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ABSTRACT

UNCOUPLING PLANT GROWTH AND DEFENSE THROUGH

PHYTOHORMONE CROSSTALK MODIFICATION

Phytohormones are essential regulators of development and response to biotic and
abiotic stresses. Activation of the plant immune system by pathogen attack often results in
changes in plant growth, frequently leading to smaller plants with reduced seed set. Previously,
we discovered that cytokinin (CK), a hormone known for its role in the regulation of cell division
and plant growth, also has an important role in the activation of defense against pathogens
through a synergistic interaction with the defense hormone salicylic acid (SA). Here, we address
whether these two phytohormones also regulate the negative effect of immune activation on
plant growth. Differential gene expression analysis and physiological assays were used to
characterize the crosstalk between CK and SA in growth and defense in Arabidopsis
thaliana plants with altered states of immunity. We show that the interplay between the
phytohormones CK and SA regulates both defense responses to pathogens and plant
development. Endogenous levels of these two hormones were modulated in the snc1 ckx3 ckx5
(835) triple mutant. The three mutations result in increased CK and SA content simultaneously
and yields a novel reproductive growth phenotype. When challenged with pathogens from
diverse lifestyles, the s35 mutant conserves an autoimmune phenotype. Transcriptome analysis
of $35 reproductive tissue reveals differential regulation of genes associated with nitrogen
response and regulation of redox status. Our data suggests that the increased content of both
CK and SA hormones contributes to a rebalancing of redox homeostasis and perception of
nutrient availability within the shoot apical meristem (SAM), resulting in the uncoupling of

reproductive growth and pathogen defense. Further experimentation and investigation into the



mechanistic interactions mediating the balance between plant growth and defense could lead to
implementation of phytohormone crosstalk engineering to target specific advancements in crop

species.
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1. BACKGROUND

The plant growth-defense tradeoff

As plants have evolved over millions of years, they have gained unique survival
strategies to cope with changes in environment and interactions with other organisms. Due to
their sessile lifestyle, plants have evolved to utilize complex signaling pathways to respond to
abiotic and biotic stresses. The selective pressures plants experience are unique to prevailing
environmental conditions, resource availability, and physiological confines, and thus require
plasticity to adapt to these constraints. To ensure resilience, plants rely on tradeoffs as
coordinated tactics to mitigate harm caused by sub-optimal conditions and overcome resource
limitations.

Scientists have long been aware of the interplay between evolution, ecology, and plant
genetics for optimized growth and survival. There are several known plant tradeoffs, yet the
most prominent is the growth-defense tradeoff, in which there is a cost to growth and
development associated with activation of defense responses to pathogens and pests (Coley et
al., 1985; Bergelson & Purrington, 1996). This evolutionary plant survival strategy is complex
and requires tight regulation of cellular signaling systems. Within this area of research, there are
historically two main hypotheses regarding the evolutionary relevance for the growth-defense
tradeoff: favoring of offensive plant processes or favoring of defensive plant processes, or, as
Monson et al., 2021 describes using economic allegory, supply-side processes and demand-
side processes. Tradeoff hypotheses that involve offensive plant processes emphasize resource
partitioning as it pertains to the plant’s selective pressures. As explained in Huot et al., 2014, the
energy harvested from photosynthesis contributes to a finite pool of resources that are diverted
to either growth or defense depending on the presence or absence of a pathogen, a process
mediated by phytohormone signaling. Conversely, hypotheses favoring defensive plant

processes are centered around selective pressures on the plant pathogen and/or herbivore.



Instead of resource allocation, plants optimize defense chemical allocation to specific tissues on
the basis of importance for reproduction and likelihood of infection or wounding (Rhoades, 1979;
Zangerl & Bazzaz, 1992).

Yet, the canonical model of mutual antagonism between growth and defense has been
challenged, as in Kliebenstein, 2016. The author postulates whether it is a misconception to
view the relationship between growth and defense as perpetually opposing forces and provides
examples that do not display this tradeoff, suggesting that these two plant processes are
instead in continual dialogue to ensure plasticity in a fluctuating environment (Kliebenstein,
2016). Furthermore, Monson et al., 2021 provides evidence for the unification of the offensive
and defensive tradeoff hypotheses, using a multi-omics approach. In this study, the authors use
the evolutionary optimization framework employed by both types of hypotheses to combine
transcriptomics, pathway networking, and genetic mutation analyses. They put forth a new
hypothesis, the coordinated resource allocation hypothesis, in which the growth-defense
tradeoff has multiple levels of regulation, i.e. hormone crosstalk, transcriptional cascades, that
contribute to an effective response to stress, all while maintaining a safety resource reserve to
ensure phenotypic plasticity (Monson et al., 2021).

Regardless, the relationship between development and immunity can be partially
attributed to phytohormone signaling pathways. Different hormone families regulate specific
physiological processes individually. Nonetheless, it has been shown that phytohormones act in
synergistic networks for refined decision-making (de Vleesschauwer, Gheysen, & Hofte, 2013;
Yang et al., 2013; Altmann et al., 2020). In particular, the crosstalk between cytokinin (CK) and
salicylic acid (SA) is also associated with the growth-defense tradeoff. Historically, CK has been
known for its positive regulation of plant growth, while SA initiates plant defense responses
during pathogen attack. Previously, it was discovered that these hormones may intervene with
each other’s signaling pathways, suggesting they have pleiotropic qualities. CK assists in plant-

pathogen interactions by potentiating defense signaling, whereas SA suppresses CK



responsiveness (Argueso et al., 2012). These findings propelled us to further elucidate the CK-
SA crosstalk and its dynamic capacity in fine-tuning plant growth and defense for environmental
adaptation. Implicating the relationship as a nexus for growth-defense homeostasis, we
propose, in this work, that the CK-SA crosstalk can be modulated for a desired phenotypic

outcome.

Cytokinin

The discovery of CKs in the late 1950s and early 1960s was of great interest to plant
scientists, as these compounds were shown to stimulate plant cell proliferation, first identified in
Nicotiana tobacum (Miller et al., 1956). Though there are multiple forms of plant-derived CKs, all
variations structurally consist of an adenine with a modified N° terminus (Kudo et al., 2010).
There are two groups of CKs characterized by the N® terminus substitutions: isoprenoid and
aromatic. While CKs with aromatic derivative side chains are only found in a few plant species,
isoprenoid CKs are abundant. During isoprenoid CK biosynthesis, adenosine phosphate-
isopentenyltransferase (IPT) catalyzes the conjugation of the CK nucleotide to the isoprenoid
precursor, dimethylallyl pyrophosphate (DMAPP), consuming either adenosine triphosphate
(ATP) or adenosine diphosphate (ADP) in the process. This reaction yields N°-(A%-
isopentenyl)adenine (iP) nucleotides. The isoprenoid side chain of iP can be trans-hydroxylated
to produce trans-Zeatin (tZ) nucleotides by a cytochrome P450 enzyme. iP and tZ are the two
most abundant forms of CK in plants relative to the other isoprenoid CKs, cis-Zeatin (cZ) and
dihydrozeatin (DZ) (Hirose et al., 2008).

In plants, CKs can be metabolically converted between nucleotide, nucleoside, and
glucoside conjugates (reviewed in Sakakibara, 2006). Biologically active CKs are formed by the
conversion of nucleotides to nucleobases. Two pathways of CK activation have been recorded,
a two-step pathway and a direct pathway. The two-step pathway includes, first, a

dephosphorylation step and then, deribosylation. Conversely, CK riboside 5’-monophosphate



phosphoribohydrolase (LONELY GUY; LOG) catalyzes the production of CK nucleobases in a
single reaction. Storage forms of CKs are formed by O-glycosylation and cannot trigger
downstream CK signaling. Although reactivation of O-glycosylated forms by B-glucosidases can
occur, N-glycosylation of the purine is permanent. To further regulate hormone homeostasis, CK
degradation is mediated by CK oxidase/dehydrogenase (CKX) enzymes. CKXs cleave the
isoprenoid side chains of active CKs and their nucleosides, although they cannot act on DZ and
aromatic CKs and have a lower affinity to cZ as compared to iP and tZ.

Similar to the regulatory mechanism of prokaryotes, CK signal transduction is through a
two-component phosphorelay (reviewed in Kieber & Schaller, 2014). Active forms of CK bind to
sensor domains on transmembrane histidine kinases (HKs), which then activates
autophosphorylation of a histidine residue on the intracellular transmitter domain and
subsequently an aspartate on the receiver domain. The phosphoryl group is then transferred to
a histidine phosphotransferase (HP), which carries the signal from the cytosol into the nucleus.
Response regulators (RRs) are phosphorylated by HPs, inducing transcription of cytokinin-
regulated genes and downstream signaling. In Arabidopsis thaliana (Arabidopsis), there are two
subfamilies of RRs: type-A and type-B Arabidopsis RRs (ARRs). While type-B ARRs are
transcription factors and positive regulators of CK responses, type-A ARRs cannot bind DNA
and act in a negative feedback loop to regulate CK signaling. Type-B ARR binding sites are
found in the promoter regions of type-A ARR genes, and type-B ARR proteins can directly
regulate type-A ARR transcription, suggesting a mechanism of fine-tuning of CK responses.
CK has been associated with many plant processes, primarily growth and development. CK
treatment has inverse growth regulation in shoots versus roots: CK promotes shoot growth but
inhibits root growth (Werner et al., 2003). Loss-of-function mutants of type-B ARRs are
vegetatively stunted (Ishida et al., 2008), whereas constitutive ectopic expression of a type-B
using the cauliflower mosaic virus (CaMV) 35S promoter leads to larger shoot mass compared

to wildtype (Zubo et al., 2017). Similarly, disruption of the degradation enzymes, CKXs, causing



overaccumulation of CK, results in increased reproductive activity, as in the rice OsCKX2
mutant (Ashikari et al.,2005; Tsago et al., 2020) and the Arabidopsis ckx3 ckx5 double mutant
(Bartrina et al, 2011). Both mutants have increased seed number, as CK mediates meristematic
activity of developing reproductive tissue.

Furthermore, CK functions in nutrient allocation throughout the plant (reviewed in
Sakakibara, 2021) and during immune responses (reviewed in Mcintyre, Bush, & Argueso,
2021). As nitrogen availability signals, tZ and tZ riboside are translocated from root-to-shoot via
the xylem to modulate plant growth and development (Sakakibara, 2006). It is also well-
documented that some plant pathogens manipulate host machinery to increase local CK levels.
This, in turn, activates cell division and creates a nutrient sink to benefit the pathogen. While
treatment of low concentrations of CK can make plants more susceptible to pathogens
(Babosha, 2009; Argueso et al., 2012; Chanclud et al., 2016), application of high CK
concentrations can lead to the potentiation of defense responses, such as production of reactive
oxygen species (ROS) and activation of defense gene expression through interaction with other

defense hormones (Choi et al., 2010; Argueso et al., 2012).

Salicylic Acid

SA and its related forms have been medicinally utilized by humans indirectly for
centuries. As a naturally occurring phytohormone, SA was concentrated in teas and tinctures for
treatment of various ailments by soaking, oil extraction, and maceration of plant tissue like
willow (Salix genus). After SA was isolated and identified, bulk synthesis and mass production
of its derivatives became prevalent as an active ingredient for pharmaceutical use, such as
widely utilized aspirin tablets. As SA has played a crucial role in the history of medicine, it,
likewise, is essential to plant survival. Within the plant, SA functions in pathogen response and

disease resistance.



Plant-derived SA is proposed to be biosynthesized in two separate pathways, though,
both start with chorismate, an intermediate in the Shikimate pathway of aromatic amino acid
metabolism (Peng et al., 2021). Though, the prevalence of the two pathways of SA biosynthesis
varies amongst plant species (reviewed in Hartmann & Zeier, 2019; Lefevere, Bauters, &
Gheysen, 2020). In the isochorismate synthase pathway, chorismate is converted to
isochorismate by the isochorismate synthase (ICS) enzyme, and then into SA by isochorismate
pyruvate lyase. Alternatively, the conversion of chorismate to phenylalanine can then be used a
substrate of phenylalanine ammonia lyase (PAL). SA is produced after further B-oxidation and
hydroxylation reactions. Although a recent study has contradicted the role of PAL in SA
biosynthesis in Arabidopsis (Wu, Zhu, & Zhao, 2022), it is thought to be the primary synthesis
pathway in rice species. Thus, the complexities of these pathways are not ubiquitous amongst
all land plants and require further investigation.

During normal growth and development, basal SA levels are at low concentrations in the
plant. Once a pathogen is perceived, SA biosynthesis and metabolism are rapidly upregulated,
in conjunction with other defense metabolites, like ROS. As SA accumulates, the proposed SA
receptor, NONEXPRESSER OF PR GENES 1 (NPR1), is monomerized, activated after binding,
and translocated to the nucleus. NPR1, along with other transcriptional activators, particularly
TGACG- binding transcription factors (TGAs), recruit RNA polymerase Il to initiate SA-
dependent gene expression, like PATHOGENESIS-RELATED (PR) genes.

Initiation of plant immune responses by recognition of pathogens and pathogen-
associated molecular patterns is a complex process that requires a high level of signaling
control throughout the plant (Dodds & Rathjen, 2011). The timely and dynamic nature of SA
signaling is key to defending against biotrophic or hemibiotrophic pathogen attack, locally and
systemically. SA majorly contributes to defense signal transduction to distal, unchallenged
tissues during systemic acquired resistance (SAR). Overactivation of immunity can come at a

cost to the plant. Mutants with overaccumulation SA or overactivation of SA signaling have



dwarfed phenotypes (Zhang et al., 2003). Likewise, application of benzothiadiazole (BTH), a
synthetic analog of SA, can reduce plant biomass (Canet et al., 2010). The mechanisms
associated with growth inhibition by SA is believed to be in relation to crosstalk with other

hormones.

Targeting phytohormone crosstalk as a tool for agricultural advancement

Agricultural practices have evolved over centuries and allowed for the human population
to grow exponentially. The vast majority of land use by humans is for agricultural purposes,
including farming, animal grazing, and logging territories (Easterling et al., 2007). Yet, with
climate change and the steady increase of the human population, the demand for viable crop
yield is at an all-time high. Although agricultural methods, like selective breeding, soil
fertilization, and pesticide application, have improved production of major crops over the past
several decades, they are not sustainable to meet the requirements for the projected human
population and are unlikely to withstand the changing climate (Ray et al., 2012, 2013; Ning, Liu,
& Wang, 2017). Breeding programs have historically selected for growth-related crop
improvements, at the expense of genetic variation that lends to immune resilience (Strange &
Scott, 2005). Additionally, plants can be more susceptible to pathogen attack in heat conditions
(reviewed in Cohen & Leach, 2020), an intensified risk to crop populations with the
unprecedented increase of global temperatures (Allen et al., 2018). Thus, further progress in
this field is urgent and necessary to assure global food security.

The cost of immune activation has been well-documented, in crop species and model
plants alike, and often results in changes in plant growth and development, frequently leading to
smaller plants with reduced seed set (Brown, 2002; van Wersch, Li, & Zhang, 2016).
Conversely, plants overexpressing transporters of secondary metabolites resulting in overactive
growth are more susceptible to biotic attack (Tiwari et al., 2014). Mitigation of the growth-

defense tradeoff has been particularly difficult due to the pleiotropic nature of genes activated in



both processes. For example, ROS are critical signaling molecules that are dual-natured in that
they can be activated during both development and defense pathways (Apel & Hirt, 2004).

The mechanisms driving phytohormone crosstalk can happen at many levels, and
resulting phenotypes are products of the complex action by several phytohormone pathways.
One strategy to manipulate hormone crosstalk is to target expression of transcription factors,
reviewed in Berry & Argueso, 2022. These proteins directly bind to DNA, initiating transcriptional
cascades in response to stimuli. Several studies have proved this to be a successful method of
regulating hormone crosstalk, as some transcription factors play dual roles in positively
regulating both growth and immunity (Winter et al., 2011, Yan et al., 2020, Xiao et al., 2021).
Another idea is to alter interactions between signaling proteins. Altmann et al., 2020 showed
that phytohormones have extensive protein networks and suggested modification to protein-
protein interactions between two or more phytohormone pathways could provide novel
phenotypic outcomes. Here, we provide evidence of phytohormone crosstalk engineering to
overcome the growth-defense tradeoff. In our approach, we target endogenous phytohormone

concentration in order to modify signaling interactions between two phytohormones, CK and SA.



2. INTRODUCTION

Phytohormones are small molecules that regulate a plethora of plant physiological
processes, from development to responses to the environment. Moreover, phytohormones can
trigger signaling cascades and, therefore, act in interacting networks for refined plant cell
decision-making (Altmann et al., 2020). This is the case during organogenesis; above ground
plant organs (leaves, stem, flowers, etc.) originate from meristematic tissue called the shoot
apical meristem (SAM). SAM activity is determinate of proper vegetative growth, as well as
reproductive yield (fruit production and seed set), which are agronomically important traits. A
complex genetic network of phytohormones has been shown to regulate the stem cell domain,
namely, CK and auxin (Su, Liu, & Zhang, 2011). CK controls stem cell proliferation and,
therefore, meristem size. It has been shown that disruption of CK signaling or accumulation,
such as with mutations in the CK biosynthesis genes IPTs, results in growth retardation
(Miyawaki et al., 2006). Conversely, overaccumulation of endogenous CKs (Bartrina et al.,
2011) or overexpression of CK-triggered transcription factors that activate mitosis (Yang et al.,
2021b) yield larger meristems and increased cell numbers.

Phytohormones play a significant role in pathogen sensing and downstream responses.
When a microbe is present, the plant immune system is strategically activated in waves. PAMP-
triggered immunity (PTI) is initiated when plant cells recognize specific pathogen-associated
molecular patterns (PAMPs). With PTI activation, plants respond with upregulation of induced
defenses, such as production of ROS. In response, pathogenic microbes have developed ways
to overcome PTI by the secretion of effectors, molecules that can target and manipulate plant
physiology to benefit the pathogen, known as effector-triggered susceptibility (ETS).
Subsequently, this initiates effector-triggered immunity (ETI) in the host plant, as host resistance

(R) genes perceive effector presence. Many of these R genes encode nucleotide-binding



leucine-rich repeat proteins (NLRs) that trigger ETI-mediated responses like PR gene
expression, hypersensitive response (HR), and accumulation of the defense hormone SA.
Notably, it has been shown that both PTI and ETI activation often result in changes in
plant growth and development, frequently leading to smaller plants with reduced seed set
(Gémez-Gomez et al., 1999; Tian et al., 2003; van Wersch, Li, & Zhang, 2016). Likewise,
Arabidopsis mutants with constitutive activation of defense responses and over-accumulation of
SA have similar developmental retardation (Bowling et al., 1994, 1997; Li et al., 2001). This has
been associated with the growth-defense tradeoff survival strategy. Amongst the known
interactions between hormones, the crosstalk between CK and SA is of particular interest in
relation to this tradeoff. Although, CK is known for its role in the regulation of cell division at the
meristem level and overall plant growth, it has also been shown to play an important role in the
activation of defense, through cooperative interaction with the defense hormone SA (Argueso et
al., 2012). In contrast, it has been proposed that high SA content and/or signaling has inhibitory
effects on the CK pathway, resulting in fitness costs (Argueso et al., 2012). This suggests that
these two phytohormones may be at the crux of the mechanistic components plants use to
maintain a balance between adequate defense activation and growth and reproduction.
Phytohormones and their associated genetic hubs have been proposed as potential
targets for plant bioengineering (Berry & Argueso, 2022). Using reserve genetics, our aim is to
provide preliminary evidence of a reestablished phytohormone homeostasis for a preferred
outcome, suggesting that phytohormone engineering for crop improvement is possible. Here,
we show that the manipulation of both the CK and SA pathways leads to perturbation of the
growth-defense tradeoff, conferring mutant plants with high pathogen resistance and high
reproductive yield. In addition, the unique hormone balance of our genetic combination results in
distinct physiological and metabolic deviations of nitrogen perception and redox status. By

furthering investigations of the complex network of interactions mediating the balance between
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plant growth and defense, future efforts in synthetic biology can be used to develop advanced

crops with increased pathogen resistance, superior plant yield, and abiotic stress resistance.
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3. METHODS

Plant materials & growth conditions

All plant lines are in the Columbia-0 ecotype. snc1-1 (Li et al., 2001) and ckx3-1 ckx5-1
(Bartrina et al., 2011) acquired from Dr. Thomas Schmiilling from Freie Universitat Berlin. Plants
were crossed, resulting in the snc1 ckx3 ckx5 (s35) mutant, which was genotyped by PCR for
homozygosity (see genotyping primers in Table 1). Plants were grown in growth chambers in
long day conditions (16 h light/8 h dark, 22°C) unless otherwise stated. Light intensity was 120-
150 pE. Relative humidity was held at 55% day/65% night. For pathogen assays, plants were
grown in short day conditions (8 h light/16 h dark, 22°C) with all other growth conditions kept
consistent. Plants were watered with tap water, unless alternatively specified. For fertilization
experiments, plants were given 1X Miracle-Gro Water Soluble All Purpose Plant Food (24-8-16)

when pots were dry.

Hormone treatment

Hormone solutions were made using Sigma-Aldrich 6-benzylaminopurine (BA) and
salicylic acid (SA). Dimethyl sulfoxide (DMSO) was used as the solvent. Dilutions were made in
DI water. Spray treatments were done using Prevail sprayers. For liquid hormone treatment,
seedlings were grown vertically on MS plates for two weeks and transferred to liquid MS media
for a 1 h acclimation period under growth chamber lighting (long day conditions described
above), shaking at 75 rpm. Hormone was then added to flasks to the final concentration
indicated. Seedlings were incubated to the specified times under growth chamber lighting

shaking at 75 rpm.
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Scanning electron microscopy

Primary shoot apical meristems of 6-week-old plants were hand dissected to stage 6
buds (Smyth et al., 1990). Meristems were then fixed in 100% dry methanol for 10 minutes, then
100% dry ethanol for 30 minutes two times. Samples were critically dried with ethanol as the
transitional fluid. Meristems were mounted upright on SEM stubs and gold coated. Images were
captured using JEOL JSM-6500 Field Emission Scanning Electron Microscope at Colorado

State University.

RNA isolation & qRT-PCR

All plant tissue types were ground frozen using a tissue lyser and total RNA was
extracted using the Qiagen RNeasy Mini Kit. RNA quality was assessed by Azso/Azs0 and
Aze0/A230 ratios via a NanoDrop. RNA samples of acceptable quality were treated with Invitrogen
TURBO DNase as per manufacturer’s instructions. DNase treated RNA was checked for
genomic DNA contamination by qRT-PCR using primers for ACTIN (AT5G66770). cDNA was
synthesized using Quantabio QScript per manufacturer’s instructions. cDNA was checked for
full extension using three PP2A (AT1G13320) amplicons 1 kB apart. cDNA samples with Cq
differences between primer pairs below 1.5 were acceptable for qRT-PCR gene expression. All
gRT-PCR was performed using Quantabio PerfeCTa SYBR Green FastMix on Bio-Rad CFX
Connect Real-Time PCR System, with CFX Maestro Software used for analysis. UBIQUITIN 10
(AT4G05320) was used as a reference gene in all experiments. All gRT-PCR primer sequences

are provided in Table 2.

RNA sequencing
All samples were collected developmentally, when the primary shoot had at least one
fully expanded flower (Stage 13+) was present (Smyth et al., 1990). Inflorescences were

dissected to Stage 12 and under and cut from the stem. Between 15-18 inflorescences were
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pooled per sample. Samples were ground frozen using a tissue lyser and total RNA was
extracted using the Qiagen RNeasy Micro Kit. RNA quality was assessed by Azso/A2s0 and
Azs0/A230 ratios via a NanoDrop and RINe scores via an Agilent 4150 TapeStation. RNA was sent
to Novogene for RNA sequencing. Raw reads were filtered using fastp (Chen et al., 2018) by
removing reads containing adapters, reads containing N > 10%, and low-quality reads. Paired-
end clean reads were mapped to the TAIR10 reference genome (Berardini et al., 2015) using
HISAT2 software (Kim et al., 2019). RPKM of each gene was calculated using featureCounts
(Liao et al., 2014). Benjamini and Hochberg’s approach for controlling the False Discovery Rate
(FDR) by the DESeq2 R package (Love, Huber, & Anders, 2014) was used to determine genes
with an adjusted P value < 0.05 and were assigned as differentially expressed. Gene ontology
(GO) enrichment analysis of differentially expressed genes was performed using PANTHER
17.0 database (http://go.pantherdb.org/; Thomas et al., 2022). GO terms with an FDR corrected

P value < 0.05 were considered significantly enriched.

Hyaloperonospora arabidopsidis inoculation & trypan blue staining

Hyaloperonospora arabidopsidis Noco2 (Hpa) was propagated on the susceptible Col-0
accession. Two-week-old plants were sprayed with Hpa spores (5x10%/mL) using a pressurized
sprayer (Preval). Inoculated plants were covered with a transparent plastic dome to maintain
high humidity. One day after the first appearance of sporangiophores (6 dpi) the first pair of true
leaves was collected from three individual plants and added to a previously weighed 1.7 mL
microcentrifuge tube containing 300 uL of sterile water, for a total of six leaves per sample, and
weighed again to determine fresh weight. Spores were counted using a hemacytometer. Spore
counts from at least four samples per genotype were determined.

For trypan blue staining, plants were harvested at 4 dpi and stained with a 3:1
ethanol:lacto-phenol trypan blue solution (1:1:1:1 phenol:lactic acid:water:glycerol and 0.05%

trypan blue (Sigma-Aldrich)), at 95°C, for 5 minutes, and moved to room temperature for 10
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minutes. Excess staining was removed with 15 M chloral hydrate (Sigma-Aldrich). Samples
were moved to 50% glycerol for storage and mounting. Pictures were taken with a Nikon DS-Fi2

Microscope CCD camera mounted on a Nikon SMZ18 stereomicroscope.

Hydrogen peroxide staining

Using a modified protocol from Daubi & O’Brien, 2012, primary inflorescences from 6-
week-old plants were stained with 1 mg/mL 3,3-diaminobenzidine (DAB) solution overnight on a
laboratory shaker. The next day, samples were cleared with 3:1:1 enthanol:acetic acid:glycerol
bleaching solution overnight on a laboratory shaker. The bleaching solution was replaced as
needed. After clearing all chlorophyll, samples were preserved in 50% glycerol. Pictures were

taken with a Dino-Lite Edge™ s 1.3MP AM4917 Series microscope.

TCSn::GFP imaging

Wildtype and transgenic TCSn::GFP seedlings (Zurcher et al., 2013) were grown
vertically on MS plates supplemented with either water (mock) or 50 uM SA for 10-14 days.
Seedling roots were mounted on slides and imaged using a Leica DM 5000-D fluorescence

optical microscope.

Pseudomonas syringae inoculation

Plants were germinated on pots covered with a plastic mesh. Two-week-old seedlings
were watered in the morning of the inoculation day. Plants were dip-inoculated with a bacterial
suspension as described by (Tornero & Dangl, 2001) with noted changes. Pseudomonas
syringae pv. tomato DC3000 EV (Pst) was streaked from 50% glycerol stock solution kept at -
80° C on King’s B (KB) Media supplemented with Rifampicin (50 mg/mL) and Kanamycin (50
mg/mL) and incubated for 24 hours at 28° C. 24 hours before inoculation a lawn plate of Pst was

streaked onto a new KBiirkan plate and incubated at 28° C. On the day of inoculation, the bacteria
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were resuspended in 10 mM MgCl. for a bacterial concentration of 1x10° CFU/mL (equivalent to
ODsoo = 0.0002). Plants were inoculated by dipping the top of the pot into the bacterial solution
for 5 seconds. After bacterial dip, plants were covered with a lightly sprayed dome for 24 hours
post inoculation (hpi), which was then cracked for 24 h, and removed 48 hpi. The amount of in
planta bacteria was quantified 1 hpi (day 0) and 3 days post inoculation (dpi). Multiple seedlings
were pooled for one sample, three or four samples were collected for each genotype/treatment
at each time point. Tissue was ground in 10 mM MgCl; and serial dilutions were used to
determine the CFU/mg fresh weight (FW). Day 0 dilutions were plated on KB plates containing
kanamycin and rifampicin, and day 3 dilutions were plated on KB plates containing rifampicin
and cycloheximide, incubated at 28°C for 24-48 hours before colony counting for CFU

determination.

Botrytis cinerea inoculation

Botrytis cinerea B10.5 (B. cinerea) sclerotia obtained from Dr. Dan Kliebenstein at the
University of California, Davis. B. cinerea was grown on 0.5X Potato Dextrose Agar (PDA)
plates until sporulation. A spore solution of 0.5x10* spores/mL was prepared in ¥ strength
organic grape juice (R.W. Knudson Family Organic Juice, Just Concord) and 0.05% tween. The
spore solution was sprayed on 6-week-old plants using a Prevail sprayer. Plants were placed in
a flat under a water-sprayed plastic dome to maintain humidity. Pictures of plants were taken at
96 hpi. Plants were analyzed by the percentage of necrotic tissue of the rosette, and each plant
was qualitatively assigned to one of the five disease index categories (20%, 40%, 60%, 80%,
and 100% of leaves displaying disease symptoms). Disease indexes were averaged per
genotype and a two-way ANOVA analysis with biological replicate as a blocking factor was

performed to evaluate significance.
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Hormone quantification

For SA and JA quantification, leaf tissue from 6-week-old plants, or primary
inflorescences from 8-week-old plants were dissected to Stage 15 buds (Smyth et al., 1990),
were collected. All samples were immediately flash frozen in liquid nitrogen after harvest and
later lyophilized. Three independent biological samples were harvested from each genotype.
Leaves from three plants (or approximately 30 inflorescences) were pooled per replicate. Tissue
samples were homogenized and extracted with organic solvents, and LC-MS/MS analysis was
performed on a Waters Acquity Classic UPLC coupled to a Waters Xevo TQ-S triple quadrupole
mass spectrometer at the Colorado State University Bioanalysis and Omics (ARC-BIO) facility
(Sheflin et al., 2019).

For CK quantification, primary inflorescences were collected as described above.
Sample extraction and cytokinin quantification using the methods described in Kojima et al.,
2009. A Waters Xevo TQ-S quantitative mass spectrometer and Waters Acquity UPLC HSS T3

(1.8 ym, 2.1 x 100 mm) column were used.
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4. RESULTS

Salicylic acid inhibits cytokinin signaling

Previous work demonstrated that the phytohormones CK and SA positively crosstalk in
defense responses of Arabidopsis against pathogens, with CK acting to potentiate SA
responses in the presence of pathogen attack (Argueso et al., 2012). Moreover, mutants with
decreased SA content (eds76, harboring a loss-of-function mutation in the SA biosynthetic gene
ISOCHORISMATE SYNTASE 1) showed increased sensitivity to CK, indicating that SA has an
inhibitory effect on CK signaling (Argueso et al., 2012). Given the importance of CK to plant
growth, we hypothesized that a negative interaction of SA on CK signaling could be partially
responsible for the growth tradeoffs usually associated with immune activation.

To understand the interaction between SA and CK on plant growth, we analyzed publicly
available gene expression data (Bio-Analytic Resource; http://bar.utoronto.ca; Toufighi et al.,
2005) for changes in the expression of cytokinin-regulated genes (including CK signaling,
biosynthesis, and degradation genes) after SA treatment. Three hours after application of 10 yM
SA, most of the genes investigated were markedly downregulated (Figure 1A), suggesting that
exogenous application of SA to Arabidopsis plants has an inhibitory effect on the expression of
genes in the CK signaling and metabolic pathways. To address whether genetic manipulations
leading to SA overaccumulation also inhibit CK signaling, the autoimmune mutants constitutive
expressor of PR genes 1 (cpr1), cpr5, and suppressor of npr1-1 constitutive 1 (snc1), known to
have elevated levels of SA and constitutive defense activation (Clarke et al., 2000; Li et al.
2001), were examined for their levels of CK-regulated transcripts. Leaf tissue of three-week-old
wildtype, cpr1, cprb, or snc1 mutants was harvested to examine basal expression of the CK-
regulated genes ARABIDOPSIS RESPONSE REGULATOR 7 (ARRY), CYTOKININ OXIDASE
4 (CKX4), CYTOKININ RESPONSE FACTOR 6 (CRF6), and EXPANSIN 1 (EXP1). Results in

Figure 1B show that, for the most part, these mutants displayed a general inhibition of CK-
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regulated gene expression, consistent with the phenotypes associated with these pleiotropic
mutations, in which general activation of defense responses is observed. To further evaluate
CK-regulated gene responsiveness to SA, we performed timecourse liquid hormone induction
assays. Arabidopsis seedlings were grown on Murashige and Skoog medium (MS) vertical
plates for two weeks and transferred to liquid MS media. One hour after transfer to liquid media,
100 uM SA or a 0.01% DMSO vehicle control were added to the media. Tissue was then
harvested at different times after hormone or 0.01% DMSO control addition, over the course of
24 hr. Both ARR7 and CRF6 were downregulated in the presence of SA at each timepoint,
beginning 15 minutes after SA treatment (Figure 1C). Similarly, EXP1 was downregulated by SA
treatment at most of the timepoints. These data recapitulate results obtained from publicly
available data (Figure 1A) and demonstrate that the suppression of CK-regulated gene
expression by SA occurs rapidly upon hormone perception.

We then investigated whether this rapid suppression of CK signaling by SA treatment
could be maintained over time, or whether it was relieved shortly after stimulus perception. To
address this question we used TCSn::GFP transgenic plants, harboring a synthetic
transcriptional reporter for CK signaling, which allows for visualization of CK responses in
planta. Transgenic TCSn::GFP Arabidopsis plants, or Col-0 untransformed controls, were grown
for 10-14 days on vertical MS plates supplemented with either water (mock) or 50 uM SA. CK
signal was detected using fluorescent microscopy. Mock treated TCSn.:GFP plants showed
intense accumulation of GFP localized at the root tip (Figure 1D), as expected due to localized
CK signaling (Aloni et al., 2005). When compared to the mock treated plants, roots treated with
SA showed reduced GFP intensity. Taken together, these experiments show that SA can
quickly repress CK gene transcription, and that this suppression is maintained over extended

periods of time, as long as the SA stimulus is present.
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Phytohormone crosstalk engineering

With the above-described hormone interactions in mind, we hypothesized that the
disruption of the native negative crosstalk of SA on CK signaling could influence plant growth
during active states of immunity, relieving the growth-defense tradeoff. Given that the molecular
mechanisms of this negative crosstalk are currently unknown, we addressed the relief of this
negative regulation by engineering the crosstalk through changes in hormone quantity, rather
than signaling. Cytokinin oxidases/dehydrogenases (CKX) mediate the cleavage of the
isoprenoid side chains of active CKs and their nucleosides, rendering the resulting CK species
biologically inactive (Galuszka et al., 2007). In Arabidopsis, CKXs are encoded by a gene family
of 7 members, and loss-of-function mutations in CKX genes result in increased CK content, due
to decreased degradation of CKs (Werner et al., 2003; Galuszka et al., 2007; Bartrina et al.,
2011). We therefore hypothesized that reducing CKX activity in backgrounds with high levels of
SA could render plants with increased cytokinin content, surpassing the suppression of growth
by SA during immunity activation. In order to engineer the crosstalk, we first addressed the
tissue-specificity and developmental regulation of CKX gene expression in Arabidopsis, by
analysis of publicly available gene expression data (Bio-Analytic Resource;
http://bar.utoronto.ca/; Toufighi et al., 2005). Analysis of the expression patterns of CKX genes
revealed that CKX3 and CKX5 are predominantly expressed in reproductive tissues (Figure 2).
Thus, CKX3 and CKX5 are good candidates for CK-dependent regulation of reproductive
growth.

suppressor of npr1-1 constitutive 1 (snc1-1) is an autoimmune mutant, which harbors a
gain-of-function mutation in an NLR protein, leading to constitutive defense activation, high SA
content, and dwarfed morphology (Li et al., 2001). Conversely, a double mutant harboring T-
DNA mutations in CYTOKININ OXIDASE 3 and 5 (ckx3,56) exhibits increased content of
biologically active forms of CK, increased number of inflorescence meristems, increased

number of flowers, and increased seed yield (Bartrina et al., 2011). We crossed snc1 and
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ckx3,5 plants, and the resulting F2 plants were genotyped to identify snc1-1, ckx3-1, ckx5-1
homozygous triple mutants, using Cleaved Amplified Polymorphic Sequence (CAPS) markers

(Table 1). The resulting triple mutant, which we named s35, was then characterized.

s35 displays a novel reproductive growth phenotype

Similar to the snc1 mutant, s35 exhibits a dwarfed vegetative morphology, with
approximately 55% reduction of rosette growth compared to wildtype (Col-0) (Figure 3A and
3B). Although s35 rosettes can be larger than snc1, it is not significant (Figure 3B). Given that
CYTOKININ OXIDASE 3 and 5 are mostly expressed in reproductive tissue (Figure 2),
reproductive growth parameters of s35 plants were also assessed for any growth penalties
(Figure 3C to 3H). s35 retains the reduced apical dominance phenotype characteristic of snc1
plants (Li et al., 2001), with reduced primary stem growth (Figure 3E) and more than double the
number of secondary lateral shoots compared to wildtype (Figure 3F). At the terminal end of
shoots, s35 plants display novel silique growth patterns. The seed pods are compressed as the
internodes between successive organs are drastically reduced. This results in a distinctive
radial-like silique growth pattern at the shoot apex we coined the “starburst” phenotype (Figure
3D). The starburst phenotype has an altered penetrance in primary shoots versus secondary
shoots, with about 55% of primary shoots and about 71% of secondary shoots displaying the
starburst phenotype (Figure 4A).

As fitness is arguably the most important agronomic trait, we assessed reproductive
yield characterization of the genotypes. Siliques from 12-week-old plants were counted,
measured, and harvested for seed. ckx3,5 had significantly increased silique number on the
primary stem and overall compared to wildtype (Figure 3G). We found that the snc7 mutant had
a significant reduction in silique number, characteristic of the autoimmune reproductive

phenotypes previously observed in this background (Li et al., 2001). In contrast, the silique
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count of s35 was similar from that of Col-0, suggesting that an increase in CK content could
rescue the reduction seed production observed in the snc1 background.

In addition to silique production, s35 had over double (almost 260%) the seed yield
compared to snc1 (Figure 3H). When individual siliques were assessed, s35 and snc1 had
about 50% shorter siliques compared to wildtype (Figure 4B). Moreover, s35 had an increase in
aborted ovules in dissected siliques, with almost half the number of viable seed per valve in
comparison to Col-0 (Figure 4C and 4D). Taken together, these factors likely contribute to the
loss of seed production in the s35 mutant as compared to Col-0 (Figure 3H).

In addition, we also crossed ckx3,5 to cpr1 in order to determine if the starburst
phenotype was SNC1-dependent. cpr1 ckx3,5 (¢35) had inflorescences that resemble those of
s35 (Figure 5). Thus, this altered reproductive phenotype is likely due to the combinatorial

effects of the ckx3,5 mutations and autoimmunity.

s35 has a reestablished hormone homeostasis in the SAM

To determine if the starburst phenotype of the s35 mutant was the result of alteration in
the SAM, scanning electron microscopy (SEM) of SAMs was conducted (Figure 6A to 6E).
ckx3,5 displayed increased meristem diameter and floral organ primordia compared to Col-0, as
previously described (Figure 6F) (Bartrina et al., 2011). The snc1 mutant had a reduced
meristem size compared to Col-0, implicating SA as a negative regulator of meristematic
growth. Most notably, s35 meristems often had remarkably altered meristematic growth: some
meristems displayed the wildtype phenotype (Figure 6D), while others had severely compacted
floral organ primordia of many stages (Smyth et al., 1990), swollen sepals, and deviation from
the typical SAM phyllotactic pattern (Figure 6E). As the plant matures, this irregular
meristematic patterning likely contributes to the distinctive s35 starburst silique phenotype

(Figure 3D).
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Because CK is known to play a large role in meristematic maintenance (Perales &
Reddy, 2012), CK species were quantified in inflorescence tissue by mass spectrometry to
identify possible changes in CK homeostasis in the s35 background (see Table 3 for absolute
quantities of all species measured). The main bioactive forms of CK are considered to be trans-
Zeatin (tZ) and N°-(A%-isopentenyl)adenine (iP), with potentially differing roles (Kudo et al.,
2010). tZ-type precursor CKs (most often tZ-riboside) are thought to travel from the root to the
shoot in xylem tissue, during nutrient sensing (Miyawaki et al., 2004; Takei et al., 2004), while
iP-type CKs move from shoot to root in the phloem. Quantification of CK species in the ckx3,56
reproductive tissues showed that ckx3,5 plants had higher levels of tZ and tZ-type CKs, both
precursor and inactivated species, comparatively to wildtype (Figure 6G). Similarly, s35 also
displayed increased levels of tZ-type CKs. iP-type CKs were at relatively low levels compared to
tZ-types in all genotypes, although s35 had significantly higher levels of inactivated iP-type
species compared to all genotypes, suggesting possible modifications to CK translocation
signaling in the triple mutant.

The understanding of how defense hormones, like SA and jasmonic acid (JA), influence
SAM development is lacking. Thus, we also quantified these hormones in inflorescence tissue.
snc1 reproductive tissue had the highest accumulation of SA, whereas ckx3,5 had the lowest
(Figure 6H). If SA acts to repress meristem activity, either directly or indirectly, this disparity
could underline the dwarfed versus enlarged SAM phenotypes characteristic of snc1 and
ckx3,5, respectively (Figure 6B and 6C). Moreover, Col-0 and s35 had intermediate SA content,
similar to their intermediate SAM phenotypes (Figure 6A and 6D). JA was higher in the ckx3,5
and s35 inflorescences, suggesting CK may have the ability to promote JA accumulation. As
shown, the s35 mutant has a unique hormone profile in the inflorescence that likely contributes

to its novel reproductive growth phenotype.
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s35 has broad spectrum resistance to pathogens

It is well documented that snc1 plants have increased resistance to biotroph pathogens,
such as Pseudomonas syringae pv. tomato DC3000 (Pst) and Hyaloperonospora arabidopsidis
Noco2 (Hpa) (Li et al., 2001). We wanted to identify whether the increased endogenous levels
of CK due to the ckx3,5 mutations, altered the snc? defense phenotype. Two-week-old plants
were inoculated with Hpa and spore count was recorded six days post inoculation (dpi). On
average, s35 had roughly half the number of spores when compared to wildtype, indicating
significantly increased resistance on par with snc1 plants (Figure 7A). Further, Hpa inoculated
plants were stained with trypan blue for pathogen structure visualization. Wildtype and ckx3,5
showed widespread hyphal and sporangiophore production, whereas snc? and s35 did not. To
test resistance against a hemibiotrophic pathogen, two-week-old plants were dip inoculated with
Pst. Similarly to the Hpa assays, snc1 and s35 displayed decreased susceptibility to this
pathogen, with statistically less bacterial growth at 3 dpi as compared to ckx3,5 and the wildtype
(Figure 7B). A characteristic of the snc1 mutant is the constitutive activation of defense genes,
such as PATHOGENESIS-RELATED 1 (PR1) (Li et al., 2001). We found that untreated s35
plants have similar constitutive activation of PR1 to that of the snc7 mutant (Figure 8). When
treated with Pst, snc1 and s35 showed even higher levels of PR1 expression when compared to
mock treatment (Figure 7C). To further characterize the defense phenotypes, basal SA in
untreated leaf tissue was quantified. snc7 had statistically higher levels of SA compared to the
other genotypes, as expected (Figure 7D). Notably, s35 also had elevated levels of SA,
reflecting its autoimmune phenotype.

Increased resistance to biotrophic pathogens is usually accompanied by increased
susceptibility to necrotrophs, due to the antagonistic interaction between the SA and JA
pathways. The increased resistance to biotrophs observed in the s35 mutant prompted us to
determine its susceptibility to necrotrophs. Rosettes of wildtype, ckx3,5, snc1, and s35 plants

were inoculated with the necrotizing fungus Botrytis cinerea by spray inoculation. snc1 had
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roughly 40% more lesion-covered rosette area than wildtype plants (Figure 9A). Although s35
was more susceptible to B. cinerea than wildtype by 27%, it was less susceptible than snc1 by
about 10%. PLANT DEFENSIN 1.2 (PDF1.2) is a widely used marker gene for defense against
necrotrophic pathogen attack and JA signaling. After B. cinerea inoculation, PDF1.2 was
induced in wildtype plants. Although this induction was not seen in ckx3,5 and snc1, PDF1.2
expression was higher after pathogen treatment in s35 (Figure 9B). Surprisingly, JA levels in
both snc1 and s35 were statistically higher than that of the other two genotypes, which could
point to SA-JA synergism (Figure 9C). Though, it is possible that SA signaling in the snc1
background is so high that the elevated JA content is masked by SA’s suppression of
downstream JA signaling. In conclusion, s35 exhibits an altered state of immunity with

increased resistance to pathogens of diverse lifestyles.

Transcriptome analysis of s35 reveals an overabundance of redox- and nitrate-related
gene expression

To gain insight into alterations of the transcriptome occurring within the reproductive
tissue to yield the novel s35 phenotype, we performed RNA sequencing analyses of
inflorescences across genotypes. Three biological replicates per genotype were collected
developmentally, when the primary shoot had at least one fully expanded flower (Stage 13+)
present (Smyth et al., 1990). Inflorescences were dissected to Stage 12 and under, and cut
from the stem, with between 15-18 inflorescences pooled per sample. mMRNA was then
extracted and subjected to quality control, library preparation, and sequencing. The Col-0
transcriptome was used as the control to identify differentially expressed genes (DEG). At a
threshold of Benjamini-Hochberg’s adjusted P value < 0.05, our analysis revealed 648 DEG
(172 up and 476 down) in ckx3,5, 5767 DEG (3145 up and 2622 down) in snc1, and 4892 DEG
(2575 up and 2317 down) in s35 (Figure 10A). The high number of DEGs in the snc? and s35

backgrounds in comparison to the ckx3,5 double mutant underscores the strong influence of the
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snc1 gain-of-function mutation on the global inflorescence transcriptome, likely due to the
activation of several immune-related processes. DEGs, at a logz fold change (FC) cutoff of |1],
were then analyzed between the three genotypes in comparison to wildtype plants (Figure 10B,
10C, and 10D), and Gene ontology (GO) analysis was used to characterize the DEGs from the
gene comparison lists into biological process enrichment categories via the PANTHER 17.0
database (http://go.pantherdb.org/; Thomas et al., 2022). The GO terms relevant to the ckx3,5
mutant mainly showed alterations to reproductive processes, most related to pollen tube growth.
The GO terms “regulation of developmental growth” (Fold Enrichment (FE) = 14.34; False
Discovery Rate (FDR) = 1.43E-05) and “regulation of reproductive process” (FE = 6.64; FDR =
2.93E-03) was shared between ckx3,5 and s35 (data not shown), potentially pointing to the
increased meristematic activity in theses mutants. Unsurprisingly, snc? upregulated DEGs were
largely categorized into defense-related GO terms (Figure 10E), many of which were shared
with s35 (Figure 10F). However, the GO term with the highest fold enrichment unique to the
snc1 background was “negative regulation of cytokinin-activated signaling pathway” (FE = 52.8;
FDR = 0.0121), providing further evidence of SA’s inhibitory effect on CK signaling (as seen in
Figure 1).

Amongst the 192 uniquely upregulated DEGs in the s35 background, only a single
significant GO term was returned, “response to nitrate” (FE = 32.01; FDR = 0.0226). Within this
category were several genes encoding CC-type glutaredoxins (ROXYs or GRXs). Glutaredoxins
are thiol oxidoreductases, that bind to glutathione (GSH) and are likely involved in
posttranslational modifications (Rouhier, Lemaire, & Jacquot, 2008). This gene family is known
to play a role in nutrient sensing, specifically nitrate signal transduction (Jung, Ahn, &
Schachtman, 2018). As CK levels have a positive correlation with nitrogen assimilation
(Miyawaki et al., 2004; Takei et al., 2004) and have been identified as a long-range signal for
nitrate availability (Sakakibara, 2006), we further analyzed this category. A total of 11 ROXY

genes were significantly upregulated in s35, with logz FC of up to 5.12 (Figure 11A), as well as
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several nitrate transporters (NRTs and NPFs) and response genes (data not shown). To
evaluate whether nitrate availability induced starbursting in out parental mutants, we fertilized
plants at each watering with 24-8-16 nitrogen-phosphorus-potassium (NPK) macronutrient ratio.
Heavy fertilization did not phenocopy the starburst in either ckx3,5 or snc1, yet all four
genotypes had improved growth (Figure 12). Moreover, NITRATE REDUCTASE 1 (NIA1) and
NIA2 enzymes are responsible for the conversion of nitrate into nitrite or nitrous oxide (NO)
(Lillo et al., 2004) and were recently shown to be expressed in the SAM (Olas et al., 2019). snc1
and s35 have increased expression of NIA71 and NIAZ2 in our data, suggesting that these
mutants have altered nitrate metabolism, possibly contributing to changes in the reactive
electrophilic species pool (data not shown).

ROS production happens during nitrate deprivation, which can lead to differential
expression of ROXY genes in seedlings, where some are upregulated and others are
downregulated (Jung, Ahn, & Schactman, 2018). This is likely due to the known function of GSH
in redox buffering and ROS scavenging (Rouhier, Lemaire, & Jacquot, 2008). Moreover,
salicylic acid treatment is associated with an oxidative burst in plant cells (Rao et al., 1997). To
investigate if redox states play a role in reproductive growth alteration, we evaluated the
expression of ROS-related genes in our dataset. snc? and s35 showed several peroxidases
(PERSs) differentially expressed. PERs act as antioxidants by catalyzing the reduction of
hydrogen peroxide (H20z) to water. The induction of many of these genes in snc? and s35 led
us to examine H20; levels in inflorescences. A histochemical assay for H.O- staining using 3, 3-
diaminobenzidine (DAB) showed reduced levels in snc1 compared to the rest of the genotypes
(Figure 13), correlating with the increased PERs activity. However, this was not the case in s35,
which had similar staining to wildtype. The snc1 mutant has increased reactive species,
including H202, when quantified in leaves and roots (Hao et al., 2011; Zhu et al., 2013; Guo et
al., 2014; Wang et al., 2019). Our data suggest that ROS could be spatially sequestered

throughout the plant in the snc1 background, and the lack of this reactive species could impair
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growth in reproductive tissue. Investigation into other reactive electrophilic species and

antioxidants is needed to further characterize the redox status of each genotype.
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Figure 1: Salicylic acid has an inhibitory effect on cytokinin signaling. (A) Publicly available
gene expression data of CK-regulated genes after SA treatment. Six-day-old wildtype seedings
grown on plates were treated with 10 uM SA and tissue was collected 3 h after treatment.
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Expression values are log.-transformed and relative to the mock treatment. Data acquired and
analyzed using the e-northern tool of the Bio-Analytic Resource for Arabidopsis Functional
Genomics (http://bar.utoronto.ca; Toufighi et al., 2005). (B) CK-regulated gene expression of
untreated mutants with increased SA biosynthesis/signaling: constitutive expressor of PR genes
1 (cpr1), constitutive expressor of PR genes 5 (cprb), and suppressor of npr1-1 constitutive 1
(snct). RNA was extracted from untreated 3-week-old leaf tissue. ARABIDOPSIS RESPONSE
REGULATOR 7 (ARRY7), CYTOKININ OXIDASE 4 (CKX4), CYTOKININ RESPONSE FACTOR 6
(CRF6), and EXPANSIN 1 (EXP1) transcript levels were determined by qRT-PCR relative to
wildtype plants. Error bars represent SE from three technical replicates and correspond to upper
and lower limits of 95% confidence intervals. For better visualization, the axis is logz-transformed.
Data from one representative independent biological replicate are shown. At least three
independent biological replicates of the experiment were conducted with similar results. (C) CK-
regulated gene expression after 100 uM SA treatment over time. Wildtype seedlings were grown
on 1X MS plates for 14 days. Seedlings were transferred to liquid MS and allowed to acclimate
for 1 h on a shaker at 75 rpm under 120-150 uE light. SA, or solvent DMSO at 0.01%, were added
to liquid culture. RNA was extracted from tissue collected at 0.25, 1, 6, 9, 12, and 24 h after
hormone/mock treatment. Levels of ARR7, CRF6, and EXP1 transcripts were determined by qRT-
PCR relative to DMSO treatment. Error bars represent SE from three biological replicates and
correspond to upper and lower limits of 95% confidence intervals. Data shown are three
independent biological replicates pooled. (D) Fluorescence microscopy of 10 to 14-day-old Col-0
and transgenic TCSn::GFP roots treated with either mock or 50 yM SA. Representative images
shown. Bright field (left); fluorescent imaging (right); n = 20; scale bar = 100 ym.
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Figure 2: Tissue specificity of CKX gene expression. Publicly available gene expression data
of six out of the seven CKX genes in different plant tissues. Expression values are log.-
transformed. Data acquired and analyzed using the e-northern tool of the Bio-Analytic Resource
for Arabidopsis Functional Genomics (http://bar.utoronto.ca; Toufighi et al., 2005). Microarray
gene expression normalized with robust multichip average (RMA) method.
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Figure 3: The s35 triple mutant has a novel reproductive growth phenotype. (A)
Representative vegetative growth phenotypes of each genotype 30 days after germination. Scale
bar = 1 cm. (B) Rosette area of all genotypes 30 days after germination. (C) Representative
flowering phenotypes of 50-day-old plants. Scale bar = 5 cm. (D) Representative inflorescences
between wildtype Col-0 and s35 at 8-weeks old. s35 has a novel “starburst” inflorescence
phenotype. Scale bar = 1 cm. (E) Stem length of the primary stem, (F) number of lateral shoots,
and (G) average silique count of whole plants 10 weeks after germination. (H) Whole plant seed
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yield collected 12 weeks after germination. For (B), (E), (F), (G), and (H), means labeled (¢) and
statistical analysis performed using one-way ANOVA and significance differences labeled by
letters. n = 18.
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Figure 4: s35 may have reduced seed yield due to ovule abortions and shorter siliques. (A)
Penetrance of novel starburst phenotype of s35 primary and secondary inflorescences. n = 18.
(B) Silique length of each genotype. n > 100. Letters indicate differences at a P < 0.05 significance
level using a one-way ANOVA analysis with a Tukey post-hoc correction. (C) Representatives of
dissected siliques with aborted ovules indicated by red triangles (4). (D) Viable versus aborted
ovules per half silique. Siliques were dissected into two valves and ovules were counted. n = 30
siliques.
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Figure 5: cpr1 ckx3 ckx5 (c35) has a starburst inflorescence phenotype similar to that of
s35. The ¢35 cross was confirmed via genotyping for homozygosity. Representative shown. Scale
bar =1 cm.
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Figure 6: The s35 triple mutant has altered inflorescence development due to changes in
hormone balance. Representative electron scanning micrographs of hand-dissected primary
shoot apical meristems of (A) Col-0, (B) ckx3,5, (C) snc1, and (D), (E) s35. Scale bars = 100 uM.
(F) Diameter of hand-dissected primary shoot apical meristems. Means labeled (#), and letters
indicate differences at a P < 0.05 significance level using a one-way ANOVA analysis with a Tukey
post-hoc correction. n = 12. Basal hormone quantification of different CK species normalized to
Col-0: (G) tZ, tZ-type CK precursor, sum of tZR and tZRPs, inactivated tZ-type CK, sum of tZ7G,
tZZ9G, tZOG, tZROG, and tZRPsOG, iP, iP-type CK precursor, sum of iPR and iPRPs, and
inactivated iP-type CK, sum of iP7G and iP9G. See Table 3 for absolute values. (H) SA and (I)
JA quantification of untreated inflorescence tissue. For (G), values represent percentage of
wildtype CK species amount + the percentage SEM of three technical replicates. For (H) and (1),
values represent the mean * the SEM of three technical replicates. For (G), (H), and (I), each
replicate contained = 30 inflorescences. Letters indicate differences at a P < 0.05 significance
level using a one-way ANOVA analysis with a Tukey post-hoc correction.
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Figure 7: The s35 triple mutant displays resistance against biotrophic pathogens. (A)
Hyaloperonospora arabidopsidis Noco2 (Hpa) spore counts of each genotype at 3 dpi. Data
shown are three independent biological replicates pooled. Below, representative leaves after
trypan blue straining of Hpa hyphal/oospore growth. (B) Growth of Pseudomonas syringae pv.
tomato DC3000 (Pst) at day 0 (T0O) and at 3 dpi (T3). Data from one representative independent
biological replicate are shown. At least three independent biological replicates of the experiment
were conducted with similar results. (C) PATHOGENESIS-RELATED 1 (PR1) expression 1 h after
Pst inoculation (OD = 0.05). Levels of the indicated transcripts were determined by qRT-PCR
relative to mock-treated wildtype plants and normalized to UBIQUITIN 10 (UBQ10). Error bars
represent SE from three biological replicates and correspond to upper and lower limits of 95%
confidence intervals. For better visualization, the axis is logz-transformed. Data pooled from three
independent biological replicates shown. (D) SA quantification of untreated 6-week-old leaf tissue.
Values represent the mean * the SE of three technical replicates. For (A), (B), and (D), letters
indicate differences at a P < 0.05 significance level using a one-way ANOVA analysis with a Tukey
post-hoc correction.
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Figure 8: The s35 triple mutant displays constitutive expression of PR1, similar to snc1.
Basal levels of PATHOGENESIS-RELATED 1 (PR1) transcripts were determined by gRT-PCR
relative to wildtype plants and normalized to UBIQUITIN 10 (UBQ10). Error bars represent SE
from three biological replicates and correspond to upper and lower limits of 95% confidence
intervals. For better visualization, the axis is log.-transformed. Data pooled from three
independent biological replicates are shown.
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Figure 9: The s35 triple mutant maintains resistance against necrotrophic pathogens. (A)
Histograms of qualitative disease index of 6-week-old plants after Botrytis cinerea spray
inoculation (0.5x10* spores/mL). Photographs of individual inoculated plants were taken at 96 hpi.
Plants were categorized based on disease severity, where disease index represents percentage
of rosette covered in necrotic lesions. Four independent biological replicates were conducted with
similar results. Data from all four independent biological replicates were pooled. Letters indicate
differences of disease index averages at a P < 0.05 significance level using a two-way ANOVA
analysis with biological replicate as a blocking factor. (B) PLANT DEFENSIN 1.2 (PDF1.2) gene
expression 6 h after B. cinerea spray inoculation (0.5x10* spores/mL). Levels of the indicated
transcripts were determined by gqRT-PCR normalized to UBIQUITIN 10 (UBQ10) and relative to
mock-treated samples. Error bars represent SE from three technical replicates and correspond to
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upper and lower limits of 95% confidence intervals. At least three independent biological
replicates of the experiment were conducted with similar results. Data from one representative
independent biological replicate are shown. For better visualization, the axis is logz-transformed.
(C) JA quantification of untreated 6-week-old leaf tissue. Values represent the mean + the SE of
three technical replicates. Letters indicate differences at a P < 0.05 significance level using a one-
way ANOVA analysis with a Tukey post-hoc correction.
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Figure 10: Transcriptome analysis of inflorescences reveals that the snc? gain-of-function
mutation has a higher influence over genome-wide transcription in comparison to the ckx
double knockout mutations. (A) Number of DEGs (up- and downregulated) of each genotype
compared to the wildtype transcriptome of untreated inflorescence tissue. For the three biological
replicates per genotype, each sample was collected developmentally, when the primary shoot
had at least one fully expanded flower present (Stage 13+). DEG lists were compared amongst
the mutant genotypes using Venn diagrams: (B) all differentially expressed genes, (C) up-
regulated genes, and (D) downregulated genes. An arbitrary log. fold change cutoff of 1 was used
to reduce the DEG lists before comparison, and in analyses hereafter. (E) Gene Ontology (GO)
term enrichment of uniquely up-regulated DEGs in the snc1 background [437 genes from (C)]. (F)
GO term enrichment of upregulated DEGs shared between snc1 and s35 [825 genes from (C)].
Terms with a significant fold enrichment of FE = 12 shown. For (E) and (F), gene lists from the
respective comparisons were analyzed for pathway enrichment using PANTHER 17.0 database
(http://go.pantherdb.org/; Thomas et al., 2022). Only GO terms with an FDR corrected P value <
0.05 were considered significantly enriched.
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Figure 11: Transcriptome analysis of s35 inflorescences reveals an overabundance of
nitrate-related gene expression and altered redox gene regulation. (A) Gene expression of
the CC-type glutaredoxin (ROXY) gene family in untreated inflorescences. (B) The most
differentially upregulated ROS-related genes in the s35 mutant as compared to its parental
genotypes. Gene list was assembled from relevant literature and searched against the
significantly DEGs of each genotype. For (A) and (B), statistically significant differences from
wildtype inflorescences (FDR) are represented by asterisks (* = P value < 0.05, ** = P value <
0.01, ** = P value < 0.001).
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Figure 12: Treatment with fertilizer does not alter inflorescence morphology in snc1 or
ckx3,5. Col-0, ckx3,5, snc1, and s35 watered with either water (left) or 1X Miracle-Gro Water
Soluble All Purpose Plant Food (24-8-16) (right). Representatives of 10-week-old plants shown.
n = 18. Scale bar = 15 cm.
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Figure 13: snc1 has reduced H:O; levels in inflorescences. Col-0, ckx3,5, snc1, and s35
untreated inflorescences and dissected floral organs with hydrogen peroxide (H202) stained with
3, 3-diaminobenzidine (DAB). Representatives shown. Scale bars = 1 cm.
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Table 1: Primers and restriction enzymes for mutant genotyping.

Table 1 — Primers for genotyping

GeneID  |Mutant LP (5—>3)  RP (5'>3) Eﬁ:;rri]fteio” Products
TATCGAAAACTGTCAACATTT T NA
AT5G56970 [ckx3-1 [GGACGGTGT TCTTCACAAAA [NA A
AG AG ckx3-1: ~700 bp
AATGGTATAT TTGTTGCAGCA T NA
AT1G75450 ckx5-1 TGTGATGAC |ACGACCAACC [NA e 000
AGGTGAGA [GATAAT croxo-1- P
TTGGAATAC
CCGTGGATCA WT: 847 bp
ATAG16890 [snc? cC;(T;TTGCCATT S TooA TSR KBal o043 0o
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Table 2: qRT-PCR quality control and gene specific primers for gene expression analysis.

Table 2 — gRT-PCR quality control and gene specific primers for gene expression analysis

Gene ID Gene Name Forward (5'—3'") Reverse (5'>3')
AT1G19050 ARABIDOPSIS RESPONSE  IACTGTAGAGAGTGGAAGTCCTGGCATTGA
REGULATOR 7 (ARRY) ACTAGGGCT GTAATCCGTC
CYTOKININ
CACCCACAAGGGTG [TGCGACTCTTGTTT
AT4G29740 |OXIDASE/DEHYDROGENASE |, ATGGTCTC GATCGGAGAG
4 (CKX4)
AT3G61630 CYTOKININ RESPONSE TGGTTCAAGAGTGAAICTTTCCTCCTCCTT
FACTOR 6 (CRF6) ACGATAC GTGCTTAC
CAACGCATCGCTCAAICTCCGACGTTAGT
AT1G69530 [EXPANSIN 1 (EXP1) TACAG GATOAGAAC
AT1G02450 NIM1-INTERACTING 1 GCACGGAAACGTAG [GACCTTTCTCCGCC
(NIMINT) ACGAGAAG GTTAGATT
AT2G14610 PATHOGENESIS-RELATED | ACAGTGCAATGGAGTTACACCTCACTTTG
PROTEIN 1 (PRT) TTGTGGTC GCACATCCGA
AT5G44420 PLANT DEFENSIN 1.2 (PDF |GCTTCCATCATCACC ACATGGGACGTAA
1.2) CTTATCTTC CAGATACACTTGT
AT1G13320 PROTEIN PHOSPHATASE 2A TAGATCGCTCGGAACICCTCACCAAAACTC
SUBUNIT A3 1' (PP2A 1") TTGGAAA AAATCACTCC
AT1G13320 PROTEIN PHOSPHATASE 2A AACTAGGACGGATCT|GCTATCCGAACTTC
SUBUNIT A3 3' (PP2A 3') GGTGCCT TGCCTCATTAT
AT1G13320 PROTEIN PHOSPHATASE 2A AAATTTAACGTGGCC GTTCTCCACAACCG
SUBUNIT A35' (PP2A 5') AAAATGATGC CTTGGT
AT4G05320 |{UBIQUITIN 10 (UBQ10) CGTTAAGACGTTGAC GCTTTCACGTTATC

TGGGAAAACT

AATGGTGTCA
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Table 3: The s35 mutant has a unique CK species profile. Approximately 30 inflorescences
per sample were harvested and pooled from 8-week-old plants. All samples were lyophilized.
Three independent biological samples were harvested from each genotype. Data shown are
pmol/g dry weight + SD; n = 3. Asterisks (*) indicates percent SD over 50; peak annotations were
rechecked. N.D. = not detected.

Table 3 — Cytokinin quantification of inflorescences

Metabolite  Genotype

Col-0 ckx3,5 snct s35
74 0.79+0.17 1.69+£0.36 0.74 £ N.D. 2.17 £ 0.31
tZR 16.65 + 3.80 4470 + 16.43 13.28 £ 4.75 53.60 + 10.65
tZRPs 9.75+5.81* 31.73 £ 14.67 1042 +4.84 97.15 £ 54.64*
iP 0.82 +0.09 0.92+0.10 0.54 +0.15 0.85+0.12
iPR 75.72 £ 24 .38 62.38 £ 23.21 32.96 +8.72 34.94 +7.49
iPRPs 16.92 £ 5.14 24.06 +4.33 14.94 + 4.01 53.52 + 30.09*
cZ 1.26 £ 0.29 140+ 044 1.00 £ 0.45 0.68 + 0.27
cZR 270.33 £ 69.25 200.23 + 68.40 131.70 £ 27.18 74.18 £ 25.16
cZRPs 26.46 £ 2.23 26.18 + 2.46 22.36 + 3.70 22.64 + 0.65
DZ N.D. 0.27 £ N.D. 0.12 £ N.D. 0.09 £ N.D.
DZR 0.42 + N.D. 0.55+0.20 0.41 £0.02 0.31 £ N.D.
DZRPs 0.32 + N.D. 0.44+0.13 0.41+£0.11 0.84 £ 0.54*
tZ7G 5.60+1.18 19.60 + 9.30 7.63 +1.05 36.16 + 8.33
tZ9G 2.28 + 0.51 9.93 +4.96 240+0.34 14.73 £ 4.01
tZOG 0.83+0.04 212+ 0.81 2.07+£044 6.08 + 0.68
cZ0G 0.27 £ N.D. 0.59£0.22 0.74 £ N.D. 1.14 £ N.D.
tZROG 0.60 +0.25 2.53+0.86 0.50+0.34 3.05+1.14
cZROG 6.02 + 0.87 6.12 + 1.51 4.04 +0.27 3.85+0.87
tZRPsOG 0.23 £+ N.D. 0.45+0.31* 0.17 £ N.D. 0.68 + 0.37*
cZRPsOG 0.62+0.19 0.68 + 0.05 0.35+N.D. 0.39+0.18
DZ9G 0.03 £ N.D. 0.04 £+ N.D. 0.04 £ N.D. 0.06 £ N.D.
iP7G 23.58 + 3.32 45.49 + 8.47 28.02+7.79 75.61+17.90
iP9G N.D. 0.29 £ 0.01 0.19+£0.08 0.64 +0.12
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5. DISCUSSION

Phytohormone crosstalk should be considered a target for furthering crop advancements
in the midst of ongoing global changes. In this research, we consider the crosstalk between two
prominent phytohormones: cytokinin and salicylic acid. We determined that the balance
between these hormones can be reconfigured via genetic mutation, resulting in the dampening
of costs associated with immunity.

To best overcome environmental challenges, plants sequester resources, energy, and/or
secondary metabolites toward a given response to secure survival, which can lead to a
physiological shift away from other efforts. This tradeoff strategy is a dynamic fitness
mechanism that has evolved in plants, as they cannot physically retreat from stressors. This is
particularly the case during plant-microbe interactions, where growth is restricted, a
phenomenon witnessed across plant species. As the growth-defense tradeoff is a limiting factor,
crop breeding has previously maximized growth-related traits, sometimes at the expense of
immunity (Strange & Scott, 2005).

Thus, ameliorating tradeoffs is not a novel aim for plant scientists, however specifically
targeting phytohormone crosstalk as the means to achieve diminished tradeoffs has only
recently been proposed (Albrecht & Argueso, 2017; Wasternack, 2017; Berry & Argueso, 2022).
In order to adapt to environmental cues, plants utilize hormone signaling networks to fine-tune
their physiological responses. For instance, a negative feedback regulatory module between
signaling components of the gibberellin and SA pathways has been identified in Li et al., 2019b.
During pathogen attack, DELLA proteins, which antagonize gibberellin-dependent growth, are
accumulated. At the same time ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1), a SA
immune regulator, facilitates defense responses. Direct interaction between DELLA proteins
and EDS1 suppresses continual SA production. Together, the DELLA-EDS1 module determines

the optimal growth-defense balance during pathogen infection, and the authors of Li et al.,
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2019b suggest this crosstalk could be considered an engineering target for crop species

optimization.

Defense in s35

The crosstalk between the CK and SA pathways has been previously identified in
Arabidopsis and other species (Choi et al., 2010; Argueso et al., 2012; Jiang et al., 2013),
mostly by defining the positive influence of CK on SA signaling upon pathogen perception. Our
data further elucidate the negative effect of SA on CK signaling that had been previously
indicated (Argueso et al., 2012) and shows that this negative effect also exists in the context of
constitutive immune activation. This may well be a part of the mechanisms behind the growth-
defense tradeoff to bolster the antagonism between these pathways. Plants that are under
active attack from biotrophic pathogens respond with induction of SA-dependent defense
responses. Possibly to conserve or reallocate resources or energy, elevated SA levels and
signaling could in turn dampen CK growth-related processes. Yet, we hypothesized that growth
and defense could be uncoupled by modifying these two hormone pathways. Instead of
targeting specific transcription factors or protein-protein interactions, we opted to re-engineer
the CK-SA crosstalk via increasing basal hormone levels in the s35 mutant.

The snc1 gain-of-function mutant used in this study is highly resistant against biotrophic
pathogens, like Pst and Hpa, (Li et al., 2001) and these results were confirmed in our work
(Figure 7). Resistance to a biotrophic pathogen is usually accompanied by SA accumulation,
which can antagonize defense responses to necrotrophs mediated by JA (Spoel, Johnson, &
Dong, 2007; Pieterse et al., 2012), hindering broad spectrum resistance. Yet, s35 is less
susceptible to the necrotrophic fungus, B. cinerea, when compared to snc1 (Figure 9A), and
thus represents a mutant combination that provides broad resistance to biotrophs and
necrotrophs. Recently, a function for CKs in immunity against necrotrophic pathogens was

observed in tomato, where application of micromolar amounts of CKs had a protective effect
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against B. cinerea and proper JA signaling was needed for this response (Gupta et al., 2020).
Thus, similarly to what happens with responses to biotrophic pathogens, increased CK content
in the s35 triple mutant amplifies JA-regulated defense responses to necrotrophic pathogens
upon pathogen infection. Moreover, these results suggest that, even though the effects of the
ckx3 and ckx5 mutations are largely localized in reproductive tissue (Figure 2), CK can partially

mediate necrotrophic and biotrophic defense responses in other parts of the plant.

Growth in s35

We observed significant morphological aberrations in the s35 mutant. Namely, the
reproductive cost of immunity characteristic of the snc7 phenotype was partially rescued by the
ckx3,5 mutations. Although s35 retained dwarfed vegetative growth, the reproductive outcome
was comparable to wildtype, in terms of seed pods, but not seed yield. If mimicked in crop
species, this could be an attractive phenotype to farmers of fruit crops. Smaller plants would
allow for more individuals to be grown per plot. Although this mutation combination yields similar
fruiting capacity to wildtype, the lack of seed production is problematic. Yet, it is possible that
this reduced seed set may be offset by the significant increase in resistance to a broad
spectrum of pathogens, achieving a net harvest increase. Application of this work in crops would
be a large undertaking, although research in integrating mutations in CKX genes in oilseed rape
led to enhanced reproductive growth compared to wildtype, with increased floral organs and
seed weight per plant in field-grown conditions (Schwarz et al., 2020). There are several
examples of highly resistant crop cultivars, yet many exhibit a growth tradeoff (reviewed in
Brown, 2002). Taken together, our results provide evidence of uncoupled growth and defense
that could motivate the CK-SA crosstalk as targets for crop improvement.

Normative growth patterning of meristematic tissue is under tight regulation by
phytohormone crosstalk. A positive feedback loop between the WUSCHEL (WUS) transcription

factor and the CLAVATA (CLV) signaling peptide maintain regions of the meristem and are
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influenced by CK and auxin (Su, Liu, & Zhang, 2011; Azizi et al., 2015). CK promotes WUS
expression to maintain the stem cell niche (Gordon et al., 2009). To increase CK levels, in turn,
WUS directly inhibits type-A ARRSs, repressing the CK pathway negative regulation (Leibfried et
al., 2005; Zhao et al., 2010). Restricting the stem cell domain, CLV antagonizes WUS, but is
itself repressed by CK (Gordon et al., 2009). Loss of auxin accumulation in this region induces
type-A ARR expression, suggesting that auxin inhibits CK signaling during normal development
(Zhao et al., 2010). Mutations in ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN
6 (AHP6), a CK signal inhibitor, yielded increased SAMs (Besnard, Rozier, & Vernoux, 2014).
Therefore, modification of the maintenance mechanisms controlling reproductive growth,
including phytohormone crosstalk, can lead to novel phenotypic outcomes.

Recently, SA has been identified as influencing root apical meristem (RAM) regulation in
a concentration dependent manner. Low concentrations of SA applied to seedlings promote
advantageous root growth, while high concentrations halt RAM development (Pasternak et al.,
2019). Notably, in our work we provide evidence for a link between endogenous SA levels and
SAM development. snc1 has high accumulation of SA in inflorescence tissue (Figure 6H) and
smaller meristems (Figure 6F), suggesting SA antagonizes SAM growth. Moreover, s35 not only
has increased meristematic activity similar to ckx3,5, but also altered silique phyllotaxy and
floral organ morphology (Figure 6E). This implicates SA or its downstream signaling in SAM
developmental regulation. To our knowledge, this is the first time SA has been implicated in

SAM regulation. Future experimentation is necessary to identify the mechanisms behind this.

Possible molecular mechanisms mediating the uncoupling of growth and defense in the
s35 triple mutant

Our transcriptomics data suggests that the altered regulation of the SAM in the s35
mutant is related to nitrate responsive genes. As described, a single gene family was

highlighted in our GO analysis of s35: the CC-type ROXY glutaredoxin subgroup. ROXY's
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catalyze the reduction of disulfide bonds of target proteins (Rouhier, Gelhaye, & Jacquot, 2004).
Several of these genes have been mutated in Arabidopsis in attempt to understand their
mechanistic function and have been shown to play a role in development, nutrient sensing, and
stress responses (reviewed in Gutsche et al, 2015). In Arabidopsis, nitrogen starvation results in
differential expression of the CC-type glutaredoxins (Jung, Ahn, & Schachtman, 2018).
Apoplastic ROS is increased during nutrient deprivation and can, likewise, cause alteration of
ROXY gene expression. These findings, uncovered in Jung, Ahn, & Schachtman, 2018, suggest
ROXYs and ROS act in tandem as part of nutrient sensing signal transduction throughout the
plant.

Furthermore, some ROXY genes, specifically ROXY1, ROXY2, and ROXY4, impact the
classic ABCDE (formerly ABC) homeotic gene patterning of floral organ differentiation and
initiation (Rijpkema et al., 2010). Each class of gene, of which most are MADS-box transcription
factors, function to initiate or suppress organs of the four floral whorls. One of the most well
characterized is the roxy1 mutant, which exhibits deformed floral organs. It was found that
ROXY1 acts to repress the homeotic class C genes during the development of the first two
whorls (Jung, Ahn, & Schachtman, 2018). Although this gene is not differentially regulated in
s35 inflorescence tissue, it offers evidence of ROXY function in reproductive organs.

Recently, a study in maize determined that ZmGRXs act in SAM development, target
TGA transcription factors, and influence redox state of the stem cell niche. Yang et al., 2021a
observed significant defects to ear development in grx double and triple knockout mutants,
yielding significantly less kernels than wildtype. Genetic analysis revealed that the MALE
STERILE CONVERTED ANTHER 1 (ZmMSCA1) gene acts redundantly with ZmGRX2 and
ZmGRX5. To modulate meristem growth, these proteins target FASCIATED EAR 4 (ZmFEA4),
a TGA transcription factor that suppresses ear development, for redox modification. In the grx
triple mutant, ZmFEAA4 is in an oxidized dimer state, allowing for enhanced activity in repressing

normative meristem development (Yang et al., 2021a).
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As NPR1 forms a transcriptional complex with TGAs in redox-dependent reaction during
SA signaling, ROXY modifications could be significant in snc7 and s35 mutants. In Arabidopsis,
there are ten TGA genes, grouped into five different clades (Gatz, 2013). NPR1 has been
shown to interact with TGA1, TGAS3, and TGAG, but it is also suspected that NPR1 may act in
the same pathway as that of clade-l TGAs (TGA1/4) (Zhang et al., 2003; Kesarwani et al., 2007;
Saleh et al., 2015). Besides Yang et al., 2021a, other research has found ROXY-TGA
interactions in Arabidopsis. ROXY 9 has been suggested to repress clade-lI TGA activity in
response to nitrogen assimilation for transcription of nitrate transporters (Alvarez et al., 2014).
One of the ways ROXYs can modify floral whorl development is through interaction with the
TGA transcription factor, PERIANTHIA (PAN). PAN ensures floral primordia are initiated in the
correct position around the floral meristem of the first three whorls (Running & Meyerowitz,
1996) and is proposed to be post-translationally modified by ROXY1 (Xing & Zachgo, 2008; Li et
al., 2009). Although there is much indirect evidence, as of 2019, it is still not fully established
that ROXYs directly reduce TGA active site cysteine residues (Li et al., 2019a).

ROXYs, particularly ROXY18 and ROXY19, are responsive to pathogen attack and may
hinder defense responses. Both of these genes are induced by the presence of a pathogen and
SA treatment (Ndamukong et al., 2007; Laporte et al., 2011). The roxy18 knockout mutant is
less susceptible to B. cinerea, suggesting ROXY18 to be a necrotrophic susceptibility gene
(Laporte et al., 2011). Moreover, JA treatment reduced ROXY18 transcription, lending further
evidence that it may facilitate B. cinerea colonization. On the other hand, ROXY19 is induced by
JA. Though, ectopic expression of ROXY19 increased susceptibility to B. cinerea and repressed
transcription of PDF1.2 (Ndamukong et al., 2007; Lai et al., 2014). Clade-ll TGA activity is also
susceptible to modification by over expression of ROXY79 (Ndamukong et al., 2007; Zander et
al., 2012). Notably, both snc1 and s35 have significantly upregulated ROXY18 expression in our
transcriptome data (Figure 11), but only snc1 has significant induction of ROXY19 (log. FC =

1.73, P = 0.0011; data not shown). As they appear to function in SA-JA mutual antagonism, the
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induction of these ROXYs may contribute to the susceptibility phenotype of the snc1 and s35
mutants to B. cinerea challenge (Figure 9A), and the results of our JA quantification and gene
expression (Figure 9B and 9C).

Alternatively, a link between CK and glutaredoxins has also been proposed. Semi-
dwarfed plants with reduced grain set are observed if rice OsGRX6 is overexpressed (El-
Kereamy et al., 2015). This gene is known to be induced by SA and other external stimuli (Garg
et al., 2010). Further characterization revealed that CK content, biosynthesis, and signaling
were significantly higher with OsGRX6 overexpression, as well as increased nitrogen content
(El-Kereamy et al., 2015). Yet, it was not studied whether the increased nitrogen content was
due to the high CK biosynthesis/signaling, or vis versa. Previous research has associated
increased CK levels with deleterious growth impacts in rice seen as in Sakamoto et al., 2006.
Most recently, a link between nitrogen sensing and CK signaling was proposed to be mediated
by ROXY6 and/or ROXY?9, referred to in this work as CEP DOWNSTREAM 1 (CEPD1) and
CEPD2, respectively. C-TERMINALLY ENCODED PEPTIDE (CEP) is a novel peptide hormone
acting in signal transduction during environmental fluctuations, including nitrate status (Taleski,
Imin, & Djordjevic, 2018). CEPDs coordinate crosstalk between CEP and CK for ideal regulation
of root growth in response to nitrogen acquisition (Taleski et al., 2022). Together, ROXYs have
been implied to have a synchronizing function in hormone signaling and stimuli perception.
Thus, it is possible that the increased CK-SA content and upregulation of ROXY genes in the
s$35 mutant contribute to changes in nitrogen concentration in reproductive tissue and allow for
morphological alterations. Landrein et al., 2017 found that SAM size is tightly regulated by
nitrate availability at the roots and subsequently systemic CK signaling. Nitrogen levels would
need to be quantified and the sufficiency and necessity of the nitrogen response to CK-ROXY
relationship tested. Alternatively, if nitrogen concentrations are not altered in our mutants, the
perception of nitrogen status could be different, in which we would have to further analyze

nutrient signal transduction. We tested nitrogen response by increasing nitrogen availability
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through continuous fertilization of the soil. This did not cause ckx3,5 or snc1 to starburst, nor did
s35 plants revert to wildtype inflorescence morphology (Figure 12). Instead, each genotype,
wildtype included, grew noticeably larger when watered with fertilizer in comparison to just tap
water, though not quantified in our experiment. Because increasing nitrogen availability did not
phenocopy s35 in the snc1 background, it is possible that nitrogen assimilation, translocation, or
metabolism is not the mechanism behind the increased reproductive fitness of s35 plants.
Alternatively, different levels of fertilization may be required for the development of the starburst
phenotype.

As ROXYs function to maintain redox status of the cell during development and
immunity, so too do reactive electrophilic species, ROS and reactive nitrogen species (RNS),
which act as key signaling molecules in many plant physiological processes. The role ROS and
RNS play in both biotic and abiotic stress has been well characterized (del Rio, 2015; Sachdev
et al., 2021; Khan et al., 2023). Yet, ROS’s function in stem cell maintenance was only recently
found (Zeng et al., 2017). Spatial patterning of different species is important for normal
meristem development: actively dividing cells in the central zone have high accumulation of
superoxide, while differentiating cells in the peripheral zones accumulate H>O.. These ROS
target WUS, a homeobox gene necessary for preserving stem cells in an undifferentiated state,
for differential expression (Zeng et al., 2017). In rice, a mutant in APICAL SPIKELET
ABORTION (OsASA) is defective in spikelet development and has both H>O, and SA
overaccumulation (Zhou et al., 2021).

Moreover, RNS, specifically the gaseous radical nitric oxide (NO), has also been shown
to play a role in meristem maintenance. A mutant of NO ASSOCIATED 1 (NOAT) is NO
deficient and has smaller inflorescences with less floral organs compared to wildtype (Shen et
al., 2013). Using florescent probes, NO synthesis was found in specific cell types of floral organ
fate, insinuating there is a spatial patterning imperative for typical inflorescence development,

much like ROS (Seligman et al., 2008). The expression of a CK-responsive cell cycle gene,
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CYCLIN D3;1 (CYCDS3;1), was also impaired in noa. Shen et al., 2013 theorized that NO acts
downstream CK to regulate cell division and expansion through induction of CYCD3;1.
However, research on the relationship between NO and CK is inconsistent. Romanov et al.,
2008 did not find a link between NO and primary CK signaling. When a 3-glucuronidase (GUS)
reporter gene was driven under type-A ARRS5 promoter in transgenic Arabidopsis, NO donors
did not activate GUS transcription, nor did NO scavengers inhibit ARR5 after CK treatment
(Romanov et al., 2008). Additionally, tZ treatment reduced high endogenous NO levels in the
nitric oxide overexpression 1 (nox1) mutant, suggesting that CK suppresses NO through direct
chemical interaction (Liu et al., 2013). Hence, this relationship requires further scrutiny.

NO is clearly important during immune activation as a secondary messenger and may
work in conjunction with ROS (reviewed in Bellin et al., 2013). At high cellular concentrations,
NO perpetuates S-nitrosylation of target proteins, where NO is covalently bonded to cysteine
residues in the active site (Lindermayr & Durner, 2009). In fact, NO can react with GSH,
resulting in S-nitrosoglutathione or GSNO. Catabolism of GSNO by GSNO reductase (GSNOR)
oxidized GSH and ammonia (NH3) (Rustérucci et al., 2007). Disrupting GSNOR accumulation in
Arabidopsis decreased susceptibility to Hpa attack (Rustérucci et al., 2007, Hong et al., 2008).
As our transcriptomic analysis revealed snc1 has significant enrichment of genes representing
“glutathione metabolic process” (Figure 10E), this could contribute to its substantial resistance
towards Hpa (Figure 7A). Moreover, SA induces enzymatic pathways to contribute to increased
NO production (Zottini et al., 2007). During SA signaling, NPR1 is susceptible to oxidation by
NO. Though, it is unclear whether S-nitrosylation of NPR1 promotes its oligermized form in the
cytosol (Tada et al., 2008) or its translocation to the nucleus (Lindermayr et al., 2010). As NO is
also induced by JA and wounding herbivory (Huang et al., 2004), it is suggested that NO works
at the intersection of SA-JA crosstalk by Mur et al., 2013.

In conjunction with NO, temperature and nitrogen availability influence immune status.

Characterized in Wang et al., 2013, NUDIX HYDROLASE HOMOLOG 6 (NUDT6) and NUDT7
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act redundantly to suppress EDS1-mediated defense and are proposed to act upstream of
SNC1. In high nitrate conditions (low ammonium/nitrate ratio), nitrite and NO accumulate in the
double knockout nudt6,7, which amplify autoimmunity. Remarkably, nudt6,7 plants have a very
similar inflorescence phenotype to s35 starbursts, in which successive floral organs are
compressed at the shoot apex. Although this phenotype only appears when the plants undergo
a temperature transition from high heat (28°C) to regular temperature (22°C). Crossing nuadt6,7
to loss-of-function snc7-11 further sensitized the plant to temperature, as the abnormal
inflorescence phenotype would be present in temperature shifts from 22°C to 19°C (Wang et al.,
2013). The gain-of-function snc1 mutant used in our work is prone to temperature sensitivity; at
high temperatures it loses its dwarfed vegetative phenotype and autoimmunity (Zhu et al., 2010;
Gou & Hua, 2012; Huot et al., 2014). In our transcriptomic analysis, both NUDT6 and NUDT7
are upregulated in snc1 and s35 (data not shown), suggesting these may be key players in
nitrate sensing, NO signaling, and meristem maintenance during autoimmunity. Though, further
experimentation is necessary to fully grasp NUDTs mechanistic contributions to our
temperature-insensitive starburst phenotype.

In turn, NO produced from nitrate assimilation inhibits GSNOR by nitrosylation,
preventing the scavenging of GSNO and thus could be modulated due to the enhanced nitrate
response in the s35 background. NOA1 is not differently regulated in ckx3,5 or s35, but is
significantly downregulated in snc? (log. FC = -0.274, P = 0.0316; data not shown). snc? and
s35 have increased expression of NIA1 and NIAZ2 in our data (data not shown), suggesting that
these mutants have altered nitrate metabolism, possibly contributing to changes in the reactive

electrophilic species pool.

Conclusions & future directions
We propose that the novel hormonal balance within the s35 mutant could change the

plant’s perception of nitrate availability, and subsequent metabolism, causing a cascade of

57



signaling modifications through redox reactions and ROXY genes, ultimately resulting in
overactive meristem activity and organogenesis (Figure 14). We hypothesize that the ckx3,5
mutations lead to alteration of nitrate sensing and/or translocation, and the snc7 mutation
results in cellular redox imbalance. When combined in the s35 mutant, the impaired growth due
to constitutive defense activation is partially rescued by increased CK and its downstream
effects.

Future experimentation is necessary to fully resolve this hypothesis and determine the
mechanistic components regulating the s35 starburst phenotype. Although we did not glean
many answers from our fertilization experiment, addressing nitrate signal transduction
throughout the plant and concentrations of molecules involved in nitrate metabolism would give
insight to any misregulation occurring. Furthermore, quantification of redox species would allow
for correlation between redox status and meristem activity. Similarly, phenocopy experiments
with ROS/RNS inhibitors and donors would be informative in identifying necessity and
sufficiency. The insights uncovered here and in the future progression of this project will allow
for a more complete understanding of the impact CK and SA have on growth and immunity, and
ultimately, be valuable for engineering crop species with diminished tradeoffs.

As it is progressively evident that breeding programs will need to adapt their practices for
future sustainability, our research facilitates new avenues to be explored in crop species by
exploiting the natural signaling molecules governing plant fitness and survival. While other
studies uncovered instances of uncoupled growth and immunity, we hypothesized that hormone
crosstalk is the key to achieving this. By increasing hormone content in the model plant
Arabidopsis, the s35 mutant we characterized here, validates our hypothesis and allows for
evaluation of the underlying mechanisms behind the CK-SA crosstalk, mediating synergistic
growth and defense. Using the principles behind translational science, we hope these findings
can be applied to engineering improved crop species by precision genome editing to meet the

near-future’s high demand and environmental changes.
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Figure 14: Proposed model of SAM regulation in relation to the CK-SA crosstalk. SA is
activated by either genetic mutations conferring autoimmunity, exogenous application of SA or
related chemicals, or pathogen attack. During defense, SA triggers the production of reactive
nitrogen species (RNS) and reactive oxygen species (ROS), leading to impaired growth and
reproductive yield. CK levels have a positive correlation with nitrogen assimilation and have been
proposed as a long-range signal for nitrate availability. CK maintains the stem cell niche in the
SAM and promotes fitness. (1) Supported by our data, SA transcriptionally represses CK
signaling. (2) Redox status modulates SAM activity directly or oxidoreductive modification of
target proteins. Dashed line represents unknown relationship.
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APPENDIX: CK-SA CROSSTALK ANALYSIS AMONG
DIVERSE ARABIDOPSIS ACCESSIONS

Introduction

Models are derivative tools to analyze relationships and connectivity of nodes within a
specific network, that have yet been able to capture all the complexity of biological systems. But
with a knowledgeable understanding of the limitations, computational and mathematical
modeling can yield insightful associations and predictive outcomes. Particularly useful in
integration of large datasets, the merging of modeling techniques and biological data has been
achieved in plant systems using different approaches with varying degrees of complexity (Yuan
et al., 2008; Prusinkiewicz & Runions, 2012; Sheth & Tacker, 2014; Matthews & Marshall-Coldn,
2021; Soualiou et al., 2021). Of particular interest, phytohormone networks have successfully
been modeled (Middleton et al., 2012; Liu, Rowe, & Lindsey, 2014; Altmann et al., 2020; Clark
et al., 2021; Cammarata et al., 2022), though a standalone CK-SA crosstalk model has yet to be
accomplished.

Natural variation refers to genetic differences between populations of the same species.
As plants have adapted to their local environment, populations acquire random mutations
resulting in phenotype divergence but not to the point of speciation. These variants or
accessions can then be used to identify genetic markers associated with specific phenotypic
traits. As a model organism historically used to study genetic architecture, Arabidopsis is a
useful candidate for plant evolution and genetic diversity observations with upwards of 700
accessions collected (Berardini et al., 2015). A genome-wide association (GWA) study is a
method of correlating mutations to phenotypic traits. In turn, phenotypic differences can be
linked to genetic perturbations at specific loci, implicating individual genes as responsible for a
given trait. Although GWA studies were first used in humans (Hirschhorn & Daly, 2005), these

types of studies have been successful in Arabidopsis. For example, the GWA method was
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applied to examine phytohormone crosstalk in Proietti et al., 2018. The authors found numerous
loci associated with mediating SA-JA crosstalk by using gene expression data of a JA marker
gene after hormone treatment for their GWA study. The genes corresponding with the loci found
were confirmed to influence SA-JA crosstalk when mutated (Proietti et al., 2018).

Here, we show a detailed analysis of the dynamics of SA and CK crosstalk, as
determined by gene expression as a proxy for signaling levels. Determination of hormone
signaling dynamics is an essential part of any future efforts for model construction. Additionally,
we test whether the CK-SA crosstalk is modified in response to natural variation resulting from
adaptions to the environment. Future efforts in this project include testing a model constructed
with the Col-0 accession against other Arabidopsis accessions and GWA mapping to identify
novel loci mediating CK-SA crosstalk. We hope this research will lend to candidate genes that

act as central control hubs of hormone crosstalk.

Methods & Results

To evaluate the transcriptional regulation CK and SA application have on both pathways,
two marker genes associated with each hormonal pathway were chosen for gene expression
analyses by qRT-PCR. Type-A ARR7 and CRF6 were chosen to monitor CK-regulated
responses, while NIM1-INTERACTING 1 (NIMIN1) and PR1 were used as SA-regulated
markers. Both ARR7 and NIMIN1 are early response, negative regulators of their respective
pathways. CRF6 and PR1 are induced later in response to CK and SA, respectively. Utilizing
genes with different response times (early and late genes) allowed us to determine differences
in signaling responses after hormone induction and perception within a 24 h timecourse.

Two-week-old Col-0 wildtype seedlings grown on MS plates were transferred to liquid
MS. One hour later the media was spiked with 100 uM 6-benzylaminopurine (BA), a synthetic

cytokinin, or 100 uM SA. Whole seedling tissue was harvested at 0.25, 1, 6, 9, 12, and 24 h
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after hormone treatment. RNA was extracted, subjected to quality control, and cDNA made,
followed by analysis of gene expression by qRT-PCR.

The results of these experiments showed that after treatment with CK, ARR7
transcription is promptly induced (Figure 15A), which correlates with kinetic studies showing
ARRY7 expression peaks at 40 minutes after exogenous CK application (D’agostino et al., 2000).
It was previously found that CRF6 is steadily upregulated until 8 h after CK treatment (Rashotte
et al., 2006). Similarly, in our data, CRF6 exhibits a gradual increase in expression (Figure 15A).
Both genes appear to plateau between 12 and 24 h. On the other hand, CK induces the
negative SA-regulator, NIMIN1, and inhibits PR1 expression (Figure 15B), suggesting an
inhibitory effect of CK on SA signaling. Both ARR7 and CRF6 were down regulated in the
presence of SA at each timepoint after 0.25 h (Figure 15C), which directly corresponds to our
earlier findings in Figure 1. As expected, NIMIN1 and PR1 are upregulated by SA treatment,
both plateauing between 12 and 24 h (Figure 15D). Although earlier work showed a gradual
increase in expression of NMIN1 after SA treatment (Blanco et al., 2009), we observed a very
strong induction even at 0.25 h. As in Ward et al., 1991, maximal PR1 expression happens at
later timepoints. CK and SA treatment both transiently induced gene expression of the opposite
pathway at 0.25 h (Figure 15B and 15C). This could indicate large, rapid transcriptional shifts
occurring in response to stimuli, as the plant attempts to adapt to the new environment.

We acquired a set of 96 Arabidopsis accessions from the Arabidopsis Biological
Resource Center (ABRC; https://abrc.osu.edu/) (CS22660). To analyze the robustness of the
CK-SA crosstalk modeled in the Col-0 background, we performed liquid hormone inductions (as
described for Figure 15 above) on a subset of these accessions (Table 4). qRT-PCR was
performed as previously described, using only one marker gene per hormone and a single 3 h
timepoint. After CK induction, all accessions have induced ARR7 expression by 3 h, yet greater
variation in PR1 response is observed (Figure 16). While Col-0 inhibited expression in our

timecourse experiments, the An-1 accession showed induced transcription of PR7 in response
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to CK. Likewise, deviation in expression in response to SA treatment is also observed. With the
exception of Ws-2, PR1 is upregulated by SA at 3 h in all other accessions. The inhibitory effect
of SA treatment on ARRY7 expression is mostly conserved amongst the accessions tested.
Although further biological replicates of this experiment are necessary, this provides preliminary
evidence that natural variation in Arabidopsis influences CK- and SA-regulated transcriptional

responses.
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Figure 15: Modeling the CK-SA crosstalk using marker gene expression as a proxy for
signaling levels. (A) and (B) gene expression after 100 uM BA treatment over a 24 h period. (C)
and (D) gene expression after 100 yM SA treatment over a 24 h period. (A), (B), (C), and (D)
Wildtype seedlings were grown on 1X MS plates in growth chambers in long day conditions (16
h light/8 h dark, 22°C). Light intensity was 120-150 pE. Relative humidity was held at 55%
day/65% night. Fourteen days after germination, seedlings were transferred to liquid MS and
allowed to acclimate for 1 h on a shaker at 75 rpm. SA, or solvent DMSO, were added to liquid
culture to a final concentration of 100 uM SA in 0.01% DMSO, or 0.01% DMSO mock control.
RNA was extracted from tissue collected at 0.25, 1, 6, 9, 12, and 24 h after hormone treatment,
subjected to quality control, and cDNA made, followed by analysis of gene expression by qRT-
PCR. Levels of ARABIDOPSIS RESPONSE REGULATOR 7 (ARRY7), CYTOKININ RESPONSE
FACTOR 6 (CRF6), NIM1-INTERACTING 1 (NIMIN1), and PATHOGENESIS-RELATED 1 (PR1)
transcripts were determined by qRT-PCR relative to DMSO mock treatment. Error bars represent
SE from three biological replicates and correspond to upper and lower limits of 95% confidence
intervals. For better visualization, the axes are logz-transformed. Data shown are three
independent biological replicates pooled.
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Figure 16: Arabidopsis accessions with natural genetic variation have varied responses to
hormone treatment. ARABIDOPSIS RESPONSE REGULATOR 7 (ARR7) and
PATHOGENESIS-RELATED 1 (PR1) gene expression after 100 yM BA (blue) and 1 mM SA
(green) treatments. Seedlings were grown on 1X MS plates for 14 days. Plates were flooded with
the corresponding hormone solution, and tissue was collected 3 h after treatment. Levels of the
indicated transcripts were determined by qRT-PCR relative to mock-treated plants and
normalized to UBIQUITIN 10 (UBQ10). Error bars represent SE from three technical replicates
and correspond to upper and lower limits of 95% confidence intervals. For better visualization,
the axis is logz-transformed. Data from single biological replicate shown.

84



Table 4: A subset of Arabidopsis thaliana accessions for crosstalk experimentation. Seed
stocks acquired from Arabidopsis Biological Resource Center (ABRC; https://abrc.osu.edu/)
(CS22660), listed here with stock name, accession name, and location of occurrence.

Table 4 — Subset of Arabidopsis thaliana accessions for crosstalk experimentation

ABRC Germplasm Stock | Accession | Location Latitude Longitude
CS22626 An-1 Belgium N51-N52 E4-E5
CS22591 Bor-4 Czech Republic | N49 E16
CS22625 Col-0 Missouri, USA | N38-N39 W92-W93
CS22634 Ga-0 Germany N50-N51 E8
CS22592 Pu2-7 Czech Republic | N49 E16
CS22587 Ul12-3 Sweden N56 E13
CS22659 Ws-2 Russia N52-N53 E30
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Discussion

We collected preliminary data in effort to examine the CK-SA relationship, using marker
gene expression as a proxy for signaling levels of each hormonal pathway. The Col-0 accession
was used to capture response to hormone application over time. CK treatment had a negative
impact on SA signaling (Figure 15B). Although this is contradictory to previous findings where
CK potentiates SA signaling, (Choi et al., 2010; Argueso et al., 2012) such work was performed
in the presence of pathogens, while our experiments were performed under sterile conditions
and high nutrient levels present in MS media. Another potential explanation for this incongruity
is plant age. A plant’s progression through the stages of development is known to be
accompanied by major transcriptional reprogramming, allowing for normative growth in a given
environment. In many cases, hormones direct this adaptability in a dynamic manner throughout
a plant’s life. For instance, younger plants are more susceptible to pathogen attack compared to
mature plants; this is called age acquired resistance (ARR) and is accompanied by enhanced
SA accumulation and defense responses in older plants (reviewed in Carella, Wilson, &
Cameron, 2015). It is possible that younger plants, like the ones used in our assays, prioritize
growth over defense, thus explaining the negative effect of CK on SA. It also bares mentioning
that these experiments represent continuous exposure to hormone treatment. This is likely not
reflective of endogenous hormone levels unless there is ectopic induction of these hormones.
Conversely, our results show that SA treatment downregulates CK-responsive genes (Figure
15C). These data align with our findings in Figure 1. Thus, even with the differences in
treatment, plant age, and experimental design between this work and previous findings (Choi et
al., 2010; Argueso et al., 2012), the inhibitory effect of SA on CK signaling was observed,
suggesting that this hormonal interaction is robust.

Just as different accessions have varying basal concentrations of hormones, including
CK (Samsonova et al., 2020), stark growth differences (Gonzalez et al., 2020), and varied

susceptibility to pathogen attacks (Kerwin et al., 2015), we hypothesized that there is also
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natural genetic variation in the CK-SA crosstalk amongst different accessions, as a way to
overcome environment-specific selective pressures in growth and defense. Our preliminary
experiment evaluating marker gene expression after hormone treatment showed differences in
response to these hormones between a selection of seven Arabidopsis accessions (Figure 16),
validating this hypothesis. In the future, we intend to expand our experimentation to more
accessions and use marker gene expression as proxy for CK-SA crosstalk, allowing this data to
be our readout for a GWA study. Mutagenesis and genetic perturbation analyses would then
validate identified loci. We hope to obtain novel candidate genes implicated in the relationship
between these two hormones. Ultimately, the generation of this data will allow for greater
mechanistic understanding of CK-SA crosstalk, and its manipulation for the generation of

enhanced plants with increased yield and resistance to pathogens.
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