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Abstract

Arabidopsis thaliana exhibits a developmentally regulated disease resistance re-

sponse known as Age-Related Resistance (ARR), a process that requires intercel-

lular accumulation of salicylic acid (SA), which is thought to act as an intercellu-

lar antimicrobial and antibiofilm agent against the phytopathogen Pseudomonas

syingae during infection of Arabidopsis leaves. During infection, P. syingae forms

aggregates thought to consist of bacterial cells and extracellular polymers, such

as alginate, extracellular DNA, lipids, and proteins. In this thesis the Arabidopsis

thaliana-Pseudomonas syringae pv tomato (Pst) pathosystem was used to explore

i) the contribution of alginate in protecting Pst during growth in vitro against the

antimicrobial and antibiofilm effects of SA, and ii) various aspects of ARR includ-

ing global gene expression analysis. At moderate SA concentrations, planktonic

free-swimming bacterial cells of Pst ∆algU mucAB ∆algD, a mutant with reduced

virulence, grew to lower densities than wild-type Pst and the alginate biosynthesis

mutant Pst ∆algD in apoplast-mimicking minimal media, leading to the idea that

AlgU regulates the T3SS and iron storage and uptake genes. This study also pro-

vides evidence that the Arabidopsis PAMP recognition mutants efr-1 and fls2 are

partially ARR-defective and may contribute to ARR and the bak1-3 mutant may

be required for ARR, suggesting PTI-related responses contribute to ARR. Lastly,

comparative transcriptome analyses of susceptible young and ARR-competent ma-

ture plants responding to Pst, suggests that JA pathway genes are expressed in

young but not mature plants. This work highlights the complex interaction be-

tween Arabidosis thaliana and Pseudomonas syringae pv. tomato.
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Chapter 1

Introduction

1.1 Introduction

Plants perceive and respond to indicators of danger, allowing them to thrive in

hostile conditions, including seasonal changes, salt-stress, nutrient deficiency, her-

bivory, and microbial infection (Simpson and Dean, 2002; Appel et al., 2014;

Carella et al., 2016; Velasco et al., 2016; Kazachkova et al., 2018).

The study of how plants respond to their environment is globally important as

failure to adequately respond to abiotic or biotic stress can negatively affect the

food security of those in need as well as negatively impact the economic output

from farms (Oerke, 2006). From 2010 to 2014, all crop pests (pathogens, arthro-

pods, and weeds) caused a preharvest loss of at least 17.2% among major food

crops such as wheat, rice, maize, potato and soybean (Savary et al., 2019).

1



Master of Science– Garrett M. Nunn; McMaster University– Department of
Biology

1.2 Plant responses to infection

Pathogens have evolved various pathogenic weapons to evade plant defence re-

sponses and plants have evolved molecular mechanisms to resist pathogen infection

(Gilbert and Parker, 2010). The plant innate immune system provides protection

against a wide variety of infections. Three modes of infection common in plant-

pathogen interactions are necrotrophy, biotrophy and hemibiotrophy (Xin and He,

2013). During necrotrophy, some fungal and bacterial pathogens make use of plant

cell wall-degrading enzymes to kill host cells and feed on dead cells (Choi et al.,

2013; Kubicek et al., 2014). In contrast, biotrophic leaf pathogens access the leaf

apoplast through the stomata, where they suppress plant defence and manipulate

plant metabolism in living plant cells to obtain nutrients to grow and multiply

in the plant (Spanu and Panstruga, 2017). Hemibiotrophic pathogens, like Pseu-

domonas syringae (P. syringae), combine biotrophy and necrotrophy (Xin and

He, 2013). These pathogens begin infection as biotrophs within the host and then

switch to necrotrophy to kill plant cells and access the leaf surface for dispersal

(Xin and He, 2013).

1.3 The Arabidopsis-Pseudomonas syringae pathosys-

tem

Bacterial speck is a disease of both foliar and fruit tissue in tomato caused by the

hemibiotrophic phytopathogen Pseudomonas syringae pv. tomato (Pst). In ideal

2
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growth conditions, bacterial speck can cause a severe reduction in fruit yield and

quality (Cai et al., 2011). The strain most frequently studied, Pst DC3000, was

originally isolated from tomato (Cuppels, 1986). This strain of Pst was discovered

to be highly virulent in the apoplast of foliar tissue of the model flowering plant,

Arabidopsis (Whalen et al., 1991). The Arabidopsis-Pseudomonas interaction is

an important pathosystem with a wide variety of genetic tools available for both

the plant and pathogen (Bevan and Walsh, 2005; Xin et al., 2018).

1.4 Development of P. syringae infection

P. syringae has a number of pathogenic weapons that contribute to the successful

infection of Arabidopsis. These weapons include type-3-secretion systems that

secrete effector proteins into plant cells, coronatine production and may include

biofilm formation (Osman et al., 1986; Mann and Wozniak, 2012; Geng et al., 2014;

Lam et al., 2014), all of which either contribute to suppression of plant defence or

manipulation of plant metabolism to create a favourable environment for growth

(Truman et al., 2006). Several of these weapons are used by Pst and are described

below.

1.4.1 Coronatine

One pathogenic weapon used by Pst during infection is the phytotoxin coronatine.

Coronatine is thought to function during infection by promoting invasion of the

apoplast (Mittal and Davis, 1995) by re-opening stomata (Panchal et al., 2016)

3
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after plant-initiated closure of stomata in response to bacterial infection. Re-

opening of stomata results in enhanced movement of Pst into intercellular spaces

from the leaf surface. Coronatine is also thought to support Pst growth in leaf

intercellular spaces, since Pst coronatine biosynthesis mutants consistently dis-

played lower bacterial density compared to wild type in leaf intrecellular spaces

(Ma et al., 1991; Brooks et al., 2004). Recently, RNA-sequencing demonstrated

that Pst up-regulates the coronatine biosynthesis gene cluster upon inoculation

into the apoplast (Zheng et al., 2012; Nobori et al., 2018) providing additional

evidence of the importance of coronatine during infection. In support of this,

coronatine acts to promote Pst growth through activation of plant jasmonic acid

(JA) responses as coronatine is very similar to JA-Ile in chemical structure (re-

viewed in Geng et al., 2014). Once in the plant cytoplasm coronatine can bind

to CORONATINE INSENSITIVE PROTEIN1 (COI1), the JA receptor, leading

to activation of JA responses and inhibition of SA-mediated defense (reviewed in

Geng et al., 2014). Negative feedback of JA responses is regulated by alternative

splicing of JASMONATE-ZIM-DOMAIN PROTEIN10 (JAZ10), thus preventing

constitutive expression of JA defense responses (Moreno et al., 2013).

1.4.2 The role of biofilm formation during Pseudomonas

infections

Bacteria exist as individual cells but many species form large communities of in-

dividuals, called biofilms (Mann and Wozniak, 2012). Biofilms consist of bacterial

4
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cells surrounded by a matrix of lipids, proteins, extracellular (e)DNA, and extracel-

lular polysaccharides (EPS) (Mann and Wozniak, 2012). Lipids, eDNA, and EPS

are structural components of biofilm, while many proteins are embedded within

the matrix. Some of these proteins aid in dispersal by degrading components of

the biofilm, such as the alginate lyase AlgL (reviewed in Flemming et al., 2007).

Biofilm formation by P. syringae has not been extensively studied, however

biofilm formation in the related human pathogen, Pseudomonas aeruginosa has

been extensively studied (O’Toole, 2010; Gomila et al., 2015). Based on in vitro

studies, P. aeruginosa biofilm formation is thought to be divided into four distinct

stages: attachment, development, maturation and dispersal (Kaplan, 2010). At-

tachment begins with a reversible surface-attachment of free-swimming planktonic

bacteria via adhesins and electrostatic forces (Kaplan, 2010). Shortly after surface

attachment, the bacteria lose their flagella as they switch from planktonic to sessile

growth, and begin production of EPS, forming an immature biofilm (Waite et al.,

2005). The immature biofilm continues to thicken due to bacterial reproduction

and production of matrix components until maturity (Sharma et al., 2019). The

matrix of a mature biofilm is thought to contribute to antimicrobial resistance,

by preventing antimicrobial diffusion, generating antibiotic resistant persister cells

and promoting efflux of antibiotics out of the bacterial cytoplasm (Gilbert et al.,

1997; Pearson et al., 1999; Waite et al., 2005; Sharma et al., 2019). Once mature,

dispersal of bacterial cells from the biofilm can occur through physical disruption

of the matrix or enzymatic degradation of the extracellular biofilm matrix (Flem-

ming et al., 2007). Dispersed bacterial cells are thought to make flagella, as P.

aeruginosa cells have been observed to swim away from biofilms during the later

5
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Figure 1.1: The proposed life-cycle of biofilm formation
in P. aeruginosa. This figure is based on the information pre-
sented in (Kaplan, 2010). Briefly, there are four distinct stages
of biofilm formation (i) attachment, (ii) development, (iii) matu-
ration and (iv) dispersal. During attachment, bacteria irreversibly
attach to a surface, lose flagella and begin to produce biofilm ma-
trix components (Waite et al., 2005; Kaplan, 2010). Production
of matrix components and replication continues throughout devel-
opment (Sharma et al., 2019). Biofilm maturation is characterised
by the manifestation of resistance to environmental stressors and
antibiotics (Flemming, 1993; Gilbert et al., 1997; Díaz-Salazar et
al., 2017). After maturation, dispersal can occur by physical or
enzyme-mediated separation from the underlying surface, thereby
starting the cycle anew (Kaplan, 2010).

stages of development (Sauer et al., 2002; Davies and Marques, 2009). Dispersal

is thought to promote infection by allowing bacterial cells to move to new areas

in the host to begin biofilm formation at new sites (Flemming et al., 2007). It is

possible that P. syringae biofilm formation progresses in a similar manner as Pst

and P. aeruginosa PAO1 share an average nucleotide identity of 74% while iden-

tity of PAO1 to Cellvibrio japonicus was only 66% (calculated using blast ANIb)

(Mulet et al., 2010). Furthermore, 53% of P. aeruginosa genes have Pst homologs

(>80% identity at the nucleotide level) (Jensen et al., 2004).

During infection of Arabidopsis by Pst, biofilm formation may contribute to

protecting Pst cells against environmental stress experienced during infection of

6
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the leaf intercellular space. Leaf intercellular stress includes desiccation, salt-

stress, starvation and antimicrobial activity (Flemming, 1993; Gilbert et al., 1997;

Díaz-Salazar et al., 2017). More specifically, some EPS produced by Pseudomonas

syringae pv. syringae (Pss) was associated with epiphytic growth on host (bean)

and non-host plants (tomato), suggesting that EPS production is important for

infection (Yu et al., 1999). In terms of EPS production, Pst DC3000 contains the

genomic loci for synthesis of polysaccharide single locus (psl), levan, cellulose and

alginate (Buell et al., 2003). Only production of levan, cellulose and alginate have

been observed in P. syringae during in vitro studies of Pseudomonas syringae pv.

glycinea (Psg) and Pst (Osman et al., 1986; Prada-Ramírez et al., 2016).

EPS of biofilms are often visualised using concanavalin A (ConA), a fluores-

cently labelled lectin that binds to mannose (Goldstein and Poretz, 1986). con-

canavalin A (ConA) is thought to bind the mannuronic acid subunits of alginate

(Strathmann et al., 2002) and was found to bind alginate isolated from P. aerugi-

nosa biofilms, but was unable to bind Psg biofilms (Strathmann et al., 2002; Laue

et al., 2006). Therefore Laue et al. (2006) suggest ConA might not bind alginate in

Psg due to a lower ratio of mannuronic acid subunits compared to P. aeruginosa.

ConA also binds levan, another EPS produced by Pst suggesting that levan may

be an important component of Pst biofilms (Fig. 1.2; Goldstein and Poretz, 1986;

Osman et al., 1986)

7
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Figure 1.2: Chemical structure of Pst extracellular
polysaccharides.

Levan

Levan is a β-branched polyfructan (Fig. 1.2) synthesized from sucrose by the ex-

tracellular enzyme levansucrase in Psg (Osman et al., 1986; Li and Ullrich, 2001;

Laue et al., 2006). The function of levan is poorly understood because the biofilm

model species P. aeruginosa lacks the genes that encode levansucrase (Loper et al.,

2012) and the role of Pst-produced levan during infection remains uncharacterised.

However, several in vitro studies are helping to reveal the function of levan in Psg

biofilms (Osman et al., 1986; Li and Ullrich, 2001; Laue et al., 2006). To facilitate

the development of large mature biofilms, Psg was grown using a continuous flow

cell, thereby providing a constant supply of fresh nutrients to the growing biofilm

(Laue et al., 2006). Laue et al. (2006) found that ConA localised to the spaces

between bacterial cells in developing biofilms of alginate-deficient levan-producing
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Psg. For this reason, it was speculated that levan may function in carbohydrate

nutrient storage rather than playing a structural role in biofilm development (Laue

et al., 2006).

Given that ConA was found to bind alginate in P. aeruginosa, which lacks the

genes required for levan production (Strathmann et al., 2002) and Psg produces

both alginate and levan, Laue et al. (2006) examined the alginate and levan bind-

ing specificity of ConA in Psg biofilms. They found that ConA stained mature

wild-type Psg biofilms but not mature biofilms of levansucrase mutants grown

in continuous flow cultures suggesting that Psg biofilms contain the EPS levan

(Laue et al., 2006). To confirm that ConA was binding specifically to levan, Psg

biofilms were treated with a levan-degrading enzyme and this treatment was found

to reduce ConA binding to background levels (Laue et al., 2006). These results

suggest that levan, but not alginate, is a major EPS component of Psg biofilms.

Given that Psg and Pst are different pathovars of the same species, it is possible

to speculate that levan is an EPS component of Pst biofilms.

Cellulose

Cellulose is a polysaccharide composed of β(1,4)-linked glucose subunits (Fig. 1.2)

found in plant cell walls (Mitra and Loqué, 2014). The β(1,4) glucose linkages

of cellulose are ideal binding substrates for the fluorescent dye calcofluor white

(CFW) (Mitra and Loqué, 2014). When many P. syringae isolates, including Pst,

were selectively grown in static king’s B cultures, a wrinkly biofilm-like structure

formed at the air-liquid interface (Ude et al., 2006). The structure of air-liquid
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biofilms is unlike archetypal biofilms which form at surface-liquid interfaces (Ude

et al., 2006). To determine the composition of the air-liquid biofilm structure the

cellulose-specific dye CFW was used. The air-liquid biofilms of Pst were found to

bind CFW, suggesting that Pst produces cellulose (Ude et al., 2006). A follow-

up study determined that CFW did not stain biofilms of the proposed cellulose

synthase mutant Pst ∆wssBC at the air-liquid boundary, suggesting that cellu-

lose is a component of Pst biofilms (Farias et al., 2019). Additionally, air-liquid

biofilms of wild-type Pst, but not the cellulose synthase mutant (Pst ∆wssBC ),

were observed to contain a matrix-like structure, suggesting that cellulose could

be a major structural component of Pst biofilms (Farias et al., 2019). The Pst

∆wssBC mutant grew like wild-type Pst in tomato, suggesting that cellulose is

not important for successful infection of tomato (Prada-Ramírez et al., 2016). In

contrast, the Pst cellulose synthase (WssBC) operon was highly expressed when

Pst interacted with resistant compared to susceptible Arabidopsis, suggesting cel-

lulose could be important for growth in resistant but not susceptible plants (Nobori

et al., 2018). Recently, our lab observed co-localization of CFW staining and Pst

biofilm-like aggregates in infected Arabidopsis leaves suggesting that cellulose may

be a component of Pst biofilms (Fufeng et al., 2020).

Alginate

Alginate is the most widely studied EPS in Pseudomonad species (Doggett, 1969).

Alginate is an EPS made up of homopolymeric blocks of β(1,4)-mannuronic acid

and α(1,4)-guluronic acid (Fig. 1.2; Grasdalen, 1983). Alginate production by

Psg was directly confirmed using NMR (Bruegger and Keen, 1979; Osman et
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al., 1986). The lectin binding protein ConA binds β(1,4)-mannuronic linkages

found in alginate (Goldstein and Poretz, 1986). Experiments with wild-type

and alginate-deficient Psg demonstrated that ConA stained both wild-type and

alginate-deficient Psg biofilms suggesting that ConA is interacting with a differ-

ent EPS rather than alignate (Laue et al., 2006). As the ratio of mannuronic to

guluronic acid varies among isolates of P. aeruginosa (Evans and Linker, 1973), it

is possible that this ratio is highly variable in other Pseudomonas species. There-

fore Psg alginate may also contain low mannuronic acid content and may not be

detected by ConA (Laue et al., 2006). As mannuronic and guluronic acid are

both uronic acids, the concentration of uronic acid gives a reasonable estimate of

alginate concentration (Osman et al., 1986). To determine if alginate production

was regulated by AlgU, Markel et al. (2016) measured the concentration of uronic

acid in various strains of Pst. Uronic acid production was higher in wild type,

than ∆algD or ∆algU mucAB lines of Pst (Markel et al., 2016). Overexpression

of AlgU rescued wild-type levels of uronic acid production in Pst ∆algU mucAB

but not Pst ∆algD (Markel et al., 2016) suggesting that alginate production is

controlled by the regulatory protein, AlgU and requires the biosynthetic enzyme

AlgD. AlgD is a GDP-mannose-dehydrogenase which in P. aeruginosa produces

the mannuronic acid present in alginate polymers (Tatnell et al., 1994; Hay et al.,

2013). While this has never been experimentally proven in P. syringae, the coding

sequence of AlgD in Pss FF5, shares 80-90% nucleotide identity with the putative

ortholog in P. aeruginosa cystic fibrosis isolates suggesting functional similarity

between these proteins (Tatnell et al., 1994; Fakhr et al., 1999).
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In several Pseudomonas species the regulation of alginate production is con-

trolled by the AlgU MucAB operon (Martin et al., 1994; Markel et al., 2016). AlgU

(also known as RpoE, AlgT, σE, or σ22) is an ECF sigma factor which localises

to the cytoplasm at the inner plasma membrane. ECFs are a family of proteins

that perceive stress signals from outside the membrane via binding to a trans-

membrane protein. The transmembrane protein for AlgU is the anti-sigma factor

MucA, which in the absence of external stimuli, binds and sequesters P. aeruginosa

AlgU (Xie et al., 1996; Mathee et al., 1997). MucA is protected from proteolytic

cleavage by the periplasmic localising protein MucB (Mathee et al., 1997; Cezair-

liyan and Sauer, 2009). However in response to external stimuli MucA is degraded

through AlgW-mediated proteolytic cleavage which frees AlgU to induce expres-

sion of the alginate biosynthetic operon including AlgD, thereby initiating alginate

production (Qiu et al., 2007; Cezairliyan and Sauer, 2009; Markel et al., 2016). In

P. aeruginosa, but not P. syringae, another regulator, AlgR is required for acti-

vation of the AlgD operon (Mohr et al., 1991; Fakhr et al., 1999). Therefore it is

possible that Pst AlgU directly binds the AlgD promoter sequence, which contains

the AlgU consensus binding sequence (Fakhr et al., 1999).

Currently, only a handful of studies have investigated the function of P. syringae

alginate in plant-pathogen interactions. Yu et al. (1999) found that alginate pro-

duction was important for the epiphytic growth of Pss on bean leaves, indicating

that alginate could be important for infection. This has been supported more

recently when the alginate biosynthesis cluster, including AlgD was found to be

expressed at higher levels by Pst in Arabidopsis compared to in vitro (Nobori et al.,

2018). Additionally, studies in tomato demonstrated that the Pst ∆algU mucAB
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mutant grew less well ( 3.5-fold lower levels of bacteria) compared to wild-type

Pst (Markel et al., 2016). Wild-type Pst bacterial levels in tomato were restored

in cells complemented with AlgU, suggesting that AlgU is a regulator required for

successful infection by Pst of tomato (Markel et al., 2016).

The sigma factor AlgU is involved in many other cellular processes besides al-

ginate production (Fig. 1.3). For example, RNA sequencing analysis of Pst ∆algU

mucAB ∆algD growing in culture with or without a functional copy of AlgU,

revealed that expression of AlgU coincided with expression of genes involved in

T3SS pilus formation, production of effector proteins, and iron mobilisation, while

expression of genes involved in motility and iron storage were repressed (Markel

et al., 2016). Studies in wild-type and Pss ∆algU revealed that AlgU function

was associated with greater tolerance to heat and H2O2 treatments (Keith and

Bender, 1999). Osmotic stressors, NaCl and sorbitol treatments strongly induced

GUS activity in an AlgU promoter:GUS transgenic Pss suggesting that AlgU may

regulate the response to osmotic stress (Keith and Bender, 1999). The data from

these studies suggests AlgU is a regulator of numerous cellular processes and sev-

eral of these processes are known to be important for successful infection of plants

(Fig. 1.3; Keith and Bender, 1999; Markel et al., 2016).

1.4.3 Type 3 sectretion systems and effector proteins

To evade plant defence responses many bacterial pathogens secrete effector proteins

into the plant cytoplasm using the type 3 secretion system (T3SS) (Jin et al.,

2001; Li et al., 2002). The P. syringae T3SS pilus and many effector proteins
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Figure 1.3: Model of proposed cellular effects of increased
AlgU expression. Functional AlgU in P. syringae is associated
with tolerance to environmental stressors, including heat, osmotic
and oxidative stress (Keith and Bender, 1999). Another study de-
termined that overexpression of AlgU caused differential expression
of genes involved in many biological processes (Markel et al., 2016).
These results suggest that up-regulation of AlgU could cause con-
current production of alginate, mobilisation of iron, reduction in
motility, and induction of the T3SS-gene cluster (involved in effec-
tor protein and T3SS pilus formation) (Markel et al., 2016).

are encoded in the Hypersensitive response and pathogenicity (Hrp) gene cluster

(Buell et al., 2003). As many of these genes contribute to infection, this gene

cluster is a genomic region of great importance for infection. Regulation of the

Hrp gene cluster is thought to be controlled mainly by the Pst ECF sigma factor

HrpL (Lam et al., 2014). The expression of HrpL and therefore the Hrp gene
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cluster is regulated by the transcriptional activator HrpRS (Jovanovic et al., 2014).

A recent study used a combined approach of Chip-Seq and RNA-sequencing to

explore the regulatory effects of AlgU in Pst. This study revealed that AlgU bound

the promoter region of HrpRS and expression of AlgU induced HrpRS expression

(Markel et al., 2016). This suggests that AlgU directly regulates expression of

the Hrp gene cluster through positive regulation of HrpRS, thus AlgU could be

important for infection through activation of the Hrp pilus and effector proteins

(Markel et al., 2016).

Investigating the environmental cues which facilitate the perception of the plant

apoplast (leaf intercellular spaces) is important for understanding how bacteria

regulate pathogenesis genes to begin infection in leaves. For example, growth of

Pst in apoplast mimicking hrp-inducing minimal media (HIM) media stimulated

expression of the Hrp transcriptional activators HrpL and HrpRS (Kim et al., 2009;

Stauber et al., 2012). Furthermore, changing the carbon source present in HIM

media differentially affected the expression of the Pst transcriptional activators

HrpL and HrpRS as well as the downstream virulence effector AvrPto (Stauber

et al., 2012). Changing the carbon source in HIM from fructose to citric acid or

succinate reduced expression of HrpRS, HrpL and AvrPto (Stauber et al., 2012).

This suggests that certain carbon sources facilitate bacterial recognition of the leaf

apoplastic space. Moreover, another virulence effector HopA1 was expressed when

cultured in HIM supplemented with iron, suggesting iron availability could also

be a signal to alert bacteria that they are in the leaf apoplast (Kim et al., 2009).

These studies provide novel insights into bacterial perception of plant metabolites

that stimulate the infection process.
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1.5 PAMP-triggered immunity (PTI)

One of the first responses that plants employ to resist pathogens is PTI (Boller

and Felix, 2009). pathogen-Associated Molecular Patterns (PAMPs) are general

features common to a wide variety of pathogens, such as chitin, a constituent of

fungal cell walls, elongation factor (EF)-Tu, a component of the translation ma-

chinery of bacteria, and flagellin, the major protein of bacterial flagella (Kunze et

al., 2004; Zipfel et al., 2004; Cao et al., 2014). Plants recognise PAMPs using cell

surface pattern recognition receptors (PRRs) (Chinchilla et al., 2006). These PRRs

include CHITIN ELICITOR RECEPTOR KINASE1 (CERK1), EF-TU RECEP-

TOR (EFR) and FLAGELLIN-SENSITIVE2 (FLS2), that can bind chitin, EF-Tu,

and flagellin, respectively (Chinchilla et al., 2006; Nekrasov et al., 2009; Cao et al.,

2014). The recognition of flagellin and EF-Tu requires not only the corresponding

PRRs, but BRASSINOSTEROID INSENSITIVE1-ASSOCIATED RECEPTOR

KINASE1 (BAK1), a leucine-rich receptor kinase (Heese et al., 2007; Roux et al.,

2011). Research suggests that upon PAMP binding, FLS2 and EFR undergo a

conformational change and heterodimerize with BAK1 (Fig. 1.4; Chinchilla et al.,

2007). BAK1 is then thought to activate BIK1, since BAK1 can heterodimerize

and phosphorylate BIK1 in vitro (Lin et al., 2014).

In addition to interacting with BAK1, BIK1 is thought to act at the conver-

gence of several PAMP-PRR pathways to induce WRKY signaling (Zhang et al.,

2010; Lal et al., 2018). For example, BIK1 activation also occurs when chitin

is perceived by the LYSM-CONTAINING RECEPTOR-LIKE KINASE5 (LYK5)-

CERK1 complex (Liu et al., 2018). In this complex, CERK1 activation is thought
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Figure 1.4: Model of flg22-initiated PTI. The initiation
of PTI begins with the binding of the bacterial flg22 epitope to
the PRR, FLS2 (Chinchilla et al., 2006). BAK1 recognizes the
flg22-FLS2 PAMP-PRR complex and phosphorylates BIK1 (Lin et
al., 2014). Upon phosphorylation BIK1 binds WRKY transcrip-
tion factors to activate downstream PTI defense genes (Tsuda and
Somssich, 2015; Lal et al., 2018; Liu et al., 2018)

to require heterodimerization with the chitin receptor LYK5, thereby activating

BIK1 (Cao et al., 2014). BIK1 localises to both the plasma membrane and the

nucleus, where it was shown to interact with Salicylic acid (SA)- and JA-related

WRKY factors in Nicotiana benthamiana using a bimolecular fluorescent com-

plementation assay (Lal et al., 2018). The kinase activity of BIK1 is required

for positively regulating downstream PTI signaling in response to flg22, elf18 (a

derivative of EF-Tu) and chitin (Zhang et al., 2010; Lal et al., 2018). This data

17

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Master of Science– Garrett M. Nunn; McMaster University– Department of
Biology

demonstrates that upon phosphorylation, BIK1 induces PTI downstream signal-

ing via the WRKY transcription factors (Fig. 1.4; Tsuda and Somssich, 2015; Lal

et al., 2018; Liu et al., 2018.

PTI signaling initiates several defense responses including stomatal closure,

callose deposition in the cell wall, and accumulation of several defence related

molecules, including phytoalexins and Pathogenesis-related (PR) proteins (Henry

et al., 2013). The PTI response is thought to produce an inhospitable environment

for invading pathogens (Laluk and Mengiste, 2010) and pathogens are thought to

have evolved mechanisms to suppress PTI (Zvereva and Pooggin, 2012).

Several Pst virulence effectors have been implicated in suppression of these

defense responses. For example, AvrPto is a member of the HrpL regulon and is up-

regulated by AlgU (Ferreira et al., 2006; Markel et al., 2016). In vitro and in vivo

studies demonstrated that AvrPto binds the PRRs, FLS2 and EFR (Xiang et al.,

2008) and binding of AvrPto to FLS2 and EFR inhibited the autophosphorylation

of these PRRs and was required for maximal suppression of PTI by AvrPto (Xiang

et al., 2008).

1.6 Effector-triggered immunity (ETI)

As pathogens evolved effectors to suppress plant defence responses, plants evolved

mechanisms to detect these effectors and initiate Effector-triggered immunity (ETI)

(Zvereva and Pooggin, 2012). Pathogen effectors are detected by Resistance (R)

receptors either directly or indirectly (Hurley et al., 2014). One example of

18

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Master of Science– Garrett M. Nunn; McMaster University– Department of
Biology

an indirect interaction occurs when the R receptor RESISTANCE TO P. SY-

RINGAE PV MACULICOLA1 (RPM1) perceives that the plant protein, RPM1-

INTERACTING PROTEIN4 (RIN4), has been proteolytically degraded by the

Pst effector AvrRpt2. This recognition of RIN4 degradation leads to activation of

the ETI response (Mackey et al., 2002; Axtell and Staskawicz, 2003; Kim et al.,

2005).

Even though ETI and PTI employ similar signaling networks to induce defence,

there are differences between these responses (Tsuda and Katagiri, 2010). The

current theory is that the main difference PTI and ETI is length of the response,

PTI is considered to be transient, while ETI is a prolonged response (Tsuda and

Katagiri, 2010). This is consistent with recent findings that during ETI but not

other defence responses there is a prolonged activation of the MAPK signaling

cascade, which leads to the activation of defense responses (Tsuda et al., 2013).

However, the PTI and ETI pathways share signaling components such as Ca2+,

Reactive Oxygen Species (ROS) bursts and transcriptional reprogramming (Tsuda

and Katagiri, 2010). The Hypersensitive response (HR), a form of programed cell

death is associated with ETI and is thought to limit the spread of biotrophic

pathogens (reviewed in Cui et al., 2015). Finally, SA accumulates in Arabidopsis

both within the cell and in the intercellular space during ETI (Carviel et al.,

2014). During ETI, SA acts as a signaling molecule and initiates downstream

defence pathways (Vlot et al., 2009).
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1.7 Salicylic acid

Many studies support the idea that the phenolic compound, salicylic acid is a sig-

naling molecule in plant defence responses (reviewed in Vlot et al., 2009). In

Arabidopsis, biosynthesis of SA occurs in one of two pathways, the isochoris-

mate (ICS) or phenylalanine (PAL) pathways. ISOCHORISMATE SYNTHASE1

(ICS1) catalyzes the production of isochorismate from chorismate (Dempsey et al.,

2011). A recent study provides evidence that the conversion of isochorismate to

SA is completed by EHANCED PSEUDOMONAS SUSCEPTIBILITY1 (EPS1)

and AVRPPHB SUSCEPTIBLE3 (PBS3) (Torrens-Spence et al., 2019).

SA biosynthesis via the ICS pathway is an important part of disease resistance

(Wildermuth et al., 2001). ICS1, also known as SALICYLIC ACID INDUCTION

DEFICIENT2 (SID2), is expressed in response to infection by P. syringae and the

ICS1 mutant sid2-2 accumulates little SA in response to infection (Wildermuth et

al., 2001). Pseudomonas syringae pv. maculicola (Psm) was found to grow more

quickly in the sid2-2 mutant compared to wild-type Arabidopsis (Wildermuth et

al., 2001). SA is produced in chloroplasts and then exported to the cytoplasm via

the plastid envelope localised transporter EDS5 (Serrano et al., 2013; Yamasaki

et al., 2013). Plants that are defective in producing isochorismate-derived SA are

defective in ETI, PTI, Systemic-acquired resistance (SAR), and Age-related resis-

tance (ARR) (Kus et al., 2002; reviewed in Vlot et al., 2009). This demonstrates

that SA is an important plant metabolite that governs a wide spectrum of plant

defense responses.
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The defence regulator NON-EXPRESSOR OF PATHOGENESIS-RELATED

GENES (NPR)1 plays a central role in SA-mediated defence responses such as PTI,

ETI and SAR. Upon SA accumulation, NPR1 becomes activated and translocates

to the nucleus to activate expression of downstream defence genes such as PR1

(Kinkema et al., 2000). Whether SA activates NPR1 through direct binding is

still an active area of research. Researchers at Duke University found that in vitro

purified GST-tagged NPR3 and NPR4, but not NPR1 bound SA, suggesting that

NPR1 is controlled through NPR3/4 (Fu et al., 2012). However several other

studies support the idea that SA binds NPR1 directly (Wu et al., 2012; Manohar

et al., 2015; Ding et al., 2018). Wu et al. (2012) and Ding et al. (2018) identified

independent single amino acid mutations in NPR1 that caused conformational

changes in NPR1 that inhibited SA binding in vitro. Another study used several

high throughput methods developed to identify putative SA binding proteins and

found that NPR1 bound SA (Manohar et al., 2015). Additionally, Wu et al. (2012)

suggest that NPR1 requires copper to bind SA, however unpublished evidence

suggests that copper did not induce GST-NPR1 to bind SA (Yan and Dong, 2014).

It is possible that the large GST affinity tag used in this study could have negatively

affected the biological function of the GST-NPR1 fusion protein and inhibited SA

binding (Zhao et al., 2013).

Some think that NPR1-mediated activation of defense is mediated through

control of NPR1 protein levels. The Cullin 3 (CUL3) E3 ligase adapters NPR3

and NPR4 have been implicated in NPR1-degradation activity (Fu et al., 2012).

These SA-binding proteins were found to interact with NPR1 in an SA-dependent
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manner and upon interaction, function as adapters for CUL3 ubiquitin E3 lig-

ase, thereby mediating the degradation of NPR1 (Fu et al., 2012). The authors

suggest that NPR4 prevents over activity of SA-mediated defences by degrading

NPR1 at low SA concentrations, while at high SA concentrations NPR3 prevents

prolonged activation of SA-mediated defences through degradation of NPR1 (Fu

et al., 2012). Alternatively, NPR3/4 could function as defence responses regulators

as they were found to redundantly repress the early defence genes WRKY70 and

SAR-DEFICIENT1 (SARD1) (Ding et al., 2018). Interestingly, treatment with SA

alleviated the NPR3/4-mediated repression of WRKY70 and SARD1, suggesting

that these proteins could function independently of NPR1 (Ding et al., 2018).

1.8 Age-Related Resistance (ARR)

As many plants age they become resistant to infection, this phenomenon is called

Age-Related Resistance (ARR). ARR has been observed in many crop plants such

as maize, soybean, strawberry, cabbage, tobacco, pepper, and tomato (reviewed in

Develey-Rivière and Galiana, 2007). ARR has been observed during the interac-

tion of Arabidopsis with Pst, Psm and the oomycete, Hyaloperonospora parasitica

(Kus et al., 2002; Rusterucci et al., 2005; Carviel et al., 2009).

In Arabidopsis, the onset of ARR corresponds with the transition from vege-

tative to reproductive growth, suggesting that one underlying mechanism could

be controlling both flowering and ARR (Kus et al., 2002). To investigate if early

initiation of flowering induces ARR, plants were grown in conditions that led to

early or delayed flowering. Under short days, plants flower later at 5 to 6 weeks
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and ARR onset in Arabidopsis typically occurs at 5 to 6 wpg (Kus et al., 2002).

However, when grown under long days, Arabidopsis flowered earlier at 3 to 4

weeks and ARR onset occurred earlier at 3 to 4 wpg (Rusterucci et al., 2005).

This supports the hypothesis that ARR and flowering are related. However, the

reason plants flower faster under long days is probably due to faster development,

therefore ARR could be induced by a related developmental pathway rather than a

flowering pathway. To determine if the initiation of flowering is coupled with ARR

onset, the ARR competence of several early and late flowering mutants of ARR

was examined. Both early and late flowering mutants displayed ARR at 5 to 6

weeks, therefore the transition from vegetative to reproductive growth is probably

not the cue for ARR onset (Wilson et al., 2013).

1.8.1 The role of SA during ARR

The ability to accumulate SA is important during ARR as several SA accumulation

mutants, NahG, sid2 and eds5, were shown to be ARR-defective (Kus et al., 2002).

Since SA generally acts as a defence signaling compound in young plants, it is

interesting that NPR1, a central regulator of defence, and WHIRLY1 (WHY1),

another SA-dependent defence regulator, were not required for ARR (Kinkema et

al., 2000; Kus et al., 2002; Desveaux et al., 2004; Carella et al., 2015). Additionally,

young plants accumulate PR1 transcripts 12 to 24 hours after treatment with SA,

while mature ARR-responding plants in which SA accumulates to high levels,

express little PR1 (Cameron and Zaton, 2004; Uquillas et al., 2004). These data

suggest that SA functions in a different way during ARR (Kus et al., 2002).
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During infection Pst grows in the leaf apoplastic space (Whalen et al., 1991)

and this gave rise to the idea that SA could act directly as an antimicrobial agent

in the apoplast (Cameron and Zaton, 2004). To investigate this hypothesis, In-

tercellular washing fluids (IWFs) from the apoplast of mature and young leaves

were collected during infection. IWFs from mature, but not young plants inhibited

bacterial growth, suggesting something important to defence was present in the

IWFs (Cameron and Zaton, 2004). Moreover, SA was shown to accumulate in

IWFs collected from ARR-competent mature, but not IWFs collected from young

plants inoculated with Pst (Cameron and Zaton, 2004). Taken together, these two

experiments support the hypothesis that SA accumulates in the leaf intercellular

space during ARR and could act as an antimicrobial agent.

To obtain evidence in support of the idea that SA acts as an antimicrobial agent,

Pst were cultured in leaf intercellular space-mimicking HIM media, supplemented

with various concentrations of SA. It was observed that high concentrations of SA

(>1 mM) completely inhibited the growth of Pst bacteria (Wilson et al., 2017).

At SA concentrations that were estimated in to be present in the leaf intercellular

space during ARR, SA modestly inhibited growth of Pst in culture (Cameron and

Zaton, 2004; Wilson et al., 2017). This could indicate that SA in the apoplast

has an additional antimicrobial effect during infection (Wilson et al., 2017). To

determine if SA could act as an antibiofilm agent during infection, Pst was grown

in apoplastic mimicking minimal media supplemented with SA without agitation.

The biofilm formation of Pst was completely inhibited at concentrations of SA

(100 µM) estimated to be present in the apoplast during infection (Wilson et al.,

2017).
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1.8.2 The role of CYP71A12 and CYP71A13 during ARR

ARR microarrays were employed to find genes that may be important for ARR by

identifying transcripts that were up- or down-regulated in mature ARR-competent

plants in response to Pst, compared to mock-inoculated plants (Carviel et al.,

2009). The most highly up-regulated gene in mature plants was CYP71A13, a cy-

tochrome P450 involved in camalexin biosynthesis (Carviel et al., 2009). CYP71A13

appears to function redundantly with CYP71A12 based on the fact that these

genes share 89% amino acid sequence similarity and the biosynthesis of the down-

stream indolic compound, camalexin, requires only one of these genes (Müller et

al., 2015). Interestingly, a cyp71a12 cyp71a13 double mutant was partially ARR

defective (Kempthorne, 2018). This combined with the ARR competence of the

camalexin biosynthesis mutant pad3-1, suggests that an indole derivative other

than camalexin is important for ARR (Kempthorne, 2018). To determine which

indole derivative was important for ARR, ultra-performance liquid chromatogra-

phy mass spectrometry was performed on intercellular washing fluids collected

from mature and young plants (Kempthorne, 2018). Non-targeted metabolomic

analysis identified Dihydrocamalexic acid (DHCA) as accumulating in IWFs of

mature but not young plants (Kempthorne, 2018). Supporting the connection be-

tween DHCA and CYP71A12 and CYP71A13, the partial ARR defect observed in

cyp71a12 cyp71a13 could be complemented by infiltrating leaves with DHCA prior

to inoculation with Pst (Kempthorne, 2018). These data support the hypothesis

that CYP71A12 and CYP71A13 contribute to ARR by producing intercellular

DHCA. However, DHCA does not appear to have in vitro antibiofilm activity

(Kempthorne, 2018).
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1.8.3 SA transport

The current understanding of defence-related SA transport begins in chloroplasts,

where ICS1 converts chorismate to isochorismate (Garcion et al., 2008; Fragniere

et al., 2011) which is converted to SA by EPS1 and PBS3 (Torrens-Spence et al.,

2019). Once SA is produced in the chloroplasts, EDS5 a multidrug-and-toxin ex-

trusion (MATE) protein, is thought to transport SA into the cytoplasm (Nawrath

et al., 2002; Serrano et al., 2013; Yamasaki et al., 2013). Once in the cytoplasm,

SA is thought to be converted into Salicylic acid glucose (SAG) conjugates, which

are more water-soluble and inactive (Dean et al., 2003; Dean and Mills, 2004;

Dempsey et al., 2011; Maruri-López et al., 2019). Data from our lab demonstrates

that SA is present in the intercellular space during ARR, ETI and PTI, suggesting

that SA transport into the intercellular space could be widely conserved during

immune responses (Cameron and Zaton, 2004; Carviel et al., 2014; Fufeng et al.,

2020).

The SA cytoplasm-to-apoplast transport mechanism is still unknown, although

there are a couple of mechanistic possibilities. One possibility is that the active

form of SA is transported into the apoplast (Dempsey et al., 2011). As the only

known plant SA transporter, EDS5, is a MATE protein, it is possible that another

MATE protein is responsible for SA transport into the apoplast (Nawrath et al.,

2002; Serrano et al., 2013).

Another possibility is that SAG, an inactive form of SA, is transported into the

apoplast, whereupon the glucoside is removed. As treatment with an ATP-binding
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cassette (ABC) transport inhibitor reduced SAG uptake by vacuolar membrane-

enriched vesicles, an unidentified ABC transporter was implicated in transport of

SAG into the vacuole (Vaca et al., 2017). The ABC subfamily G contains two types

of transporters, the white-brown complex (WBC) transporters and pleiotropic drug

resistance (PDR) transporters (Lefèvre and Boutry, 2018). Several members of the

ABC transporter G subfamily have been implicated in secretion of defense-related

compounds to plant surfaces (Campbell et al., 2003; Campe et al., 2016; Hwang

et al., 2016; Khare et al., 2017; He et al., 2019; Matern et al., 2019). This leads

to the idea that an ABC subfamily G transporter is responsible for secretion of

either SA or its inactive form into the leaf apoplast.

The best current candidate for an apoplastic SA-transporter is probably the

ABC subfamily G protein PDR8, also known as PEN3 or ABCG36. When tran-

siently expressed in N. benthamiana, PDR8 localised to the cytoplasm-plasma

membrane interface (Campe et al., 2016). Additionally, in Arabidopsis PDR8 and

PDR12 were the only PDR proteins expressed upon fungal infection and a GUS

reporter assay found that both of these PDR proteins localised to the site of in-

fection (He et al., 2019). In response to fungal infection, PDR8 has been shown to

play an active role in transport of many tryptophan-derived metabolites, including

DHCA (Strader and Bartel, 2009; Lu et al., 2015; He et al., 2019; Matern et al.,

2019). Additionally, PDR8 was found to act as cadmium extrusion pump during

heavy metal toxicity demonstrating it has broad substrate specificity (Kim et al.,

2009). The broad substrate specificity of PDR8 suggest that SA or SAG could be

transported by this protein.

However, there is no direct evidence that PDR8 is an SA/SAG transporter,
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although there is some circumstantial evidence suggesting it could act in this role.

Hyperaccumulation of camalexin and 4OGlcI3F in pen3 mutants was used as the

basis for research that eventually led to PDR8 being described as a transporter of

these trp-metabolites (Lu et al., 2015; He et al., 2019). In the same way, SA and

SAG were determined to hyperaccumulate in the tissue of several pen3 mutants in

response to fungal infection, supporting the idea that PDR8 could be an SA/SAG

transporter (Lu et al., 2015). Independently, Stein et al. (2006) found that in

response to infection many SA pathway associated genes responded more strongly

in pen3-1 compared to wild-type Arabidopsis. Interestingly, PDR8 might act as an

SA transporter during ETI, as infection with avirulent Pst results in accumulation

of PDR8 and SA (Glombitza et al., 2004; Carviel et al., 2014). Taken together,

these data suggest that PDR8 might transport SA into the apoplast during both

fungal infection and ETI.

PDR8 and PDR12 may also function redundantly in SA/SAG and camalexin

transport into the apoplast as evidence suggests these proteins both secrete ca-

malexin in response to fungal infection (He et al., 2019). Furthermore, transcripts

of PDR12, but not other PDR genes had higher expression levels upon fungal

infection in pen3-1 compared to wild type (Campbell et al., 2003). Additionally,

PDR12 expression was induced 260-fold by treatment with salicylic acid, suggest-

ing PDR8 and PDR12 could redundantly export SA into the apoplast (Campbell

et al., 2003; Stein et al., 2006). This problem could be avoided by studying the

pdr8 pdr12 double mutant alongside the individual mutants (He et al., 2019).
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1.8.4 ARR signaling pathway

Although ARR competence can be uncoupled from flowering, a number of flowering

time regulators have been found to be involved in the ARR response (Wilson et al.,

2013; Wilson et al., 2017).

Wilson et al. (2013) provided evidence that FLOWERING LOCUS C (FLC),

a negative regulator of flowering may contribute to ARR, however the mecha-

nism for FLC involvement in ARR has not been investigated, whereas the role of

SHORT VEGETATIVE PHASE (SVP) and SOC1 was investigated further. The

two MADS-domain transcription factors, FLC and SVP can individually suppress

several flowering time regulators (Deng et al., 2011; Gregis et al., 2013). SVP and

FLC are thought to form a complex to enhance suppression of flowering (Mateos

et al., 2015). Specifically, Chip-Seq and qRT-PCR revealed that SVP could bind to

the promoter sequence and repress expression of SUPPRESSOR OF CONSTANS1

(SOC1) (Li et al., 2008). SOC1 is a positive regulator of LEAFY (LFY), which

promotes reproductive growth (reviewed in Amasino, 2010). During ARR, the

SVP mutants svp-32 and svp-41 were demonstrated to be ARR-defective and un-

able to repress flowering (Wilson et al., 2017). Crossing the ARR-defective plant

line svp-32 with the late flowering mutant soc1-2 mutant rescued ARR, suggesting

SVP represses SOC1 during ARR (Wilson et al., 2017). Characterising the ARR

response in soc1-101D revealed that SOC1 overexpression repressed ICS1 and ac-

cumulation of intercellular SA (Wilson et al., 2017). This suggests that SOC1 acts

downstream in the ARR signaling pathway to suppress accumulation of SA in the

intercellular space until SVP becomes competent to repress SOC1 allowing SA to
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accumulate in the intercellular space where it is thought to act as an antimicrobial

and antibiofilm agent (Wilson et al., 2017).

1.9 Hypotheses and objectives

CHAPTER 3: Investigating the role of alginate in protecting Pst from

the antimicrobial effects of salicylic acid.

Hypothesis: The ability to produce alginate contributes to protecting Pst from

the antimicrobial and antibiofilm effects of SA in vitro.

Objectives:

i Examine if SA negatively impacts the in vitro growth of Pst mutants that

produce little alginate (Pst ∆algD, Pst ∆algU mucAB ∆algD) compared to

wild-type Pst.

ii Examine if SA negatively impacts in vitro biofilm formation in Pst mutants

that produce little alginate (Pst ∆algD, Pst ∆algU mucAB ∆algD).

CHAPTER 4: Exploring global gene expression during ARR and the

contribution of PTI to ARR

Hypothesis 1: Components of the PTI pathway contribute to ARR

Objective: Determine the ARR competency of the PTI mutants bak1-3,

bik1, efr, and fls2.
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Hypothesis 2: Many genes that are differentially expressed during ARR contribute

to ARR.

Objective: Use RNA-Seq to identify differentially expressed genes in

mature ARR-competent compared to young ARR-incompetent plants

to identify candidate genes that may contribute to a successful ARR

response.

1.10 Cameron lab contributions not presented in

this thesis

PAMP-triggered immunity and biofilm formation

Current research in our lab includes investigating if biofilm formation is an

important component of Pst pathogenesis and virulence during infection of Ara-

bidopsis. I contributed to this investigation by assisting with imaging and quan-

tification of wild-type Pst and Pst ∆algU mucAB ∆algD biofilm-like aggregates

and determining if these aggregates contain biofilm components. I also helped to

investigate if SA acts as an antimicrobial and antibiofilm agent during PTI. I will

be an author on a paper describing this work.

PIP-induced defence in cucumber

Other research in the lab is focused on examining the resistance- inducing ac-

tivity of pipecolic acid, a small naturally produced compound involved in SAR.
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I contributed to a number of these pipecolic acid induced resistance assays in

cucumber. I will be an author on a paper describing this work.
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Chapter 2

Materials & Methods

2.1 Plant growth conditions

Seed Sterilization: Seeds were placed in 1 ml of 70% ethanol for 2 minutes. After

this, ethanol was discarded, and seeds were sterilised with a solution of 30% bleach

and 0.1% Tween 20. This solution was left shaking for 10 minutes. Once sterile,

solution was discarded, and seeds were rinsed 5 times with 1 ml sterile water to

rinse out excess detergent and bleach. After the final rinse, seeds were suspended in

0.1% sterile phytoblend. They were left to imbibe for at least two days before being

plated on Murashige and Skoog plates (Murashige and Skoog, 1962). Once plated,

seeds were placed in 24 hours of light at 110 µmol/m2/s photon flux density. At 5

days post germination, seeds were transplanted into packs of soil (SunGro Sunshine

Mix #1), previously fertilised with 250 ml per pack of 1 g/l Plant-Prod All-Purpose

Fertilizer 20-20-20. The transplanted seedlings were placed under 9 hours/day light

at 110 µmol/m2/s in 75-80% relative humidity at 22oC for the duration of the

experiment. Plants were bottom watered and soil was kept moist unless otherwise
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stated. Plants were fertilised every two weeks from date of transplanting to the

end of the experiment. If completing a PAMP-triggered immunity (PTI) induction

experiment 1 µM flg22 was infiltrated into the abaxial side of leaves 24 hours before

inoculation with Pseudomonas syringae pv. tomato (Pst).

Table 2.1: Arabidopsis plant lines used in this study.

Ecotypes and mutant plant lines Relevant properties
Col-0 Wild type
sid2-2 SA biosynthesis mutant; ARR defective
efr PAMP receptor mutant
fls2 PAMP receptor mutant
bik1 PTI signaling mutant

bak1-3 PTI signaling mutant

2.2 Bacterial growth and inoculations

For ARR and PTI experiments, Pst was grown in king’s B media (20 g/L proteose

peptone #3, 1% (v/v) glycerol, 1.5 g/L dibasic potassium phosphate, 15 g/L agar

for solid media) with 50 µg/ml kanamycin unless otherwise stated. Once Pst was in

the exponential phase (OD600 = 0.1-0.6), bacteria were spun down at 1000 x g for

7 minutes. After this, the supernatant was discarded, the pellet was resuspended

in 10 mM MgCl2 and diluted to 106 cfu ml−1. For maximal stomatal aperture,

the abaxial side of leaves was pressure infiltrated with a needless syringe between

one and six hours after lights turned on each day. To not overwhelm the plant

defences only 3-5 leaves were inoculated per plant.

34

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Master of Science– Garrett M. Nunn; McMaster University– Department of
Biology

Table 2.2: Bacterial strains and plasmids used in this
study.

For RNA-sequencing, at the indicated time-points infiltrated leaves were col-

lected, weighed (400 to 1000 mg), and immediately flash frozen in liquid nitrogen.

Samples were then stored at -80oC until RNA isolation.

For bacterial quantification, three days post inoculation, infected leaves were

surface sterilised (50% (v/v) ethanol, 1% (v/v) bleach and 49% (v/v) sterile

ddH2O) and blotted dry. Eight leaf discs per replicate were cut from inoculated

tissue using 0.6 mm cork borers. Leaf discs were suspended in 1 ml of 0.1% silwet

L-77 solution and shaken for one hour. Following this, the solution was diluted and

10 µl aliquots were plated on king’s B agar plates. Bacteria were then allowed to

grow for 2 days. After which, a microscope was used to quantify bacterial colonies.
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2.3 RNA isolation

Frozen leaf tissue ( 100 mg) was ground in a pre-cooled mortar filled with liquid

nitrogen by vigorous grinding with a pestle and never allowed to thaw. According

to the manufacture’s instructions, Trizol reagent (Invitrogen) was used to isolate

total RNA from frozen leaf tissue and RNA was precipitated using isopropanol.

Additionally, RNA was resuspended and then purified on-column using the Qiagen

RNeasy mini kit (74104). Once washed of organic contaminants, the column was

dried through centrifugation and RNA was resuspended in 40 µl RNase-free H2O.

The presence of organic contaminants was measured using a Nanodrop. Samples

with low 260/230 or 260/280 values (<1.8) were not sequenced. Residual DNA

was degraded using 4 µl of Sigma-Aldrich DNase I (AMPD1-1KT) per reaction.

RNA integrity was qualitatively observed by running 1 µg of total RNA on a 1%

agarose gel for 1 hour at 100 volts. Total RNA gels were imaged using a ChemiDoc

gel imager. Samples that showed signs of degradation were not sequenced. Signs

of degradation include, a fainter 28S rRNA band compared to the 18S rRNA band

and/or smearing of the lower rRNA bands.

2.4 Library preparation and sequencing

The sequencing facility (GeneWiz) purified mRNA transcripts from total RNA

samples using oligo-dT attached magnetic beads which bind to the poly(A) tail of

mRNA transcripts. The purified mRNA transcripts were then fragmented to the

desired size range and primers were then attached fragmented transcripts to allow
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reverse transcription to form the first cDNA strand. The RNA template was then

removed, and the second strand of cDNA was transcribed. To prevent self-ligation

of the synthesized cDNA, the 3’ ends of these strands were acetylated. Adapters

were then ligated to DNA fragments and PCR amplification was used to amplify

fragments with ligated adapters. The completed library was checked for quality

and quantity to ensure successful sequencing. Samples were then diluted to 10 nM

and finally were pooled.

DNA fragments were then allowed to bind to complementary adapter sequences

on an Illumina HiSeq flow cell, where bridge amplification allows for generation of

a cluster of forward and reverse strands. Reverse strands are subsequently cleaved

and washed away. The forward strand was then sequenced. After sequencing

the first read, the DNA fragment was attached to a set of nucleotides which are

specific to each sample, and bridge polymerisation restores the cluster to forward

and reverse reads. This time the forward read is cleaved and washed away. The

reverse read was sequenced in a similar manner as the forward read.

2.5 Antibacterial growth curve assays

Antibacterial assays with pure SA were performed as described previously (Wilson

et al., 2017). Briefly, overnight cultures of Pst DC3000 were grown in king’s

B medium. Cells were centrifuged and the pellets washed two times with hrp-

inducing minimal media (HIM) (50 mM potassium phosphate, 10 mM D-fructose,

7.6 mM (NH4)2SO2, 6.8 mM MgCl−2, 1.7 mM NaCl, pH 5.7) or king’s B (Huynh

et al., 1989). Bacterial cultures were then diluted to an optical density (OD600)
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of 0.1. Aliquots of 160 µl of HIM- or king’s B-diluted bacterial culture were added

to each well of a 96-well plate. SA was first serial diluted in 100% ethanol to

concentrations that ranged 250 to 0.5 mM. 3.2 µl aliquots of the serial dilutions

were added to 160 µl of bacterial solution concentration to reach the indicated final

concentration. The 96-well plate was incubated with shaking at 26oC for 72 hours.

Optical density at 600nm was measured every 15 mins using a Tecan Sunrise plate

reader. After 72 hours, 10 µl aliquots of the cell suspension was spotted onto a

king’s B agar plate and observed two days later to test for bactericidal activity.

2.6 Biofilm formation assays

Biofilm formation assays with pure SA were performed as described previously

(Wilson et al., 2017). Briefly, overnight cultures of Pst DC3000 were grown in

king’s B medium. Overnights were centrifuged and the pellets washed with HIM

and then diluted to an OD600 of 0.005. During biofilm formation assays, evapora-

tion causes non-adherent cells to stick to the sides of the well, these non-adherent

cells are then stained, leading to artificially high values of biofilm formation. This

effect is called the edge effect as it is most severe around the edge of the plate. To

avoid the edge effect on biofilm formation, a 96-well plate was prepared by adding

200 µl aliquots of sterile water to the edge wells (Shukla and Rao, 2017). Aliquots

of 150 µl of HIM-bacteria mixture were added to each well of a 96-well plate. A

range of SA concentrations was tested by undergoing serial dilutions of SA. 3 µl of

the diluted SA mixtures were added to respectively wells. The final concentrations

of SA are indicated in the figures. If not otherwise indicated, bacteria were grown

38

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Master of Science– Garrett M. Nunn; McMaster University– Department of
Biology

without shaking at room temperature (21-23oC). Optical density at 600 nm was

measured at 24, 48 and 72 hours. After which, the wells were rinsed twice with

distilled water to remove non-adherent bacteria. The peptidoglycan layer of the

remaining adherent cells was stained with 200 µl aliquots of 0.1% crystal violet

was added to the washed wells. After 10 minutes of staining, crystal violet was

discarded, and the excess stain was removed by rinsing four times with distilled

water. Plates were left upside-down for 1-3 days to dry. Once dry, 200 µl aliquots

of glacial acetic acid were added to each well to dissolve the crystal violet stain

back into solution. After 15-20 minutes, the solution was mixed by pipetting and

the optical density at 570 nm was measured to determine biofilm formation.

2.7 Statistical analysis

After bacterial quantification, significant differences between treatment groups

were determined using ANOVA and assumptions were tested using the Shapiro-

Wilk and Levene tests for normality and homogeneity, respectively. This was all

packaged together in an R package named Garrett’s Arabidopsis Resource Pack-

age (GARP). As well as bacterial quantification analysis, this package includes

a program for comparing antimicrobial growth assays by performing a T-test at

each time-point and determine statistical differences between lines. Separate from

GARP, the GitHub page linked above includes all code used to perform any sta-

tistical analysis for RNA-sequencing.
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Chapter 3

Investigating the role of
alginate in protecting Pst
from the antimicrobial
effects of salicylic acid

Preface and contributions

Sections 3.1 and 3.2 have been prepared for a portion of the paper to be submit-

ted to the journal MPMI. Garrett Nunn performed all the experiments contained

within this chapter. Experiments were designed by Garrett Nunn and Robin

Cameron. The transgenic Pseudomonas syringae pv. tomato (Pst) lines used

in this chapter were obtained from Dr. B Swingle (Cornell University; Pst165K ,

Pst165K ∆algD and Pst165K ∆algU mucAB ∆algD) and Dr. KS Mysore (Noble

Research Institute; Pst pDSK-GFPuv). Conjugation of the Pst165K ∆algD and

Pst165K ∆algU mucAB ∆algD strains with the GFP expression vector (pDSK-

GFPuv) was performed by Noah Xiao.
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3.1 In vitro growth of Pst alginate mutants

Evidence from the Cameron lab suggests that the ability of Pst165K (the wild

type provided by the Swingle lab) to produce alginate contributes to bacterial

success in planta as demonstrated by observing fewer biofilm-like aggregates in

alginate-deficient Pst165K ∆algD, and Pst165K ∆algU mucAB ∆algD, an alginate

and the ECF AlgU mutant, compared to wild-type Pst pDSK-GFPuv (Fufeng,

2019). To obtain support for these in planta results, in vitro growth and biofilm

assays were performed to examine the importance of alginate production for Pst

grown in liquid culture and biofilm assays. The growth of Pst165K ∆algD and

Pst165K ∆algU mucAB ∆algD was compared to wild type in rich media (King’s

B) and HIM media (Huynh et al., 1989). The low pH and nutrient-poor HIM

media was chosen as these environmental conditions mimic the leaf intercellular

space. InPst165K ’s B media, the growth pattern of Pst165K ∆algD and Pst165K

∆algU mucAB ∆algD was similar to wild-type Pst165K (Fig. 3.1A&B), suggesting

that the absence of alginate and the stress response regulator AlgU, does not

negatively impact Pst growth in rich media.

In leaf intercellular space-mimicking media (HIM), alginate-deficient Pst165K

∆algD grew similarly to wild-type Pst165K (Fig. 3.1D), while Pst165K ∆algU mu-

cAB ∆algD grew significantly less between 24 and 68 hours (Fig. 3.1C). This indi-

cates that leaf intercellular space-mimicking media negatively affected the growth

of Pst165K ∆algU mucAB ∆algD compared to wild-type or Pst165K ∆algD, sug-

gesting that the ability to produce alginate is not important for growth in HIM
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Figure 3.1: Growth of Pst165K ∆algU mucAB ∆algD and
Pst165K ∆algD in rich and minimal media. The growth of
wild-type Pst165K was compared to either Pst165K ∆algD (A&C),
or Pst165K ∆algU mucAB ∆algD (B&D) in hrp-inducing minimal
media (A&B) orPst165K ’s B media (C&D). Bacteria were grown
overnight in King’s B media, then pelleted and resuspended in the
indicated media. Following this, bacteria were diluted to OD600 to
0.1 and grown in a clear 96-well plate at 26oC with shaking. The
optical density of each well was observed at 600 nm every 15 minutes
for 72 hours. Each data point represents the average of four wells.
Error bars represent the standard deviation. Asterisks indicate
significant differences (T-test, p-value <0.05). These experiments
were repeated at least three times with similar results.

media which mimics the low pH and low nutrient characteristics of the intercellu-

lar space. In contrast, these results suggest the AlgU sigma factor, which induces

expression of alginate and type 3 secretion system (T3SS) gene expression, is im-

portant for growth in intercellular-mimicking media. These data provide support

for Fufeng (2019) in planta data that demonstrated that in the absence of alginate
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and T3SS gene expression, Pst165K ∆algU mucAB ∆algD levels and biofilm-like

aggregates were reduced compared to wild-type Pst.

3.2 Effect of salicylic acid on growth of Pst ∆algD

and Pst ∆algU mucAB ∆algD

During PAMP-triggered immunity (PTI), preliminary evidence indicates that Sali-

cylic acid (SA) accumulates in the intercellular space (Fufeng et al., 2020) as it does

during ARR where it is thought to act as an antimicrobial and antibiofilm agent

against Pst (Wilson et al., 2017). To examine the role of alginate in protecting

bacteria from the effects of SA during plant defense, growth of wild-type Pst165K ,

Pst165K ∆algD and Pst165K ∆algU mucAB ∆algD was examined in leaf intercel-

lular space-mimicking media (HIM) supplemented with SA. Growth of wild-type

and alginate-deficient Pst165K ∆algD was inhibited at SA concentrations of ≥2

mM (Fig. 3.2A&B). However, growth of the Pst165K ∆algU mucAB ∆algD mutant

was inhibited at lower SA concentrations of ≥1mM, suggesting that AlgU function

contributes to coping with the antimicrobial activity of SA (Fig. 3.2C).

To investigate if AlgU function is required to protect Pst against the bactericidal

activity of SA, bacteria were cultured for 72 hours in apoplast-mimicking minimal

media supplemented with SA, followed by washing pelleted cells with fresh media,

thus reducing residual bactericidal activity. The culture was plated on king’s B

media with appropriate antibiotics to determine if viable cells remained. Pst165K

∆algU mucAB ∆algD colonies were not observed from wells containing 2 mM
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Figure 3.2: Antibacterial activity of SA on Pst165K ∆algU
mucAB ∆algD and Pst165K ∆algD compared to wild-type
Pst165K . A. Pst165K , B. Pst165K ∆algD, and C. Pst165K ∆algU
mucAB ∆algD were grown overnight in rich media then washed
and cultured with the indicated concentrations of SA in HIM at
26oC with shaking. Each data point represents the average of four
wells and error bars represent standard deviation. This experiment
has been performed three times with similar results. D. The MBC
represents that concentration at which no bacterial colonies were
observed after incubation cultures on king’s B plates.

SA, whereas wild-type Pst165K colonies were observed from wells containing 2 mM

SA but not from wells containing 5 mM SA (Fig. 3.2D). In aditional experiments,

in which SA-supplemented cultures were not washed with fresh media, higher

Pst165K ∆algU mucAB ∆algD SA sensitivity was observed compared to wild-type

Pst165K (Tab.A3.1). Direct comparison of wild-type Pst165K and Pst165K ∆algD
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demonstrated that both bacterial strains were similarly sensitive to the bactericidal

activity of SA (Fig. 3.2D). Taken together, in vitro growth assays indicate that

Pst165K ∆algU mucAB ∆algD is more sensitive than wild-type Pst165K or Pst165K

∆algD to the growth-inhibiting and bactericidal effects of SA. Given that AlgU

is involved in positively regulating not only the alginate biosynthesis genes, but

also the T3SS genes, these results suggest that the T3SS secreted effectors are

important for protection against the antimicrobial effects of SA.

3.3 Effect of salicylic acid on biofilm formation

by Pst ∆algD and Pst ∆algU mucAB ∆algD

Evidence from the Cameron lab suggests that the ability of Pst to produce al-

ginate contributes to bacterial success in planta as demonstrated by observing

fewer biofilm-like aggregates in alginate-deficient mutants, Pst165K ∆algD, and

Pst165K ∆algU mucAB ∆algD, compared to wild-type Pst165K (Fufeng, 2019).

To provide support for these in planta results, the effect of SA on the ability

of wild-type Pst165K , Pst165K ∆algD and Pst165K ∆algU mucAB ∆algD to form

biofilms in vitro, was examined. To do this, bacteria were cultured in intercellular-

mimicking minimal media (HIM) without shaking at room temperature. Biofilm

was quantified at indicated time points by staining adherent cells with crystal

violet. Pst165K , Pst165K ∆algD, and Pst165K ∆algU mucAB ∆algD all demon-

strated a dose-dependent reduction in biofilm formation when cultured with SA
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after 48 hours (Fig. 3.3). After 72 hours, biofilm formation was significantly lower

at ≥20 µM SA for Pst165K and Pst165K ∆algD (Fig. 3.3A&B), whereas, Pst165K

∆algU mucAB ∆algD formed significantly lower biofilm formation at ≥50 µM SA

(Fig. 3.3C). However, biofilm formation by wild-type Pst165K was very low com-

pared to past experiments performed with Pst pVSP1 (Wilson et al., 2017). For

this reason, it cannot be determined whether Pst165K ∆algU mucAB ∆algD is

more sensitive than wild-type Pst to SA or Pst165K ∆algU mucAB ∆algD forms

less biofilm.
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Figure 3.3: Antibiofilm activity of SA on Pst165K , Pst165K

∆algD, and Pst165K ∆algU mucAB ∆algD. Bacteria were cul-
tured in HIM without agitation in a 96-well plate. At indicated
time-points, plates were rinsed to remove unattached planktonic
cells and biofilms were quantified with crystal violet. Each bar
represents the mean of 4 wells and error bars indicate standard
deviation. Different letters indicate significant differences between
groups (ANOVA, p-value <0.05).
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3.4 The effect of bacterial strain and tempera-

ture on biofilm formation

In a previous study by Wilson et al. (2017), Pst pVSP1 formed higher levels

of biofilm compared to Pst165K (Fig. 3.4; Wilson et al., 2017). Moreover, Pst

pVSP1 biofilm formation was inhibited by lower concentrations of SA (2 µM)

(Wilson et al., 2017) compared to Pst165K (20 µM) (Fig. 3.4). This led to the

idea that there might be strain-dependent differences in biofilm formation. Strain-

dependent differences in biofilm formation has been observed in several studies

with Pseudomonas aeruginosa (Ude et al., 2006; Kirov et al., 2007; Gandee et al.,

2015) as well as studies with Salmonella enterica (Lianou and Koutsoumanis, 2012)

and Listeria monocytogenes (Poimenidou et al., 2016). Therefore, to determine

if Pst165K does form less biofilm compared to Pst pVSP1, in vitro biofilm assays

were performed with Pst165K , Pst pVSP61 (used in Wilson et al., 2017), and

Pst pDSK-GFPuv (used in Fufeng et al., 2020, Tab. 2.2). In these experiments

biofilm formation by Pst pVSP1 was similar to previous experiments (Fig. 3.4;

Wilson et al., 2017). However, after 72 hours, the in vitro biofilm formation of

Pst165K was significantly reduced compared to either Pst pDSK-GFPuv or Pst

pVSP1 (Fig. 3.4). Pst pVSP1 consistently formed more biofilm than Pst pDSK-

GFPuv, suggesting there are genetic differences between Pst strains that effect

in vitro biofilm formation. As the biofilm formation of Pst165K was barely above

detectable levels, a more sensitive biofilm formation assay is required to compare

biofilm formation between Pst165K , Pst165K ∆algD, and Pst165K ∆algU mucAB

∆algD.
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Figure 3.4: Variability of biofilm formation among Pst
strains. Bacteria were grown in HIM at room temperature with-
out agitation in a 96-well plate. After 72 hours, plates were rinsed
to remove planktonic cells and biofilms were quantified with crystal
violet. Each bar represents the mean of 4 wells and error bars in-
dicate standard deviation. Asterisks indicate significant differences
(T-test, p-value <0.05). Each of these comparisons was performed
twice with similar results.

In terms of genetic differences between these Pst strains, Bao et al. (2014) char-

acterised a 165 kb duplication present in Pst165K (also known as PS1) that is not

in the progenitor Pst strain originally isolated by Cuppels (1986), from which both

Pst pDSK-GFPuv and Pst pVSP1 are independent descendants. Strains with this

duplication had a higher growth rate in liquid culture compared to strains with-

out, in both king’s B and mannitol-glutamate minimal media, however there was

no effect on in planta growth (Bao et al., 2014). To assess if the reduced ability

to form biofilms by Pst165K compared to Pst pVSP1 was due to growth rate dif-

ferences, Pst165K and Pst pVSP1, were grown in intercellular-mimicking minimal

media (HIM) without agitation. At indicated time-points, planktonic cell numbers
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were quantified by measuring the OD600, then the well contents were removed and

rinsed followed by staining with crystal violet to assess biofilm formation. When

bacteria were grown without shaking there was significantly higher numbers of

planktonic cells in Pst165K compared to Pst pVSP1 at 48 and 72 hours (Fig. 3.5A).

In contrast, Pst pVSP1 displayed higher levels of biofilm compared to the wells

of Pst165K (Fig. 3.5B). These data support that there is a strain-dependent dif-

ference in biofilm formation. However, when conditions did not support biofilm

growth (cultures were shaken continuously), the difference in planktonic cell num-

bers disappeared (data not shown). Therefore, when conditions support biofilm

formation, this data suggest there is a negative relationship between planktonic

cell numbers and biofilm formation.
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Figure 3.5: Temperature-dependent growth and biofilm
formation in Pst pVSP1 and Pst165K . Bacteria were grown
in intercellular-mimicking media (HIM) without agitation in a 96-
well plate at the indicated temperature. At indicated time-points,
planktonic cell growth was quantified (A), then plates were rinsed
to remove planktonic cells followed by staining with crystal violet
to quantify biofilm levels (B). Each data point or bar represents the
mean of 4 wells and error bars indicate standard deviation. Differ-
ent letters indicate significant differences between groups (ANOVA,
p-value <0.05). Asterisks indicate significant differences relative to
the room temperature control (T-test, p-value <0.05). This exper-
iment was performed once.
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It has been shown that the closely related plant pathogen Pseudomonas sy-

ringae pv. syringae (Pss) down-regulates extracellular polysaccharides (EPS)-

related genes when grown in king’s B at 30oC compared to 20oC (Hockett et al.,

2013). Therefore to assess if the reduced ability to form biofilms by Pst165K could

be due to temperature-based effects on biofilm formation, bacteria were grown

at room temperature or at 27oC. Both Pst165K and Pst pVSP1, displayed signif-

icantly higher planktonic growth at 27oC compared to room temperature at 48

and 72 hours (Fig. 3.5A). Additionally, growth at 27oC resulted in less biofilm

formation for both strains (Fig. 3.5B). Based on this preliminary data it appears

that higher temperatures can enhance growth after 48 hours in static cultures. A

correlation matrix of data from Figure 3.6 indicates that planktonic growth at 72

hours was lower for Pst pDSK-GFPuv than for Pst165K , with Pst pVSP1 in the

middle (Fig. 3.6). As previously mentioned, Pst pDSK-GFPuv forms more biofilm

than Pst165K but less than Pst pVSP1 (Fig. 3.6). Modeling a multiple linear re-

gression model to the data revealed a strong negative correlation between growth

and biofilm formation (Fig. 3.6). These data suggest that the strain-dependent dif-

ference in biofilm formation could cause or be caused by a difference in planktonic

growth in these static cultures.

The biofilm formation model presented in Figure 1.1 can be mapped to the data

presented in this study (Fig. 3.7). Pst pVSP1 formed biofilms from 24 to 72 hours

after which biofilm levels decreased, suggesting that the mature biofilm reached the

dispersal stage of biofilm development (Fig. 1.1, 3.7). Similarly, in Figure 3.4B at

room temperature, Pst pVSP1 formed biofilms up to 72 hours. However, when the

temperature was raised to 27oC, biofilm was formed up to 48 hours, with biofilm
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Figure 3.6: Growth to biofilm formation correlation by
strain. Various strains of Pst were grown in intercellular-
mimicking media (HIM) without agitation at room temperature
for 72 hours in a 96-well plate. Each data point represents one
biological replicate grown for 72 hours in HIM. The dashed line
represents a multiple linear regression model (Growth ~Biofilm for-
mation) with an R2 value of 0.8655 and the shaded area represents
a 95% confidence interval. This regression model suggests a strong
negative correlation between planktonic growth and biofilm for-
mation. The parameter for strain effects was not included during
model selection as it did not contribute to significantly to growth.

levels decreasing after that, suggesting that at higher temperatures planktonic

cell dispersal began earlier than at room temperature. Similarly, Pst165K grown

at room temperature formed biofilms until 48 hours after which less biofilm was

observed. These data suggest that when Pst strains form maximal biofilm early

in the experiment, they reach the dispersal stage earlier as well.
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Figure 3.7: Biofilm formation over time at various concen-
trations of SA. Pst pVSP1 were cultured in HIM without agita-
tion in a 96-well plate. At indicated time-points, plates were rinsed
to remove unattached planktonic cells and biofilms were quantified
with crystal violet. Each bar represents the mean of 4 wells and
error bars indicate standard deviation. Different letters indicate
significant differences between groups (ANOVA, p-value <0.05).
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Chapter 4

Elucidating the ARR
signaling pathway

Preface & contributions

Experiments in this chapter were designed by Garrett Nunn and Robin Cameron.

PTI-ARR experiments were conducted by Garrett Nunn. Angela Fufeng and Gar-

rett Nunn collected tissue and quantified in planta bacterial levels for the RNA-Seq

experiment. Garrett Nunn isolated the RNA, performed initial quality checks, se-

quencing was performed by GeneWiz. Garrett Nunn performed the RNA-Seq data

analysis with help from Dr. Brian Golding. Figures in this section were created

and designed by Garrett Nunn. All code used in this section can be found at

github.com/nunngm/RNA-sequencing.
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4.1 Do PTI signaling components contribute to

ARR?

Age-related resistance (ARR) is a strong defense response that occurs in mature

plants (Kus et al., 2002). Currently, little is known about how mature plants be-

come ARR-competent or the signaling pathway that results in a successful ARR re-

sponse. It is possible that ARR may be a form of PAMP-triggered immunity (PTI)

or employ components of the PTI signaling pathway. If ARR is a form of PTI, PTI

signaling mutants would be defective for ARR. Preliminary studies suggested that

the PTI mutants bik1, efr-1 and bak1-3 were partially ARR-incompetent compared

to wild-type Col-0 (Dan-Dobre, 2018; Nunn, 2018). To confirm these observations,

the ARR competence of various PTI mutants was examined by inoculating young

and mature plants with Pst. Col-0 served as a positive control for ARR, and the

SA-accumulation mutant sid2-2 was included as a negative control for ARR (Kus

et al., 2002). In planta bacterial levels of mature Col-0 were observed to be 9-fold

lower than young plants. While the pattern recognition receptor (PRR) mutants,

efr-1 and fls2 were partially ARR-defective as demonstrated by 2.9- and 4.7-fold

lower in planta bacterial levels in mature compared to young plants (Fig. 4.1). The

PTI signaling mutant, bik1 was partially ARR-defective as demonstrated by 8-fold

lower in planta bacterial levels in mature compared to young plants (Fig. 4.1), sug-

gesting that bik1 is partially ARR-competent. There was no significant difference

between young and mature plants in the PTI signaling mutant bak1-3, suggesting

that bak1-3 was ARR-defective and BAK1 could be important for ARR (Fig. 4.1).

The bacterial levels in young bak1-3 plants were significantly lower than Col-0 and
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Figure 4.1: ARR assay of various PTI mutants. Plants were
inoculated with 106 cfu ml−1 Pst at either 3.5 or 6.5 weeks-post
germination (wpg) and bacterial levels were quantified 3 days later.
Different letters indicate significant differences (ANOVA, p-value <
0.05). This experiment was performed once.

bacterial levels in mature plants was significantly higher than Col-0 (Fig. 4.1). The

reduced Pst levels in bak1-3 is similar to previous research which demonstrated

young bak1-3 plants support significantly less bacteria than Col-0 (Fufeng, 2019).

In summary, data from 2 experiments suggests that BIK1, EFR, and FLS2 con-

tribute to ARR, while functional BAK1 is required for a successful ARR response.
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4.2 RNA-sequencing to identify differentially ex-

pressed genes during ARR

Figure 4.2: RNA-sequencing experimental timeline. Wild-
type Col-0 were grown under short days (9 hour days) until plants
were 3.5 or 6.5 weeks-post germination (wpg). Plants were inocu-
lated with either 10 mM MgCl2 (mock) or 106 cfu ml−1 Pst. (A)
At 0.25, 12, 24 and 36 hpi, leaf tissue was collected and flash frozen
in liquid nitrogen. (B) At 72 hpi, in planta bacterial levels were
quantified.

The popularity of RNA-sequencing has risen as the cost to perform RNA-Seq

has fallen. RNA-Seq has been used to examine and found to be useful in under-

standing other resistance responses such as PTI and Effector-triggered immunity

(ETI) (Howard et al., 2013; Mine et al., 2018). RNA-Seq was employed to iden-

tify differentially expressed genes in mature ARR-competent compared to young

ARR-incompetent plants to discover genes that contribute to a successful ARR
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response. Wild-type Arabidopsis (Col-0) were grown to either 3.5 or 6.5 wpg

followed by inoculation with 10 mM MgCl2 (mock) or Pst. At the indicated time-

points (Fig. 4.2A) mock- or Pst-inoculated tissue was collected, and flash frozen on

liquid nitrogen. To confirm that plants were ARR-competent, in planta bacterial

levels were quantified in a subset of these plants (Fig. 4.2B). RNA was isolated

from all samples for RNA-sequencing.

This experiment was performed twice and a strong ARR response was observed

in both. In the first experiment, mature plants displayed a very strong ARR

response (246-fold lower bacterial levels in mature compared to young plants).

In the second experiment, mature plants exhibited a strong ARR response (64-

fold lower bacterial levels in mature compared to young (Fig. 4.3). Therefore,

experiment 1 was chosen for RNA-sequencing.
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Figure 4.3: Age-Related Resistance response for RNA-
sequencing experiment. Plants were inoculated with 106 cfu
ml−1 Pseudomonas syringae pv. tomato at either 3.5 or 6.5 weeks-
post germination (wpg) and bacterial levels were quantified 3 days
later. Tissue for RNA-sequencing was collected 0.25, 12, 24 and
36 hours post-infection. Asterisks indicate significant differences
(T-Test, p-value < 0.01).

4.2.1 Quality checking before sequencing

Before sequencing, several sample quality methods were used to ensure only high-

quality samples were sent for sequencing. After RNA isolation, a nanodrop micro-

volume spectrophotometer was used to determine the presence of protein contam-

ination (A260/A280) or organic contaminants (A260/A230). Total RNA samples

were examined for signs of RNA degradation by electrophoresis in 1% agarose.

Following this, samples were shipped on dry ice to GeneWiz for RNA-sequencing.

After shipping, 1 µl of each RNA sample was run on an Agilent ScreenTape Sys-

tem to confirm that RNA integrity was not affected during transport (Fig. 4.4).

Total RNA of Arabidopsis leaf tissue when run on a gel typically has two upper
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bands for the larger cytosolic rRNAs (25S and 18S) and three smaller bands cor-

responding to the smaller organellar rRNAs (Keren et al., 2011). As the software

built to determine RNA integrity number equivolent (RINe) values, was optimised

for animal and bacterial samples, which only have the two upper cytosolic rRNA

bands, an accurate determination of RINe is not possible. Due to this, the RINe

calculated for plant leaf tissue is consistently lower than the RNA integrity number

(RIN) generated from data collected by an Agilent Bioanalyzer 2100. For this rea-

son, based on the recommendation of GeneWiz, any samples with a RINe value of

≤4.0 were excluded from RNA-sequencing (Tab.A4.1). Additionally, any sample

which displayed signs of smearing of rRNA bands was removed (Fig.A4.2). For

example, lane 6 (Fig. 4.4) is significantly higher quality than lane 5, since the 28S

rRNA band in lane 5 is noticeably weaker than lane 6. Since mRNA would be

enriched using the poly(A) enrichment method (mRNA would be removed from

mixture solution and therefore purified) and there was little organic contamination

in samples, the presence or absence of organic contaminants (Tab.A4.1) was not

considered during sample selection.
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Figure 4.4: RNA sample quality for RNA-sequencing. To-
tal RNA from leaf tissue of young or mature Arabidopsis plants
inoculated with either MgCl2 or Pst was isolated using Trizol and
purified on-column using a RNeasy minikit. RNA was run on 1%
agarose at 100V for 1 hour. Asterisks (*) indicate samples that
met RNA-sequencing cut-offs but were not sequenced due to either
lower RINe values or signs of degradation. Daggers (†) indicate
samples with RIN values <4. Double daggers (‡) indicate samples
with severe signs of degradation. Degree symbols (o) indicate sam-
ples with 260/230 values less than 1.75. Refer to Table A4.1 for
more information.
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Once the samples were sequenced, quality of the reads across each sample was

assessed using fastqc, a quality control tool for high-throughput data. For the raw

reads, the average phred quality score ranged from 35.7 to 35.9. A phred score is a

measure of the quality of nucleobases generated by automated sequencing ranging

from 1 (low quality) to 40 (high quality). A phred score of 30 indicates a 1 in

1000 probability of an incorrect base call and is generally considered to be a high-

quality base. The percent of bases with phred scores ≥30 ranged from 92.7% to

93.6%. These quality scores demonstrate high quality reads even before trimming

of adaptor sequences. Trimmomatic (Bolger et al., 2014) was used to trim off

adapter sequences and low-quality base-pairs at 3’ ends. After trimming, adapter

sequences were only present in the last 5 base pairs at the 3’ ends in 5% of reads,

suggesting that reads were adequately trimmed for alignment.

For paired-end sequencing of 150 bp, a forward read and a reverse read are

generated. The forward read is the first 150 bp of the DNA fragment starting from

the 5’ end, while the reverse read is the last 150 bp of the DNA fragment beginning

from the 3’ end. As these sequences are from the same DNA fragment together

they are called a read pair. These read pairs are used together to determine

the location of the mRNA transcript in the Arabidopsis thaliana (Arabidopsis)

genome. Individually, low quality bases and adapters were removed from the

reads. Trimmed read pairs were aligned to TAIR 10, the most recent full assembly

of the Arabidopsis genome. For alignment, STAR was the aligner of choice as it

is among the fastest and most accurate aligners currently available (Raplee et al.,

2019). After alignment, quality of aligned read pairs was analyzed using RSeQC,

an RNA-seq quality control package (Wang et al., 2012). RSeQC generated a
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mean inner distance plot for each sample (representative sample Fig. 4.5A). The

mean mRNA insert size (the number of bp between the end of one read and

the beginning of another) was negative, suggesting the reads were overlapped.

Overlapping reads are often caused by short mRNA transcripts. To assess if these

short transcripts were due to mRNA degradation or fragmentation of the RNA

during library preparation, coverage uniformity was assessed over the length of

transcripts (Fig. 4.5B). In 7/36 samples, the 5’ end had a slightly lower gene body

coverage, suggesting minor RNA degradation in these samples. These samples

were all from mature plants and were evenly distributed amongst batches where

RNA isolation was completed at different times, therefore the batches were all

of similar quality. However, the other 29 samples had uniformly high coverage

across the gene body indicating there was little to no degradation of RNA in these

samples (Fig. 4.5B). Taken together, this suggests that the short transcripts were

probably generated due to other factors and not due to mRNA degradation. One

possible cause could be fragmentation during library preparation. Communication

with GeneWiz confirmed that the samples were fragmented prior to sequencing.

66

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Master of Science– Garrett M. Nunn; McMaster University– Department of
Biology

Figure 4.5: RNA-seq quality checks. (A) mRNA insert size
density plot of a representative sample (Mature : MgCl2 : 0.25 hpi
: sample 2 : read 1). (B) Gene body coverage plot of all samples
sequenced.
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4.2.2 Sample dispersion of young and mature plants re-

sponding to Pst

After assessing the quality of the reads, the number of reads pairs aligned to a given

gene was counted using HTseq-count, a program that assesses the features of each

read pair and determines the number of read pairs aligned to each gene (Anders

et al., 2015). Read counts were normalised using the DESeq2 method for differ-

ential expression analysis using individual sample size factors to normalize count

data (Love et al., 2014). A table of counts was generated and principal component

analysis (PCA) was conducted on the top 10,000 genes by variance across samples

to visualise the effect of experimental variables and batch effects. Samples within

treatment groups clustered together and there were no major outliers among the

samples (Fig. 4.6). The only samples from different treatments that grouped to-

gether were young mock- and Pst-inoculated plants at 0.25 hpi, suggesting these

plants responded similarly (Fig. 4.6A). Next, a distance comparison between each

sample was calculated by comparing the normalized read counts of every gene.

This was used to create a distance matrix which then underwent hierarchical clus-

tering to determine which samples had the highest similarity (Fig. 4.6B). This

supported the results of the PCA, finding that young plant samples inoculated

with mock- or Pst at 0.25 hpi grouped together. The hierarchical cluster analysis

also revealed that for young or mature plants, samples at 0.25 hpi and 12 hpi

grouped together, while samples at 24 hpi did not. This suggests that the highest

level of differential gene expression occurred at 24 hpi, with less differences in gene

expression at 0.25 and 12 hpi.
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Figure 4.6: RNA-sequencing sample dispersion plots. Tis-
sue from plants inoculated with Pseudomonas syringae pv. tomato
at 3.5- and 6.5-weeks-post germination was collected at 0.25, 12
and 24 hpi. RNA-sequencing reads were aligned to the Arabidopsis
genome (TAIR10) and counted using STAR and HTSeq respec-
tively. After reads were normalized with DESeq2, principal compo-
nent analysis (A) and hierarchical clustering (B) was performed on
samples. Each row/column of the distance matrix (B) represents
one sample. All treatment groups clustered together therefore for
clarity the label was only shown once for every three samples.
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4.2.3 Modeling and differential gene expression analysis

during Age-Related Resistance

The purpose of this RNA-Seq experiment was to identify ARR-specific genes by

comparing the transcriptomes of young ARR-incompetent and ARR-competent

mature plants using DESeq2 (Love et al., 2014). The initial analysis observed,

the 15 most up- and down-regulated genes in response to Pst in mature plants

(Fig.A4.2,A4.3), which was compared to genes in which the young response to Pst

appeared to differ. Two issues arose in this analysis, (i) gene expression changed

significantly across timepoints and (ii) direct comparison of Pst-inoculated young

and mature plants does not take into consideration the plant response to the

inoculation procedure. To address the first issue, samples were analyzed based

on hours post-inoculation (hpi). This was the simplest way to avoid addressing

how expression changed over the course of the experiment, but it is a shortcoming

that will be addressed in the future. However, this is also a shortcoming in this

analysis as the speed at which genes are expressed in response to Pst, cannot be

analyzed. To identify which genes are differentially expressed in response to Pst, a

model was used for DESeq2 analysis to first analyze how genes expression changed

in response to Pst compared to mock inoculation and then compare this response

between age groups.

To validate the RNA-Seq data, the expression of a number of genes known to

be involved in ARR was examined. ICS1 was shown to be induced in response

to Pst in young and mature plants as demonstrated by RNA gel blot and RT-

PCR analysis (Rusterucci et al., 2005; Wilson et al., 2017). Similar results were

70

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Master of Science– Garrett M. Nunn; McMaster University– Department of
Biology

observed in the ARR RNA-seq dataset, where ICS1 transcript accumulation at

24 hpi was enhanced in young (3.4-fold) and mature (5.5-fold) plants compared

to the corresponding mock-inoculated plants (Fig. 4.7A). Interestingly, SOC1 ex-

pression did not appear to respond to Pst in young plants but was induced in

mature plants (1.7-fold) at 24 hpi (Fig. 4.7C). However, JAZ10, a protein involved

in attenuating the response to jasmonic acid (JA) (Moreno et al., 2013), was

strongly induced in response to Pst young (77-fold) compared to mature plants

(4-fold) (Fig. 4.7B). Interestingly, JAZ10 expression is induced in response to Pst

in a coronatine-dependent manner in young plants (Demianski et al., 2012), sug-

gesting that Pst-produced coronatine is not affecting mature Arabidopsis plants.

WRKY53, a regulator involved in Salicylic acid (SA) response pathways, was in-

duced in response to Pst at 12 (1.7-fold) and 24 (2.3-fold) hpi in mature, but not

young plants (Fig. 4.7D). As previous research demonstrated that WRKY53 ex-

pression is SA-inducible (Sarkar et al., 2018) and SA accumulates in mature but

not young plants at 24 hpi (Cameron and Zaton, 2004; Carviel et al., 2014; Wilson

et al., 2017), SA may act as signal to up-regulate WRKY53 mature plants during

ARR.
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Figure 4.7: Differential gene expression during infection of
young and mature plants. Plants were inoculated with 106 cfu
ml−1 Pseudomonas syringae pv. tomato at either 3.5- or 6.5-weeks
post-germination (wpg). Tissue for RNA-sequencing was collected
at 0.25, 12, and 24 hours post-infection. Reads were aligned to the
Arabidopsis genome (TAIR10) using STAR and counted using HT-
Seq. Read counts were normalized using DESeq2. A&C represent
genes in which young and mature plants responded similarly to Pst.
B&D represent genes where young and mature plants responded
differently to Pst. Each data point represents the average of three
biological replicates and error bars represent standard deviation.
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4.2.4 Functional analysis of genes expressed or suppressed

during Age-Related Resistance

To gain insight into the nature of age-related differentially expressed genes, com-

parative GO analysis was performed. Genes more highly induced in response

to Pst in mature plants than young plants at 0.25 hpi were associated with the

gene ontology (GO) terms, signal transduction, response to auxin, response to

gibberellin, cell surface receptor signaling pathways, defense response, and phenyl-

propanoid metabolic processes. Genes more highly induced in response to Pst in

young plants than mature plants at 0.25 hpi were associated with the GO terms,

response to wounding, response to jasmonic acid, defense response, response to

other organisms, regulation of defense response, response to oxidative stress, car-

bohydrate derivative transport and cellular carbohydrate metabolic process. At

other timepoints, genes associated with the GO terms, regulation of defense were

more highly expressed in response to Pst in mature plants than young plants at

12 hpi, while at 24 hpi, genes associated with the GO term defense response to

bacteria, were more highly expressed in response to Pst in mature plants com-

pared to young plants. The relative expression of genes related to the GO terms

regulation of defense response at 12 hpi and defense response to bacteria at 24 hpi

was calculated. Hierarchical clustering was then performed based on the relative

expression pattern of these genes (Fig. 4.8). Genes in Clade I (Fig. 4.8A) represent

those associated with the GO term, regulation of defense. This clade contained

JAZ3/6/8/10, in which the change in expression in response to Pst was age de-

pendent. These proteins were previously shown to be expressed in response to Pst
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in a coronatine-dependent manner in young plants (Demianski et al., 2012).

Clade II (Fig. 4.8B) contains genes associated with the GO term defense re-

sponse to bacterium which clustered based on an increase in expression in response

to Pst in mature ARR-competent, but not young ARR-incompetent plants. Genes

in this clade include the glutathione S-transferase proteins GSTF6 and GSTF7

(Fig. 4.8). GSTF6 was previously be found to be important for camalexin biosyn-

thesis and therefore may be involved in DHCA biosynthesis (Su et al., 2011) and

could contribute to ARR, as Dihydrocamalexic acid (DHCA) was demonstrated

to be involved in ARR (Kempthorne, 2018).

Clade III (Fig. 4.8B) contains genes which clustered based on a decrease in

expression in response to Pst in young ARR-incompetent plants but an increase

in expression in response to Pst in mature ARR-competent plants. This clade

includes another glutathione S-transferase, GSTF2, which is a putative SA-binding

protein involved in defense (Manohar et al., 2015). Previous research demonstrated

that GSTF2 was induced after 24 hours post inoculation with avirulent Pst or

treatment with SA via soil drench (Lieberherr et al., 2003).

Clade III also contains several other genes associated with the GO term defense

response such as an ATP-binding cassette transporter pleiotropic drug resistance8

(PDR8) and the transcription factor MYB51. MYB51 is involved in regulation of

indole glucosinolate biosynthesis by up-regulating CYP79B2 and CYP79B3 (Gigo-

lashvili et al., 2007). As the cyp79b2 cyp79b3 double mutant is partially ARR-

defective (Kempthorne, 2018), this suggests that MYB51 could contribute to ARR
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through activation of CYP79B2 and CYP79B3. The ATP-binding cassette trans-

porter PDR8 is involved in transport of defence compounds out of the plant cell

(reviewed in Chapter 1.8.3). The induction of PDR8 in mature but not young

plants suggests that transport of defence compounds into the intercellular space

contributes to ARR. Interestingly, this clade also includes the lectin receptor ki-

nase LecRK-IV.3, which was induced at 12 hpi in response to Pst in mature but

not young plants. LecRK-IV.3 was induced in response to SA and overexpression

conferred enhanced resistance to the fungal pathogen B. cinera, suggesting that

LecRK-IV.3 could also contribute to defense against Pst (Huang et al., 2013).
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Figure 4.8: Functional analysis of defense-related genes in
response to Pst in young and mature plants. Hierarchical
clustering (blue/yellow heatmap) of relative expression of GO term
genes, regulation of defense at 12 hpi with MgCl2 or Pst (A) and
GO term genes, defense response to bacterium at 24 hpi with MgCl2
or Pst (B). Genes in which plant age significantly contributed to the
change in expression in response to Pst are represented by red lines
to the right of each heatmap (FDR <0.05). Each row represents a
different gene. Clades of interest are indicated by dashed lines. The
phylogeny tree beside each heatmap demonstrates the similarity in
expression patterns among these genes.
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Chapter 5

Discussion

5.1 The role of AlgU during Pst growth in the

leaf intercellular space-mimicking environment

The effect of Salicylic acid (SA) on the growth and biofilm formation of Pseu-

domonas syringae pv. tomato (Pst) was investigated using the Pst alginate pro-

duction mutant Pst165K ∆algD and the alginate-deficient ECF sigma factor mutant

Pst165K ∆algU mucAB ∆algD in leaf intercellular space-mimicking media (HIM).

Over 72 hours in liquid culture, the Pst165K ∆algU mucAB ∆algD mutant grew less

well than wild type and Pst165K ∆algD. Whereas in rich media (king’s B) Pst165K

∆algU mucAB ∆algD grew similarly to wild type and Pst165K ∆algD. The observed

growth difference between Pst165K ∆algU mucAB ∆algD and wild-type Pst165K in

HIM, but not king’s B suggests that a nutrient deficiency in HIM impacts growth

in Pst165K ∆algU mucAB ∆algD. Previously Kim et al. (2009) demonstrated the

nutrient deficiency of the leaf intercellular space-mimicking minimal media (HIM)
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by growing Pst to stationary phase in leaf intercellular space-mimicking minimal

media (HIM) then sub-culturing in fresh media. Each subsequent subculture of

Pst in fresh HIM media resulted in a reduced growth rate suggesting, a nutrient

deficiency in HIM (Kim et al., 2009). To identify the deficient nutrient, Pst was

grown in a continuous flow culture in HIM to stationary phase, after which the

culture was supplemented with various nutrients. Growth would spike when the

stationary phase culture was supplemented with iron, but not other nutrients (Kim

et al., 2009), suggesting that HIM may contain less iron than king’s B media. The

slow reduction in growth rate over subsequent subcultures could be due to release

of Pst-stored iron to supplement growth. Pst is thought to sequester iron while

growing in iron-rich media such as king’s B media, as genes involved in iron stor-

age are induced in iron rich media (Buell et al., 2003; Butcher et al., 2011). Iron

sequestration is important for the growth of Pseudomonas aeruginosa, as growth

in higher iron concentrations enhanced the growth rate of P. aeruginosa when

transferred to iron-deficient growth media (Eschelman et al., 2017). During the

experiments presented in this thesis, Pst was cultured in a high-iron growth media

(king’s B), perhaps allowing it to sequester iron before it was transferred to HIM

media for growth assays. This suggests that wild-type Pst165K could more effec-

tively sequester iron compared to Pst165K ∆algU mucAB ∆algD, thereby leading

to the enhanced growth rate observed for wild-type Pst165K .

The reduced growth rate in HIM of Pst165K ∆algU mucAB ∆algD mutants was

probably not due to mutations in the MucA and MucB genes as both of these gene

products repress AlgU activity and AlgU is deleted in this strain (Xie et al., 1996;

Mathee et al., 1997). The single mutant Pst165K ∆algD grows at the same rate as
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wild-type Pst165K in HIM suggesting that AlgD does not contribute to the growth

deficiency of Pst165K ∆algU mucAB ∆algD. Therefore, the growth rate reduction

of Pst165K ∆algU mucAB ∆algD could be due to the deletion of AlgU. This makes

sense given that AlgU regulates many cellular processes including induction of

genes involved in mobilisation of iron and suppression of genes involved in motility

(Markel et al., 2016) both of which have been implicated in affecting growth rate.

The preceding paragraphs suggest that insufficient iron in HIM may have re-

duced the growth of Pst165K ∆algU mucAB ∆algD and deletion of AlgU could

be the reason Pst165K ∆algU mucAB ∆algD grew poorly in HIM. It is possible

that AlgU positively regulates iron storage/release in Pst165K , however little is

known about iron storage/release systems in Pst. Fortunately, P. aeruginosa iron

storage/release systems have been well characterized. BACTERIOFERRITIN B

(BfrB) is thought to perform several functions including catalyzing the oxidation

of water-soluble accessible iron (Fe2+) to inaccessible oxidized iron (Fe3+) to se-

quester iron, followed by forming an interlaced structure around the oxidized iron

to store it and accepting electrons to reduce oxidized iron back into usable Fe2+

when iron is needed by the cell (Andrews et al., 2003; Liu and Theil, 2005; Wang

et al., 2015). BFR-ASSOCIATED FERREDOXIN (Bfd) is thought to play a role

in iron release, as studies in vitro demonstrate that Bfd interacts with BfrB leading

to the release of BfrB-stored iron (Wang et al., 2015). Additionally in vitro stud-

ies indicate that both BfrB and Bfd are required by P. aeruginosa for enhanced

growth in low iron media after bacteria are transferred from a high-iron culture to

to low-iron culture (Eschelman et al., 2017). This data demonstrates that in P.

aeruginosa, Bfd and BfrB are required for growth in iron-limited media.
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It is possible that the P. syringae orthologs of BfrB and Bfd function like those

in P. aeruginosa to promote growth in iron limiting conditions. Like in P. aerugi-

nosa, the Pst orthologs PsBFRB (PSPTO_4160) and PsBFD (PSPTO_4159) are

adjacent to one another (Buell et al., 2003). A MUSCLE alignment performed for

this thesis found that the nucleotide sequences of P. aeruginosa PAO1 and Pst

are 78% identical for BfrB and 71% identical for Bfd (Stover et al., 2000; Buell et

al., 2003; Edgar, 2004), providing support that these Pst genes are P.aeruginosa

orthologs. Additional evidence supporting the idea that PsBFRB and PsBFD

are required for growth in iron limiting media was obtained by expression anal-

ysis. Similar to P. aeruginosa (Palma et al., 2003), expression of PsBFRB and

PsBFD was elevated (143-fold and 408-fold respectively) in iron-limiting com-

pared to iron-rich media (Bronstein et al., 2008). Similar expression profiles and

nucleotide sequences of P. aeruginosa and Pst BfrB and Bfd suggests these pro-

teins function in iron storage, sequestration and release in Pst. A connection

between AlgU and PsBFRB and PsBFD was demonstrated when AlgU overex-

pressing Pst165K was grown in rich king’s B media and up-regulation of PsBFD

and down-regulation of PsBFRB, was observed (Markel et al., 2016). Furthermore,

23 iron- and siderophore-related genes were up-regulated, while only 6 were down-

regulated by AlgU overexpression (Markel et al., 2016). Taken together, these

data support a model in which in iron-limited media AlgU activates expression

of PsBFD and mobilisation of stored iron that is necessary for growth of Pst in

iron-limiting media. This could be tested by supplementing HIM media with iron

to determine if iron alleviates the growth difference between wild-type Pst165K and

and Pst165K ∆algU mucAB ∆algD.

80

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Master of Science– Garrett M. Nunn; McMaster University– Department of
Biology

It is important not to equate growth in leaf intercellular space-mimicking media

with growth in the leaf intercellular space because they are similar, but not iden-

tical (Huynh et al., 1989). Recently, a transcriptome study revealed that global

gene expression of Pst during in vitro growth in king’s B or HIM was significantly

different from gene expression during in planta growth providing evidence that

HIM and in planta growth conditions are very different (Nobori et al., 2018).

5.2 The role of alginate in protecting Pst against

the growth inhibitory effects of SA

To examine the role of alginate in protecting bacteria from the effects of SA during

plant defense, growth of wild-type, Pst165K ∆algD and Pst165K ∆algU mucAB

∆algD was examined in leaf intercellular space-mimicking media (HIM). Pst165K

∆algU mucAB ∆algD was twice as sensitive to the growth inhibitory effects of

SA than wild-type Pst165K and Pst165K ∆algD. Pst165K ∆algU mucAB ∆algD was

more sensitive to the bactericidal effects of SA than wild-type Pst165K and Pst165K

∆algD. This suggests that the regulatory activity of AlgU, but not the ability to

produce alginate, is required to protect Pst against the antimicrobial effects of SA.

One possible explanation for the enhanced sensitivity to SA of Pst165K ∆algU

mucAB ∆algD could be due to the absence of AlgU and therefore an inability to

express multi-drug efflux pumps. AlgU expression has been implicated in expres-

sion of mult-drug efflux pumps as AlgU overexpression in Pst165K ∆algU mucAB

induced expression of MexE (Markel et al., 2016). In other bacteria, multi-drug
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efflux (MEX) pumps contribute to antibiotic resistance by expelling antibiotics

from the cytoplasm to the outside of the cell and it is possible that MEX pumps

perform a similar function in Pst (Aeschlimann, 2003). Some MEX pumps are

involved in the response to plant defensive phenolic acids. For example, Erwinia

chrysanthemi expressed AcrA, an ortholog of P. aeruginosa MexA, in response

to treatment with salicylic acid, benzoic acid and trans-cinnamic acid (Ravirala

et al., 2007). In P. aeruginosa, the MexAB-OprM pump is the MEX pump with

the broadest antibiotic substrate specificity (Aeschlimann, 2003). In Pst, deletion

of the MexAB ortholog led to enhanced sensitivity when cultured in the presence

of a number antimicrobials such as ampicillin, fusaric acid and chloramphenicol

(Stoitsova et al., 2008). Deletion of MexAB in Pseudomonas syringae pv. syringae

(Pss) resulted in reduced bacterial success on the surface of bean leaves compared

to wild type (Stoitsova et al., 2008). Additionally, analysis of the in planta tran-

scriptome of Pst demonstrated that the MEX pump MexEF-OprN was expressed

during PAMP-triggered immunity (PTI) and Effector-triggered immunity (ETI)

(Nobori et al., 2018). Previous research revealed that during both PTI and ETI,

SA accumulates in the intercellular space (Carviel et al., 2014; Fufeng et al., 2020).

These studies combined suggest that bacteria in the leaf intercellular space could

express MEX pumps to expel antimicrobials like SA from the bacterial cytoplasm.

In the future, it would be useful to investigate if MexA and MexE are expressed in

Pst in response to media containing SA, as this could link MEX pump expression

to SA and provide evidence that Pst protects itself from the antimicrobial effects

of SA by expelling it from the cell.
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In Pss, AlgU regulatory activity contributes to protecting Pss from several en-

vironmental stressors, including oxidative stress (Keith and Bender, 1999). Pst

AlgU regulatory activity may also perform this function by reducing the oxidative

effects of high concentrations of intercellular SA. Intercellular washing fluids col-

lected from Arabidopsis responding to Pst with an ARR response contain 50 to

100 µM SA (Wilson et al., 2017). Similar concentrations of SA result in oxidative

stress in Escherichia coli (Cattò et al., 2017).

5.3 Exploring conditions that effect Pst biofilm

formation

One of the original objectives of this thesis was to obtain support for in planta

biofilm-like aggregate formation data which suggested that AlgD and AlgU con-

tribute to Pst biofilm formation during infection, by examining in vitro biofilm for-

mation by Pst165K ∆algD pDSK-GFPuv and Pst pDSK-GFPuv. However these

Pst strains were found to produce little biofilm in these experiments, therefore

Pst165K biofilm formation was compared to the strain used in previous experiments

Pst pVSP61, and the strain used to examine in planta biofilm-like aggregate for-

mation, Pst pDSK-GFPuv. Pst165K was observed to produce less biofilm compared

to Pst pVSP1 and Pst pDSK-GFPuv.

Biofilm formation by Pst165K ∆algD and Pst165K ∆algU mucAB ∆algD and

Pst165K were similarly low and due to the insufficient sensitivity of the biofilm for-

mation assay, it was not possible to compare biofilm formation in Pst165K , Pst165K
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∆algD and Pst165K ∆algU mucAB ∆algD.

Variability in biofilm formation among different isolates of the same species has

been well documented in E. coli (González et al., 2017), Bacillus cereus (Kwon

et al., 2017) and in some Pseudomonads including P. aeruginosa and Pst (Ude

et al., 2006). All three Pst strains in this thesis are descendents from the same

Pst DC3000 strain originally isolated by Diane Cuppels (Cuppels, 1986) and yet

there is strain-to-strain variability. One reason for this variability could be due to

differences in growth rates. During biofilm assays in which bacteria are cultured in

HIM without agitation, planktonic Pst165K cells had a faster growth rate compared

to Pst165K ∆algD and Pst165K ∆algU mucAB ∆algD, but formed less biofilm,

suggesting there is a trade-off between planktonic growth and biofilm formation.

The faster growth rate of Pst165K (also known as PS1) could be due to a 165 Kb

duplication, which is associated with a faster planktonic growth rate in minimal

media, compared to Pst without this duplication (Bao et al., 2014). However,

this 165 Kb duplication had no effect on bacterial growth in tomato (Bao et al.,

2014). Bao et al. (2014) suggest that the duplication occurred spontaneously and

has been maintained because of the faster growth rate. None of the genes present

in the 165 Kb duplication are known suppressors of biofilm formation. Therefore,

reduced biofilm formation in Pst165K could be due to the faster growth rate of

planktonic cells.

Another possibility for what causes the difference in biofilm formation is the

presence or absence of plasmids in each strain as high-copy number plasmids have

been associated with enhanced biofilm formation ( 2.2-fold) in Escherichia coli

84

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Master of Science– Garrett M. Nunn; McMaster University– Department of
Biology

(Mathlouthi et al., 2018). Pst165K does not carry a plasmid, while Pst pVSP1 car-

ries pVSP1 which originates from pVS1 a low-copy-number P. aeruginosa plasmid

(Itoh et al., 1984; Kunkel et al., 1993) and Pst pDSK-GFPuv carries pDSK-GFPuv

a high-copy number plasmid from P. syringae (Keen et al., 1988; Wang et al., 2007;

Bao et al., 2014; Markel et al., 2016). If high plasmid copy number was associated

with enhanced biofilm formation like it is in E. coli (Mathlouthi et al., 2018),

the strain with the highest copy number plasmid would form the most biofilm.

However, this was not the case, as Pst pVSP1, containing a low copy number

plasmid, formed more biofilm than the high copy number stain Pst pDSK-GFPuv.

Additionally, biofilm formation of Pst165K ∆algD (no plasmid) and Pst165K ∆algD

pDSK-GFPuv (with plasmids) was very similar, suggesting that plasmid copy-

number probably does not affect biofilm formation and therefore does not explain

the differences in biofilm formation observed between Pst165K , Pst165K ∆algD and

Pst165K ∆algU mucAB ∆algD.

While carrying out biofilm assays, temperature effects on biofilm formation

were observed. Data presented in this thesis suggests that independent of strain,

higher planktonic growth and lower biofilm formation was associated with higher

temperatures. In Pst pVSP1 cultured without shaking at room temperature (22

to 24oC), total adhered biomass peaked at 72 hours and then declined by 96 hours

(this thesis and Wilson et al., 2017), while at 27oC, adhered biomass peaked at a

lower level than at room temperature after just 48 hours and declined by 72 hours,

suggesting that higher temperatures not only promote less biofilm formation, but

also speeds up the biofilm formation cycle (planktonic cells to biofilm formation

to dispersal of planktonic cells).
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At room temperature (22 to 24oC), Pst165K biofilm formation peaked at 48

hours, which is similar to Pst pVSP1 grown at 27oC. Additionally, the amount

of biofilm formed at 48 hours by Pst pVSP1 and Pst165K cultured at 27oC, was

similar. The similarities of Pst165K at room temperature and Pst pVSP1 at 27oC

suggests a similar cause for the lower level of biofilm formation. Moreover, during

biofilm assays, planktonic growth of Pst pVSP1 at 27oC was similar to planktonic

growth of Pst165K at room temperature (22 to 24oC). This suggests a link between

biofilm formation and the growth rate of planktonic cells.

These data support a connection between growth rate of planktonic cells and

biofilm formation. As mentioned above Pst pVSP1 formed abundant biofilms after

72h with fewer planktonic cells, while Pst165K formed little biofilm with abundant

planktonic cells. A correlation matrix (Chapter 3) supported this, demonstrating

planktonic growth negatively correlated with the amount of biofilm formed.

The biofilm matrix is largely composed of extracellular polysaccharides and

it is predicted that culturing bacteria in media with excess carbon and limited

nutrients, will stimulate bacteria to produce extracellular polysaccharides (EPS)

(Sutherland, 2001). In support of this model, Pst cultured in nutrient- and carbon-

rich conditions formed little biofilm, while Pst cultured in low-pH, nutrient-poor

conditions but with excess fructose formed abundant biofilm (Wilson et al., 2017).

Petrova and Sauer (2012) suggest that nutrient limitation stimulates biofilm forma-

tion. However, if phosphate levels were below a threshold value, this was observed

to inhibit biofilm formation in Pseudomonas aureofaciens (Monds et al., 2001).

This suggests that if nutrient levels drop too low, it will negatively impact the
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ability to form biofilms (Petrova and Sauer, 2012). This may account for the ob-

servation that Pst165K formed biofilm up to 48 hours after which biofilm formation

was highly reduced by 72 hours, perhaps due to using up the nutrients in the cul-

ture. Carbohydrate starvation has been shown to induce dispersal of biofilms in

continuous flow cultures of P. aeruginosa (Huynh et al., 2012). Kim et al. (2009)

showed that Pst grown in HIM, used 70% of the fructose in the culture by sta-

tionary phase at 48 hours. For the experiments presented in this thesis, faster

growing Pst may have used up all the carbon in HIM more quickly than slower

growing Pst and therefore reached starvation earlier which may have negatively

impacted biofilm formation.

5.3.1 SA as an antibiofilm agent

During these studies, Pst pVSP1 formed biofilms over 72 hours after which total

adhered biomass was reduced at 96 hours, suggesting that Pst biofilms began to

disperse after 72 hours. However, when Pst was cultured in HIM with ≥20 µM SA,

the total adhered biomass reached a peak at 48 hours, while Pst cultured without

SA reached a higher peak at 72 hours. These results suggest that Pst entered the

dispersal phase early as a result of SA treatment (this thesis; Wilson et al., 2017)

and SA acts as an antibiofilm agent by promoting early dispersal of aggregates.

Evidence supporting the idea that SA acts to disperse biofilms comes from

experiments in which E. coli was cultured in media supplemented with 50 to 100

µM SA and planktonic cell dispersal from biofilms, was observed (Cattò et al.,

2017). Culturing in the presence of SA also resulted in lower polysaccharide and
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protein levels within the biofilms of E. coli (Cattò et al., 2017), supporting previous

research in the lab which demonstrated that 50 to 100 µM SA inhibited in planta

Pst growth and 2 to 10 µM SA inhibited in vitro Pst biofilm formation (Wilson

et al., 2017).

If SA acts to disperse Pst biofilms, this would add to the mechanisms by which

SA acts in the leaf intercellular space to prevent infection by Pst and potentially

other bacterial pathogens. SA may enhance the effect of other plant-produced

antimicrobials by enhancing biofilm dispersal, as dispersed biofilms are thought to

be more susceptible to the effects of antibiotics (Gupta et al., 2013; Muñoz-Egea

et al., 2013; Kim and Lee, 2016; Sharma et al., 2019). Additionally, P. aeruginosa

cultured in the presence of SA was found to enhance the effect of the antibiotic,

ciprofloxacin (Prithiviraj et al., 2005).

5.3.2 Exploring EPS composition of Pst biofilms

Studies to explore the composition of Pseudomonas biofilms have employed in vitro

methods such as continuous flow cells or static biofilm assays, therefore our under-

standing of biofilm composition and formation during infection of plants is severely

limited. Recently, concanavalin A (ConA)-TRITC and calcofluor white (CFW)

staining of Pst-inoculated Arabidopsis leaves demonstrated that Pst biofilm-like

aggregated cells were surrounded by polysaccharides providing evidence that these

Pst aggregates are indeed in planta biofilms (Fufeng et al., 2020). A possible fu-

ture direction is to use these in planta staining methods to more comprehensively

elucidate the composition of Pst biofilms during infection. This could be done by
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staining various EPS deficient Pst strains (∆wssBC, ∆lscBC, and ∆algD) with

ConA and CFW to determine which components are present in Pst biofilms.

CFW binds to β(1,3) and β(1,4) polysaccharides that are found in cellulose

and chitin (Harrington and Hageage, 2003). It is possible that Pst biofilms in

Arabidopsis contain cellulose (Fufeng et al., 2020), because CFW specifically binds

to cellulose and CFW stained the air-liquid biofilms of wild-type Pst, but not

biofilms of cellulose-deficient mutants (Farias et al., 2019). If CFW specifically

binds cellulose in Pst biofilms during infection of Arabidopsis, then the cellulose

production mutant Pst ∆wssBC should not stain with CFW. Additionally, it is

possible that Pst ∆wssBC is not able to form biofilms. In planta experiments

with Pst and Pst ∆wssBC will shed light on whether cellulose is an important

component of Pst biofilms.

ConA-TRITC stained Pst biofilm-like aggregates in inoculatedArabidopsis leaves,

suggesting that Pst biofilms contain the EPS alginate (Fufeng et al., 2020). How-

ever, a number of experiments suggest that ConA-TRITC does not always detect

alginate in Pseudomonas biofilms. Purified alginate from P. aeruginosa was bound

by ConA, specifically to the mannuronic acid component (Fig. 1.2; Strathmann et

al., 2002; Laue et al., 2006). However, experiments with wild-type and levan-

deficient Pseudomonas syringae pv. glycinea (Psg) mutants demonstrated that

ConA bound to the levan (Laue et al., 2006). Additionally, treatment of wild-type

biofilms with the levan-degrading enzyme, levanase disrupted binding of ConA

(Laue et al., 2006). Furthermore, there was no binding of ConA to biofilms of

levan-deficient and alginate-producing Psg (Laue et al., 2006). These in vitro data

suggest that ConA binds Psg levan, but not Psg alginate (Laue et al., 2006). Given
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that Pst and Psg are different pathovars of the same species it is tempting to spec-

ulate that ConA binds to Pst levan and does not bind to Pst alginate. This could

be tested by ConA staining of in planta biofilms of alginate- and levan-deficient

mutants of Pst.

5.4 ARR

5.4.1 Contribution of PTI components to ARR

To determine if PTI is an important part of ARR, the ARR competence of the

PTI mutants bak1-3, bik1, efr-1, and fls2, was examined. PTI mutants, bik1, efr-1,

and fls2 were partially ARR-defective while bak1-3 was completely defective for

ARR. These results suggest that the PRRs EFR and FLS2 contribute to some

extent to a successful ARR response, while the coreceptor BAK1 is required for

ARR. This supports the idea that ARR may be associated with the priming of

defence prior to infection, as it is thought that primed defences are associated

with elevated expression of PRR proteins and the co-receptor BAK1 (Conrath et

al., 2015). However, this experiment was completed once and therefore must be

repeated to confirm these results. Previous experiments with just mature plants

demonstrated that bak1-3, efr-1 and fls2 displayed an ARR defect compared to

wild-type Col-0.
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5.4.2 RNA-sequencing

RNA-Seq was employed to identify differentially expressed genes in mature ARR-

competent compared to young ARR-incompetent plants to discover genes that

contribute to a successful ARR response. RNA-sequencing revealed that in re-

sponse to Pst, young plants expressed genes associated with the GO term response

to jasmonic acid, while in mature plants these same genes were not induced in re-

sponse to Pst. This suggests that young, but not mature plants were affected by

Pst-produced coronatine, an analog of JA-Ile that stimulates the jasmonic acid

(JA) defense pathway. Possible reasons for why mature plants were not affected

by coronatine include (i) the JA response pathway was not stimulated by corona-

tine in mature plants, (ii) coronatine production by Pst was inhibited by mature

plants, (iii) coronatine did not reach the cytoplasm of mature plants. The idea

that coronatine does not stimulate the JA pathway in mature plants is supported

by the finding that coi1-17, a mutant of COI1 which acts as a receptor for corona-

tine or JA-Ile, had a modestly enhanced ARR response (Al-Daoud and Cameron,

2011).

The RNA-sequencing analysis also found that the SA-binding glutathione S-

transferase GSTF2 (Manohar et al., 2015) was down-regulated in response to Pst

in young plants but up-regulated in response to Pst in mature plants. GSTF2

could contribute to ARR by aiding in transport of bioactive compounds out of the

cell (Dixon et al., 2012). As GSTF2 is an SA binding protein, it is possible that

GSTF2 aids in transporting SA out of the cell (Manohar et al., 2015).
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5.5 Conclusions

The work presented here significantly contributes to our understanding of ARR

and further characterises the antimicrobial effects of SA against Pst. While al-

ginate is important for biofilm formation in some bacterial species, the ability to

produce alginate does not contribute to protecting Pst from the antimicrobial ef-

fects of SA in vitro. However, the alginate regulator AlgU appears be important for

growth in leaf intercellular space-mimicking minimal media (HIM), possibly due to

its regulation of the T3SS and iron storage and uptake genes. AlgU also appears

to contribute to resistance against the growth inhibiting and bactericidal effects of

SA. This work also provides evidence that several components of the PTI signaling

pathway contribute to ARR. Additionally, transcriptomes from susceptible young

and mature ARR-competent plants responding to Pst were obtained. These tran-

scriptomes make up a rich dataset that can be examined for years to come and

will enhance our understanding of ARR. For example, comparative transcriptome

analysis of young and mature plants revealed that JA pathway genes are expressed

in young plants during a susceptible interaction with Pst, but are not expressed

in mature plants responding with an ARR response. This may indicate that ARR

could involve desensitization or suppression of the JA-Ile analog coronatine. The

findings in this thesis enhance our understanding of how plants respond to bac-

terial infection over the course of their development, and this knowledge may be

useful in designing crops with enhanced disease resistance.
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Table A3.1: Minimum inhibitory and bactericidal activi-
ties of SA.

MIC100 = Minimum concentration required to completely inhibit growth,
MBC = Minimum bactericidal activity. Parentheses indicate ratio of experiments
that resulted with the correlated MIC.

Figure A3.1: Bactericidal activity of SA on wild type Pst
pDSK-GFPuv and Pst165K ∆algD.After 72 hours of growth in
HIM with indicated concentration of SA, 10 µl spots of bacteria
were plated on king’s B agar plates. After 2 days, the plates were
imaged.
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Figure A3.2: Summary of growth of various Pst isolates
without agitation. This data represents a summary of several ex-
periments, meaning that these cell lines have not all been directly
compared at one time. Each bar represents the average of the mean
for 4 independently conducted experiments. For each of these ex-
periments, bacteria were grown on a 96-well microplate for up to
72 hours without agitation at room temperature. After either 48
or 72 hours, the optical density of 4 wells per cell type was mea-
sured before non-adherent cells were discarded to measure biofilm
formation.
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A4 Chapter 4 Appendix

Table A4.1: RNA sample quality for RNA-sequencing of
ARR.

* = samples that were not sequenced, a RINe = RNA integrity number
equivolent
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Figure A4.1: Preliminary data on bacterial growth in ma-
ture plants of PTI mutants. Wild-type Col-0, bak1-3, bik1,
efr-1, and fls2 were inoculated with 106 cfu ml−1 Pst at 7 weeks
post-germination (wpg) and bacterial levels were quantified 3 days
later. Different letters indicate significant differences (ANOVA, p-
value < 0.05). (A) Adapted from Nunn (2018). (B) A reanalysis
based on raw data in Dan-Dobre (2018).

Figure A4.2: Comparison of rRNA banding in intact and
degraded total RNA samples from leafy tissue. Total RNA
isolated from leafy tissue of mature Arabidopsis plants 24 hours
after infection with Pst was run on an Agilent Tapestation. Intact
RNA (left) is distinctive from degraded RNA (right) by prominent
clear and distinct banding of rRNA.
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Table A4.2: The top up-regulated genes in Pst compared
to mock-inoculated mature plants at 24 hpi.

a The adjusted P-value using the FDR method (Benjamini and Hochberg, 1995).
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Table A4.3: The top down-regulated genes in Pst com-
pared to mock-inoculated mature plants at 24 hpi.

a The adjusted P-value using the FDR method (Benjamini and Hochberg, 1995).
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