dpi, samples were taken for luminescence measurement. An ANOVA, followed by a Tukey HSD test, was conducted
was conducted between samples from the same LUC reporter and not between all other samples; letters displayed above each

box indicate significance, where groups with different letters are significantly different at the o = 0.05 level.
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Supplementary Figure 36: Individual luciferase and
renilla luminescence of 35Sp:LUC, MASp:LUC, and
Ubip: LUC reporters co-expressed with EV, SIADClwr or
SIADClka ca proteins.

358p:LUC, MASp:LUC, and Ubip:LUC reporters co-
expressed with EV, SIADClwr, or catalytically dead
SIADC1 (SIADClga ca) proteins in N. benthamiana
leaves (n = 6). After 2 dpi, samples were taken for
luminescence measurement. An ANOVA, followed by a
Tukey HSD test, was conducted to determine statistical
significance; letters displayed above each box indicate
significance, where groups with different letters are

significantly different at the ao = 0.05 level.
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Supplementary Figure 37: SIADClwr and SIADCka ca proteins are evenly expressed, despite
differences in reporter expression from 35Sp: LUC, MASp:LUC, and Ubip:LUC.

358p:LUC, MASp:LUC, and Ubip: LUC reporters co-expressed with EV, SIADClwr, or catalytically
dead SIADC1 (SIADClka ca) proteins in N. benthamiana leaves (n = 6). After 2 dpi, one leaf disk

was taken from each infiltration replicate and combined into one pooled sample for a western blot.

Blot was incubated with an anti-HA-HRP antibody to detect HA-tagged SIADC proteins. Molecular

weight marker (M) band sizes (left) and expected size of tagged SIADCI proteins (right).
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S1ADC1 TCATTTCGCAGTTGTTTACAGTT TTCCTAAACGGAACTCTACCATCTCTTTTTTCCGGTT

S1ADC2 TCACTTCATAA--GCTGTTAGTTTCAC--—----GTTCTCTTCGCAAT TTCCATTACAGCC
*Kk k kKK * * X *kk kKk * * *x kk Kk Kk *x ok *Kkx Kk K
S1ADC1 ACCGTITTAGGTTTCCGACCAATTTTCTTCTTCT CCGGTGAACTATT CCGGT TAAAAGT TG
S1ADC2 GC----TAGGTTTCCGICCA--CTTCTTCTTCTCCA--——-—-———-——-——-—-TTAATATCTG
* kk kk kkk kk Kk Kk k% *k kkhkk kk kkhkk kX Kkhkk Kk Kk **
S1ADC1 T TCTTAGGTTTGTGTTTCTGTTGGTT-TTGAGTT TTAAT
S1ADC2 T TTCTAGATTTTTTCTT TGAAT TCTTGTTAATCT TTAAT
*k Kk kk kKK * *k kK kK kk kkk Kk Kk Kk kkkx Kk * K * *k KKk X *khkk kK Kk
S1ADC1 TCTTTGTTTTGATT TAGAAAAT TTTGCTTCTTCT GAAGT CGT TGTGGGGATATT CGGGTC
S1ADC2 TTTCTTTGTTTAAATCAAGAAAT TAGCT TCT TCTGAAGTCAGGGTGGGGAT TTTTGGATC
*x kK kK k Kk Kk X * kX kk kk Ak kk kkhkk hkk kkk kk ok kK kkkkkKkk kk Kkk k%
S1ADC1 GTGTAAGAGTIGTGTTAGAAGGTGATTATCTTTTGAT TAAGT TCTTTTT TTGCTTCTTT TG
S1ADC2 GTGTCAAAGTGTGTTAGAGGGTGATTATCTTTTGAT TCACTTGTTT TT TTGCTTCTTT TG

Kk hkkhk kK KAk KAAKA KA AAA KX KAAKN AKX XXX AKX dAk kk Ak hk,kk Kk *%k kK khkkhkAkkhkhkkhk Ak hkhkk,k k%%

S1ADC1 AGGGGGTAGCCGGGGCT CTGGCCTCGGCGGGT TCTAA-AGCCCCCAGCTATTACAACATT
S1ADC2 AGGGGGTAGCCGGGGCCTCGGCCTCGGCGGGT TT TAATAGCCCCCAACTATTACAACATT
Kk kK kok kok kKK Kok Kok Kkk kok kkk Kk kokk k  kkk ok okkk Kk kk Kk Kkk kk kxKk Kok Kk
S1ADC1 GGTCAACAAATCATT--TCTGTATAA---——-———-TTAGTTTTACAC-—-—--ATTCTTTGA
S1ADC2 GGGAAGAAGAACATCAATCTGTACAAACCCT TAAGTTAGTTTTTCTTTTTAATTCTTTGA
k% ok kK kokk Kk Kkok ok k% Kk KKk kkk kK Kok K Kk kKk ko K
S1ADC1 TTCTTTTTTTTTT GTGAAGATTTT-—-——-———--—-——ACGA
S1ADC2 TTCTTTCTTCTTAACAAA--TCAAAACAGATCGGGGAAGAG
Kk kx KKk Kk kK K,k % Kk Kk kx KK

Supplementary Figure 38: Nucleotide alignment of SIADC1/2 5’UTRs.

Alignment of SIADCI1/2 5’UTR from the transcritional start sites determined by Wu ez al., 2019 until the SIADC start
codon generated via Clustal.. Coding sequences (bold, green background) indicate uORF and SIADC1/2 ATG; start
and stop codons are underlined. The SIADC1/2-box sequences are bolded and highlighted with an orange background.

Matching nucleotides are indicated by an asterisk below the alignment; overall sequence identify of 65.3%.
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Supplementary Figure 39: Original images of
SHAPE generated RNA secondary structures
of SIADC1 and SIADC2 5’UTRs

SHAPE RNA secondary structures of SIADC1
(A, B) and SIADC2 (C, D) 5’UTRs were
generated from RNA harvested from WT
tomato flowers (A, C) and mature green tomato
fruits (B, D). Larger RNA secondary structure
images from tomato fruits were provided
showing the ADC-box (orange), uORF (green),
and start of the ADC coding sequence (green).
Images of RNA structures from tomato fruits
were focused on the ADC-box sequences (bold
ringed nucleotides, B, D) and some
surrounding sequence; each nucleotide has
been shaded darker red to indicate more
SHAPE reactivity or conformational flexibility
of that nucleotide. Images generated from
Yiliang Ding’s laboratory (John Innes Centre,
UK).



5.8 Developing tools to study RipTALs
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Supplementary Figure 40: Brgl1 mCerulean3/GUS reporter plasmid used for tomato and A. thaliana stable transformation.

Promoters (green), coding sequences (yellow or blue), terminators (yellow), and additional features are annotated around the

plasmid. Bacterial resistance gene (“Kana Resistance”) and in planta resistance genes (KanR) are also shown.
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Supplementary Figure 41: No observable differences between WT and SI2M_-13 root phenotypes.

WT and adc2-box mutant (SI2M_-13) tomato seeds were sterilised, spread on damp filter paper, and kept in the fridge for 2

days before being taken to the climate chamber to germinate. After 3 days, germinated seeds were transferred to agar plates

(n = 10) and allowed to grow vertically for another week. Agar plates were scanned (A), and the root lengths (B) and fresh

weights (C) were measured.
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Supplementary Figure 42: Not all PA-related metabolite levels differ between SI2M_-13 mutant and WT tomato roots.

WT (grey) and adc2-box mutant (SI2M_-13; yellow) tomato seeds were sterilised, spread on damp filter paper, and kept in
the fridge for 2 days before being taken to the climate chamber to germinate. After 3 days, germinated seeds were transferred
to agar plates and allowed to grow vertically for another week before being cold treated for 24 hours. The roots of 3-4
seedlings were combined to form one replicate sample (n = 3), which were then processed for LCMS measurement of arginine
(A), spermidine (B), spermine (C), citrulline (D), GABA (E), and glutamine (F) in nmol/g fresh weight (FW), normalised to
the internal standard D5 tryptophan (G).
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Supplementary Figure 43: Agmatine and putrescine levels of ethanol-inducible Brgl 1-GFP tomato lines.

Agmatine (A) and putrescine (B) levels of positive (+) and negative (-) controls, and ethanol-treated samples (EtOH)
from WT and 11 selected ethanol-inducible Brgl1-GFP lines were measured via LCMS. The dotted horizontal line

represents the median agmatine or putrescine level of the ethanol-treated WT.
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Supplementary Figure 44: Feruloylagmatine and coumaroylagmatine levels of ethanol-inducible Brgl 1-GFP tomato lines.

Feruloylagmatine (A) and coumaroylagmatine (B) levels of positive (+) and negative (-) controls, and ethanol-treated samples
(EtOH) from WT and 11 selected ethanol-inducible Brgl11-GFP lines were measured via LCMS. The dotted horizontal line

represents the median agmatine or putrescine level of the ethanol-treated WT.
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