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Abstract

Aminochitosan, derived from chitosan, features enhanced water solubility, and improved
antifungal efficacy attributed to an additional amine group at the C-6 position, hinting at its
superior antifungal potential compared to native chitosan. This PhD thesis aimed to explore
the optimal concentration of aminochitosan and its molecular weight fractions for enhanced
antifungal and priming properties in the tomato/Botrytis cinerea and maize/ Fusarium

verticillioides pathosystems.

In the B. cinerea pathosystem, various concentrations of aminochitosan were assessed for
their antifungal effectiveness against B. cinerea growth and sporulation. Additionally, in
planta studies were conducted to phenotype and quantify temporal stress responses using
both qualitative and quantitative chlorophyll fluorescence imaging as well as DAB assays
combined with microscopy. Despite batch-to-batch variations, aminochitosan consistently
inhibited fungal growth and sporulation in a dose-dependent manner. In planta,
aminochitosan pre-treatment induced robust defence responses in tomato leaves, resulting
in a resistant phenotype that was mediated through a combination of enhanced
photosynthetic efficiency as evidenced by enhanced F,/Fm and chlorophyll content. The DAB
assays suggested that these resistant phenotypes were also ROS-independent (H.0:
specifically) due to the strong positive impact of direct inhibition. The resistant phenotype
and optimal efficacy of the aminochitosan MW fractions was observed at 3.5-15 kDa for
antifungal efficacy and 15-20 kDa for in planta efficacy. Consequently, leaf senescence,
hypersensitive responses and therefore necrosis were mitigated suggesting that

aminochitosan primed defence responses in both mock and B. cinerea inoculated leaves.

A temporal, label-free quantitative proteomic analysis revealed the differential priming of key
molecular mechanisms underpinning aminochitosan primed states both with and without B.
cinerea infection at 6 and 9 hpi in the tomato/B. cinerea pathosystem. Aminochitosan
treatment (1 mg/mL) differentially regulated proteins as early as 6 hpi with some of the
induced responses being sustained up to 9 hpi. Additionally, several proteins were oppositely
regulated between aminochitosan pre-treatment and B. cinerea infection, indicating
differential regulation patterns between the “primed state” and the “triggered state”. The

proteomic data therefore partially validated the ‘priming’ capacity of aminochitosan in 5-
Xvii



week-old tomato leaves, specifically diamino 3 when used as a foliar spray at a concentration

of 1 mg/mL.

The bimodal effects of aminochitosan in a maize/Fusarium verticillioides pathosystem were
investigated by assessing the direct antifungal efficacy and elicitation of plant defence
properties in planta. Aminochitosan displayed significant antifungal activity on both radial
growth and sporulation at a minimum concentration of 1 mg/mL. Aminochitosan was also
assessed in planta as preventative or curative treatments in maize seedlings infected with £
verticillioides at two time points. In the preventative treatment, salicylic acid accumulated
during the early stages of infection (biotrophic phase) whereas in the curative treatment,

jasmonic acid accumulated during the necrotrophic phase.

In summary, we demonstrated that water-soluble aminochitosan possesses key properties
that enable plant priming in addition to its superior direct antifungal activity compared to
native chitosan. We also identified the optimal molecular weights and concentrations

necessary for achieving maximum and 50% inhibition activity.
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Chapter 1: Problem Statement and

Thesis Outline



1.1 The global perspective shift towards “bio-friendly” plant protectants
“No one knows exactly how much food is lost on farms due to diseases and pests, whether

measured in thousands of tons, or billions of dollars” (Pinstrup-Andersen, 2000; Flood, 2010).

The world’s ever-increasing population poses a large burden on agriculture and allied sectors
to meet the demands for food security and safety (United Nations, 2022). This, coupled with
anthropogenic activities, has had persistent negative effects on the environment. To meet the
global demands for food production, agricultural productivity necessitates that it occurs either
through an increase in crop yield, or by a reduction in crop loss due to biotic or abiotic stresses
(Kumar, Ramlal, et al., 2021). The use of chemical pesticides (also referred to as fungicides,
herbicides, or insecticides based on their intended use), while beneficial and intended to
mitigate the costs of biotic stresses, have been proven to pose significant long-term risks to
the environment and humans (Daraban, Hlihor & Suteu, 2023). According to Oerke et al.,
(2006), approximately one sixth of the global agricultural production is diminished annually
by pathogens and pests pre-harvest, with additional loses in post-harvest storage (Figure 1.1)
(Oerke, 2006; Flood, 2010; Bebber, Holmes & Gurr, 2014). Therefore, several alternative
approaches to managing crop loss and reduced use of chemical pesticides have been explored
extensively. One such attractive alternative are biopolymers as the current goal is to maximize
output from depleting natural resources while safeguarding crops against post-harvest losses,
all while minimizing adverse impacts on the environment (Kaur et al., 2012; Korbecka-Glinka,

Piekarska & Wisniewska-Wrona, 2022).

Producer
Field losses | Pests and diseases 20-40%
Pre-processing | Broken grains, exessive dehulling
Transport | Spillage, leakage 10-15% in quanity
Storage | Insects, rodents, bacteria 25-50% in value (quality)

|
|
|
I
[ Processing & Packaging I Excessive peeling, trimming, inefficiency
l
I 2-20% developing

Marketing I In retailing } 5-30% developed

Plate waste ] By consumers & retailers

f

Consumer

Figure 1.1: Pre- and post-harvest losses occurring throughout the food chain with an average of 35% of potential
crop yield being lost to pests, pathogens, and disease. The additional losses after harvest account for an
additional 35% loss. Figure adapted from Popp, Pet6 & Nagy, (2013).



Biopolymers or polysaccharides such as cellulose, carrageenan, laminarin and chitosan have
been shown to be non-toxic, have multiple mechanisms of action (MoA), and exhibit broad-
spectrum antimicrobial activity (Kaur et al., 2012; Korbecka-Glinka, Piekarska & Wisniewska-
Wrona, 2022). Chitosan and its derivatives possess the aforementioned favourable properties
and is derived from the second-most abundant polymer in the world, chitin, thus making it an
advantageous polymer of choice. To synthesize chitosan and its derivatives, chitin is processed
by alkaline deacetylation to produce a polymer composed of N-acetyl glucosamine and
glucosamine monomers/units (Verlee, Mincke & Stevens, 2017). The results are polymers of
varying sequences, molecular weight (MW), solubility, degrees of deacetylation (DDA) and
degrees of polymerization (DP) (see Section 2.2.1) (Verlee, Mincke & Stevens, 2017). The
physiochemical properties of chitosan are such that it is insoluble in neutral aqueous solutions
and requires a weak acid as a solvent, thus limiting its commercial use (Romanazzi, Feliziani &

Sivakumar, 2018).

Various factors differentiating the solubility and biological activity of chitosan derivatives,
notably the presence of reactive amine group(s) and the ratio of amine to N-acetyl groups
(Liagat & Eltem, 2018; Poznanski, Hameed & Orczyk, 2023). The reactive amine group(s)
create a net positive charge and are proposed as integral to the MoA. This net positive charge
allows chitosan to interact with anionic surfaces via strong electrostatic interactions (Kong et
al., 2010). Thus, a derivative of chitosan namely, 6-deoxy-6-amino chitosan (herein referred to
as aminochitosan), was synthesized to improve its water solubility and antimicrobial activity
(Satoh et al., 2006). Aminochitosan is therefore water-soluble at neutral pH and is suspected
to have improved biological activity compared to native chitosan (Sayed, Millard & Jardine,
2018). Despite there being a plethora of studies on chitosan and its derivatives, only a handful
of studies are currently available for aminochitosan. Additionally, solubilizing aminochitosan
in water according to the methods stated in these earlier studies have not been wholly
successful (Satoh et al.,, 2006; Yang et al., 2012, 2015; Luan et al.,, 2018). However,
aminochitosan synthesized by Sayed, Millard & Jardine et al. (2018) is proposed to have

improved biological activity and solubility in water at a neutral pH.

Chitosan exerts its biological effects through a threefold mechanism involving antimicrobial
activities, film-forming properties, and the activation of plant defence systems, specifically

priming of plant defence (Xing et al., 2015; Romanazzi, Feliziani & Sivakumar, 2018). The mode
3



of action and resulting responses vary based on factors such as the pathosystem, microbial
characteristics, environmental conditions, timing of application, and intrinsic and extrinsic
physiochemical properties of chitosan (El Hadrami et al., 2010; Kong et al., 2010; Poznanski,
Hameed & Orczyk, 2023). This is compounded by the significant differences in physiochemical
properties between derivatives and batches of the biopolymer, especially since these have

repercussions on efficacy.

Generally, the distribution of pathogens and the diversity within South Africa are dependent
on socioeconomic and biophysical factors (Bebber, Holmes & Gurr, 2014). As such, two of the
major pathosystems affected by fungal pathogens are tomato/Botrytis cinerea and
maize/Fusarium verticillioides. As aminochitosan has not yet been investigated in planta,
there is a knowledge gap to be filled. Furthermore, the profile of biopolymer-based plant
protectants is lacking, and this poses a major obstacle to promoting them as viable
alternatives to chemical pesticides, specifically around policy. Therefore, a more robust
understanding of the MoA and the effects of biopolymer-based plant protectants could
contribute to elevating their recognition among the public and policymakers (Kumar & Singh,
2015). This increased awareness may facilitate a better understanding of their role in
promoting sustainability. The current objective is to maximize output from renewable natural
resources while safeguarding crops against post-harvest losses, all while minimizing adverse

impacts on the environment.

1.2 Thesis outline

As aminochitosan has not yet been investigated in planta, this is the first study to analyze its
role as a protective priming agent in the tomato/B. cinerea and maize/F. verticillioides
pathosystems. Additionally, as aminochitosan possesses an additional amino group, and a
greater overall positive charge, we hypothesize that aminochitosan will demonstrate superior
biological activity compared to native chitosan, combining enhanced priming of plant
defence responses with direct antifungal effects. Moreover, as this is the first investigation
into the effects of aminochitosan and its batch-batch variability in synthesis, we hypothesize
that there will be minor variations in the efficacy of the batches. As molecular weight is a
major definitive property of bioactivity of chitosan, we hypothesize that the molecular

weight variants of aminochitosan will display major variations in antifungal efficacy and in



planta immunostimulatory. Based on the literature on chitosan, we hypothesize that the

lower molecular weight variants will perform better in all applications.

To examine these hypotheses, this PhD thesis has addressed the following research questions:

1. Are there batch-to-batch differences? If so, what are the contributing factors and the
effects thereof?

2. Does aminochitosan offer dual protection against B. cinerea and F. verticillioides at the
same concentrations?

3. What is the lowest concentration that achieves maximum biological activity, and does
this differ for the antifungal efficacy compared to the in planta immunostimulatory
efficacy?

4. Is aminochitosan effective both as a direct and systemic inducer of resistance?

5. Does priming occur in tomato and maize?

6. If priming occurs, what defence systems are induced after treatment with/without

infection?

The research questions posed in this PhD thesis were systematically addressed, with each

chapter delving into specific aspect(s):

Chapter 2 is an introductory chapter into chitosan and the defining physiochemical properties,
the main MoA of chitosan according to these physiochemical properties and how this relates

to plant-pathogen interactions, of which an overview will be given.

Chapter 3 examines aminochitosan in the dicotyledonous tomato/B. cinerea pathosystem
with a focus on the batch-to-batch and molecular weight variants. Various concentrations
were assessed for optimal antifungal efficacy, phenotypic variations in planta, effects of
photosynthetic parameters in planta, and the accumulation of reactive oxygen species in
planta. Finally, a chemical analysis of the elemental and molecular weight variants was

assessed.

Chapter 4 aims to validate the results of Chapter 3 by label-free proteomic analysis of a batch-

to-batch variant in the tomato/ B. cinerea pathosystem. Furthermore, Chapter 4 aims to



elucidate the temporal differences in the molecular mechanisms of priming, and protection

of aminochitosan after treatment and with/without infection.

Chapter 5 further characterizes aminochitosan as a treatment in the monocotyledonous
maize/F. verticillioides pathosystem and is achieved similarly to Chapter 3. However, the
interaction between maize and F. verticillioides is first investigated by analyzing the tissue most
affected by infection in seedlings (roots), the accumulation of mycotoxins and the induction
of phytoalexins. Thereafter aminochitosan is assessed by analyzing its antifungal efficacy, in
planta efficacy and priming through two different methods of application and a targeted

metabolomic analysis of phytohormones.

Chapter 6 summarizes the main conclusions and situates them within the broader context of
chitosan literature and plant protection. Finally, limitations, challenges, and research

qguestions for coming research and challenges are discussed here.



This image was created with the assistance of DALL.E 2.
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2.1 Biopolymer-based protectants in agriculture

Phytopathogenic fungi pose a significant threat to food security and safety with ongoing
economic losses today (Oerke, 2006; Raj et al., 2011). Although commonly controlled with
synthetic fungicides (currently 230 available compounds/fungicides), the substantial growth
in international concerns over the indiscriminate use of synthetic fungicides and their negative
effects (Figure 2.1) on terrestrial and aquatic ecosystems, non-target organisms, and human
health effects have warranted the development and use of alternative protectants that are
cost-effective and contribute towards sustainable agricultural practices (De Waard, 1993;

Sharma et al., 2020; Korbecka-Glinka, Piekarska & Wisniewska-Wrona, 2022).
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Figure 2.1: A flow chart depicting the exposure to chemical pesticides/fungicides. Adapted from Sharma et al.
(2020).

Biopolymers are defined as naturally occurring polymers/macromolecules synthesized by
living organisms (plants, animals, microorganisms) or “chemically synthesized from a
biological starting material” and include proteins, nucleic acids (DNA/RNA), and the
polysaccharides starch, pectin, cellulose, hemicellulose, chitin and chitosan to name a few (Raj
et al., 2011; Kaur et al., 2012; Smith, Moxon & Morris, 2016). As such, they are utilized in a
variety of industries including biotechnology, biofertilizers, biocontrol agents, waste
treatment, medical technology, genetic engineering and agriculture (Kaur et al., 2012). The
terms biopesticides, biopolymers, and biocontrol agents are often used interchangeably while

slight nuances exist between these concepts.



Biopesticides are defined as being derived from “natural materials [such] as animals, plants,
bacteria, and certain minerals” and are categorized as biocontrol agents (organisms such as
bacteria, fungi, and viruses, the active mechanisms of protection), plant-incorporated
protectants (e.g. transgenes in plants that produce protective compounds) and biochemical
pesticide (substances that occur naturally and protect against pests and pathogens in a non-
toxic manner) (Kumar, Ramlal, et al., 2021; Liu et al., 2021). Biocontrol agents are distinct from
biopolymers in that biopolymers refer to large molecules synthesized by living organisms while
biocontrol agents are the living organisms intentionally used to control pathogens, pests,
diseases, or weeds (Kaur et al., 2012; Liu et al., 2021). Therefore, biocontrol agents are a type
of biopesticide while biopolymers can be used for the development and formulation of
biopesticides in combination with biocontrol agents, as seen in Figure 2.2. However, the
common defining feature between these three concepts is that they are all alternative

management methods to chemical pesticides (in agriculture).

[Microorganisms] Figure 2.2: Different biocontrol

strategies formulated against
pathogens, adapted from Kaur et

al. (2012).

Biopolymers
¢ Chitin

Enzymes

* Endochitinases
Chitosan Secondary + Exochitinases
Lignin metabolites + Glucanases
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/ \

Solid formulations
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* Granules * Suspensions
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* Lyophilised powders ¢ Microencapsulation
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Furthermore, the use of biopolymer-based fungicides or pesticides in managing plant-
pathogen/pest interactions is beneficial over synthetic chemical compounds for the following
reasons as highlighted by Kaur et al. (2012) and Kumar, Ramlal et al. (2021): can be used
directly against phytopathogens, are non-toxic, cost efficient and cheaper compared to
chemical pesticides, environmentally friendly (biodegradable, no bioaccumulation or

contamination of water sources), can be combined with different biocontrol agents or
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chemical fungicides, elicitor of plant defence system, the formulation can be readily
manipulated and regulated at an industrial level, are comparatively stable, easy to store and
transport and are much less restrictive as compared to live or whole organism for
commercialization (Kaur et al., 2012; Kumar, Ramlal, et al., 2021). However, despite the

aforementioned advantages, the use of biopolymers has been limited.

The challenges associated with biopolymers, as outlined by Malerba & Cerana (2019) and
Gericke et al. (2024), underscore the complexity in their adoption. These challenges include
formulation hurdles in achieving optimal ratios of active and inert ingredients, variability in
preparation methods and testing standards, as well as inconsistencies in biophysical
properties leading to unpredictable efficacy and shelf life (Malerba & Cerana, 2019; Gericke
et al., 2024). Moreover, issues such as limited field trials, high production costs, registration
requirements, and competition with synthetic pesticides further impede their widespread
acceptance, especially among small-scale growers and policymakers. In light of these
obstacles, De Waard et al.'s (1993) proposition regarding fungicide operation provides context
for understanding the persistent reliance on conventional chemical controls despite the
potential benefits of biofungicides. They suggest that by mitigating lesion development on
host plants, alternative disease control compounds could serve as viable substitutes for
fungicides, potentially improving the environmental sustainability of disease management
practices. Their conclusion implied the activation of plant defence mechanisms alongside
direct antifungal action. One such biofungicide that fulfills all the aforementioned criteria is

that of chitosan.
2.2 Chitosan and its derivatives

2.2.1 Chitosan in the global market

Chitin and chitosan (CHT) have long been acknowledged for their beneficial properties,
undergoing an exploration phase from 1930 to 1970 (Crini, 2019). Their industrial production
and application commenced in 1971 and has continued to evolve and expand to the present
day as seen by the growing number of publications in the fields of pharmaceuticals,
biomedical, cosmetics, food, textiles, paper, enzymes, and more specifically, in the field of
agriculture (Figure 2.3) (Crini, 2019; Li et al., 2020). These commercial applications are

evidenced by the market of chitosan products which is valued at USD 4700 million with a
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growth of ~5% each year and an expected compound annual growth rate of 17.3% between

2022 and 2030, to reach a market value of USD 15.1 million (Vieira et al., 2023).
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The substantial market value attributed to chitin stems from its status as the second most
abundant polysaccharide, with arthropods (such as insects, crustaceans, and arachnids),
mollusks (including squid pen beaks and cuttlefish bones), fungi (such as Aspergillus niger,
Penicillium notatum/chrysogenum, and Saccharomyces gutulata), and algae (including
diatoms and blue/brown algae) contributing to its production in volumes ranging from 10%° to
10! tons (Hamed, Ozogul & Regenstein, 2016; Yadav et al., 2019). The commercial and
industrial utilization of CHT and its derivatives primarily relies on the approximately 10,000
tons of exoskeleton waste generated by the seafood processing industry (Yadav et al., 2019;
Poznanski, Homeed & Orczyk, 2023). Nevertheless, the broader application of CHT has been
hindered by challenges related to solubility in polar and water solvents. To address this
limitation, researchers have delved into chemical and enzymatic modifications aimed at

altering the physiochemical properties of CHT (Harish Prashanth & Tharanathan, 2007).

2.2.1 The chemistry of chitosan: molecular weight, degree, and pattern of

deacetylation dictate its charge and bioactivity

The biological activity (bioactivity) of CHT is highly dependent on its physicochemical
properties, primarily determined by its structure. CHT is derived from chitin through alkaline
deacetylation resulting in a cationic polymer composed of D-glucosamine (GIcN) and N-acetyl-
D-glucosamine (GIcNAc) monomers arranged in a random sequence. As depicted in Figure

2.3A, both chitin and CHT possess three reactive functional groups: primary and secondary
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hydroxyl groups (at C-2, C-3, and C-6) and an acetamide group (in chitin) or an amino group
(at C-2 for the deacetylated units of CHT only), which allow for modifications (Brasselet et al.,
2019). The potential to modify these reactive functional groups enables a wide range of
applications as these groups contribute to significant differences in physiochemical properties,

particularly solubility.
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The difference in the number of acetylated units between chitin and CHT significantly
influences their functionality. Chitin, with more than >70% acetylated units, exhibits low
aqueous solubility in most solvents as well as limited bioactivity due to this limited solubility
(Sayed, Millard & Jardine, 2018). As a consequence, CHT and derivatives have dominated in
various applications across a range of fields as opposed to chitin. As highlighted, CHT’s
solubility, bioactivity, and biodegradability are characterized and dependent on its structural
characterization. One such crucial structural factor is the number of protonated amino groups,
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or the ratio of deacetylated to acetylated units (GIcN:GIcNAc), otherwise known as the degree
of deacetylation (DDA). CHT, with its higher ratio of acetylated units, displays insolubility in
aqueous solutions but solubility in weak acidic solutions (1%/0.1 M) due to complete

protonation of amino groups at pKa < 6.2 (Lodhi et al., 2014).

Another key structural feature, as illustrated in Figure 2.3B, is the heterogeneity of the
polymer chain resulting from the random deacetylation process whereby some monomers
are still acetylated (Li et al., 2020). This result is known as the pattern of acetylation (PA) and
may present as homogenously GlcN or heterogenous with a random sequence of GIcN and/or
GIcNAc (Figure 2.3B). Thus, it is important to note that "chitosan" does not denote a uniquely
defined compound; rather, it encompasses polysaccharides with varying compositions of

GIcNAc and GlcN units (Badawy & Rabea, 2011).

These structural factors significantly impact the molecular weight (MW) of CHT, which, in turn,
influences solubility and ultimately bioactivity, as demonstrated in Figure 2.5. Badawy and
Rabea, (2011) noted that the mean MW and polydispersity of CHT can vary considerably
among preparations. Polydispersity refers to the distribution or spread of MW sizes within a
CHT polymer. Typically, the MW of CHT is a combination of larger and smaller MW chains,
indicating higher polydispersity, while more uniformity in chain lengths suggests lower
polydispersity (Brasselet et al., 2019). However, a common challenge noted in the literature is
the lack of consensus regarding the definitions of chitooligosaccharides/oligomers/low (often
used interchangeably) and medium or high MW CHT (Verlee, Mincke & Stevens, 2017). This
ambiguity complicates discussions surrounding CHT’s MW and its implications for various
applications. For example, Poznanski, Hameed, and Orczyk (2023) categorized CHT batches as
four groups: very low, low, medium, and high MW. Here, the very low MW batches were
defined as oligomers, while low MW batches were defined as having an average MW below
100 kDa. Medium MW batches were defined as ranging from 100 to 1000 kDa, and high MW
batches as comprising sizes that exceeded 1000 kDa. In contrast, Poznanski, Hameed, and
Orczyk (2023) and Verlee, Mincke & Stevens, (2017) presented a different
categorization/definitions of the various MW ranges. They instead defined CHT as oligo-
chitosan when the MW was < 16 kDa, corresponding to approximately 100 monomeric units
of 100% deacetylated CHT. Furthermore, they classified low MW CHT as ranging from > 16-

190 kDa, medium MW from > 190 - 300 kDa, and anything > 300 kDa as high MW. These
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varying definitions of MW categories and definitions demonstrate the challenge in
standardizing terminology to allow for comparisons to be drawn across studies in the CHT

literature.

In addition to DDA and MW, CHT polymers are also typically assessed based on their degree
of polymerization (DP). This property signifies the count of monomeric units within a CHT
chain, dictating its length, with the transition from CHT oligomers to polymers typically
assumed around a DP of 20 (Lodhi et al., 2014; Lemke, Jinemann & Moerschbacher, 2022).
Although it is difficult to deduce a single definition of a CHT oligomer, one working definition
is that of Liagat & Eltem, (2018) who defined CHT oligomers as having a DP of below 20 and
an average MW greater than 3.9 kDa. Additionally, it has been demonstrated that the
bioactivity of low MW CHT (a MW of <10 kDa) exhibits greater antimicrobial activity than
native CHT (Badawy & Rabea, 2011; Liagat & Eltem, 2018). However, in addition to the lower
MW, a DP of at least seven is also required as lower MW fractions with DP < 7 were shown to
have little or no activity (Badawy & Rabea, 2011; Liagat & Eltem, 2018). Thus, the
characteristic properties of CHT are interconnected and impart an additional layer of
complexity on the bioactivity of CHT (Figure 2.4) and are in part addressed in the addendum
of Chapter 3. Figure 2.4 depicts the factors that contribute to the variations in CHTs efficacy

and bioactivity and the interconnected of these parameters.
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An effective approach to improve both the solubility and bioactivity of CHT involves modifying
the reactive groups towards adjusting the GIcN:GIcNAc ratio (DDA) and the MW (Verlee,
Mincke & Stevens, 2017). Therefore, the physicochemical properties driving the observed
bioactivity of CHT warrant further investigation, particularly considering their intrinsic link to
the source of chitin and the methods of extraction utilized (Brasselet et al., 2019).
Furthermore, due to these variations in sources between batches and the random nature of
alkaline deacetylation, differences in CHT properties are inevitable across batches, despite
stringent processing regulations and protocols. In this thesis, Chapter 3 addresses the effects

of batch-to batch variations.

2.2.3 6-deoxy-6-amino chitosan (aminochitosan)

Numerous modifications and derivatives of CHT have been synthesized with the aim of
achieving a commercially-available water-soluble derivative through chemical derivatization.
Since the DDA of CHT is directly correlated with the number of positive charges and solubility,
a logical expectation would be that an increase in the DDA would yield a polymer with the
most favorable properties (Moran et al., 2018). Therefore, the addition of an amine-group at
the C-6 position of CHT has led to the synthesis of a water-soluble (neutral pH) CHT derivative,
6-deoxy-6-amino chitosan, herein referred to as aminochitosan (Figure 2.6) (Satoh et al.,
2006; Yang et al., 2012; Sayed, 2018). Aminochitosan therefore possesses a higher DDA and
positive charge density (the degree of protonation of amino groups), due to a higher degree
of substitution (DS) where DS denotes the number of -OH (or other) groups substituted with
amine groups per glucosamine unit (Kong et al., 2010). Sayed, Millard & Jardine, (2018)
developed a protocol for synthesizing aminochitosan using a greener, shorter, and more
scalable pathway. This method avoids hazardous chemicals and generates less waste
compared to previous synthesis protocols. Thus, aminochitosan’s aqueous solubility is highly
advantageous and facilitates a broader range of applications, particularly in agriculture (Sayed,

Millard & Jardine, 2018).

15



H,N

Figure 2.6: Molecular structure of aminochitosan. This image was sourced from Sayed (2018).

2.3 Plant-pathogen interactions and plant immunity

To ensure survival, plants need to be able to both perceive and enact a timely and rapid
evasion or counteractive response to a range of pathogen attacks. Consequently, plants have
evolved sophisticated signaling and defence systems that provide both basal and adaptive
immunity to a broad and specialized range of pathogens (Huot et al., 2014). However, the
induction of defence is not without its energetic and resource costs which have been
associated with reduced growth as a result of a decrease in photosynthesis and a general
diversion of resources from growth to defence (Huot et al., 2014). Therefore, a balance

between growth and defence is necessary to ensure optimized plant fitness (Huot et al., 2014).

To respond to various stresses or triggers, whether they be extracellular or intracellular, plants
modulate their innate immune system based on the mechanisms of attack and lifestyle of the
pathogen (Nishad et al., 2020). These plant pathogens are typically classified into two
lifestyles: necrotrophic pathogens, which destroy host cells using phytotoxins and cell-wall-
degrading enzymes before consuming the contents, and biotrophic pathogens, which acquire
nutrients from living host tissues through specialized feeding structures (Glazebrook, 2005).
Some pathogens may also exhibit both lifestyles at different stages of their life cycle and are

termed hemi-biotrophs (Glazebrook, 2005; Pieterse et al., 2012).

2.3.1 Plant immunity models

The recognition and response to these pathogens is described by several models with the
most well known being the ‘zig-zag model’ proposed by Jones and Dangl (2006), which
describes a constant coevolution between plants and pathogens. In this model, recognition of
conserved structural molecular patterns of pathogens or microbes (PAMPs or MAMPs) are
recognized by host pattern recognition receptors (PRR) on the cell surface, leading to

PAMP/MAMP triggered immunity (PTI or MTI). However, if the pathogen is successful in its
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invasion, it utilizes effector proteins to obstruct PTI, thus inducing effector triggered
susceptibility. The recognition of these effectors by plant resistance genes (R genes)
subsequently lead to effector triggered immunity (ETI) (Jones & Dangl, 2006). However, since
the proposition of this model, many adjustments have been made towards a more inclusive
one. This is due to the model's difficulty in application to necrotrophs and its failure to

integrate previous pathogen attack events (Cook, Mesarich & Thomma, 2015).

One such inclusion is that of damage associated molecular patterns (DAMPs), patterns of the
host itself that are due to damage caused by pathogens (van der Burgh & Joosten, 2019).
Further accommodations were made to blur the divisions between the strict use of the terms
and models and to include all possible patterns and invasion patterns (IPs) in the ‘invasion
model’ suggested by Cook et al. (2015). In this model, recognition of IPs through IP receptors
(IPRs) results in an IP triggered response (IPTR). This response either leads to continued
symbiosis (successful defence) by failure to suppress or the exploitation of IPTR (e.g.
necrotrophic). Alternatively, it may result in the cessation of symbiosis by IPTR suppression
(e.g. biotrophic). This model also attempts to account for multiple recognition events and
invader strategies (Cook, Mesarich & Thomma, 2015). However, the latest model suggested

by van der Burgh & Joosten, (2019) is that of the ‘danger model’.

Here, the distinction between different types of plant immune responses is abolished and
instead, the attack is framed by the location of where the ‘danger signal’ is recognized. As
such, recognition of extracellular immunogenic patterns (ExIP) lead to extracellular triggered
immunity (ExTI) or intracellular triggered immunity (InTi) by the recognition of intracellular

immunogenic patterns (InIP) (van der Burgh & Joosten, 2019).

2.3.2 Plant defence mechanisms against pathogens

This section will not be exhaustive and will instead aim to summarize key contributing
mechanisms to plants defence. As mentioned above, the pathogens lifestyle affects the
mechanisms of plant defence, evasion or endurance when affecting host plants within a
pathogens host range. However, pathogen evasion may also occur through non-host
resistance, which allows plants to resist pathogens that fall outside of their typical range and
has been described as “more durable” due to the presence of various elicitors/effectors and

the involvement of multiple resistance traits (Hadwiger & Tanaka, 2017). This contrasts to the
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Jones and Dangle model where the plant receptor proteins must have a broad gene bank to

match the diverse effectors they encounter (Isaac et al., 2009; Hadwiger & Tanaka, 2017).

The plant innate immunity comprises both local and systemic responses and is composed of
several defence mechanisms which are categorized as being either pre-existing, basal, part of
non-host resistance, or induced (Doughari, 2015; Reimer-Michalski & Conrath, 2016). The
pre-existing structural defence mechanisms are often basal structures that present physical or
structural barriers to pathogen entry in addition to providing strength and rigidity. These
include but are not limited to, the epidermis, waxy layer, cuticle, cell wall, and guard cells,
stomata, and lenticels (Doughari, 2015). These pre-existing biochemical defence mechanisms
are either constitutively expressed in plants (important for physiology) or are formed in
response to biotic stress. Examples of these biochemical compounds include antimicrobial
compounds such as secondary metabolites, terpenoids, polyamines, alkaloids, flavonoids, and
cyanogenic glycosides; toxic inhibitors such as phenolics, saponins, glucanases, chitinases,
reactive oxygen species (ROS), nitric oxide (NO); phytoanticipins like quinones, steroids,
glycoalkaloids, and glucosinolates; and phytohormones such as auxins, cytokinins, salicylates,
jasmonates. These biochemical compounds may act as signaling molecules after the
recognition of an attack and are key in the activation of downstream signaling cascades and
defence responses (Caarls, Pieterse & Van Wees, 2015). Moreover, plants rely on individual
cells to trigger innate immunity, serving as both sources of systemic signals and possessing
the capacity to retain memory of prior infections (Reimer-Michalski & Conrath, 2016). These
pathways can be directly activated by signal recognition in tissue initially affected/stimulated,
otherwise known a localized acquired resistance, or in systemic tissue (tissue situated distal
from the site of the initial attack) through induced resistance, resulting in a broad range of

protection in the entire plant (Conrath, 2009; Pieterse et al., 2014).

Generally involved in the modulation of growth and development, plant hormones
(phytohormones) are also induced following the activation of plant defence mechanisms, or
other early molecular recognition events where they play crucial roles in initiating the plant
immune signaling network both locally and systemically (Pieterse et al., 2012). Typically,
jasmonic acid (JA) and ethylene (ET) activate resistance against necrotrophic pathogens while
salicylic acid (SA) signaling induces resistance against biotrophic and hemi-biotrophic

pathogens, the two groups often showing antagonistic relationships (Robert-Seilaniantz,
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Grant & Jones, 2011). Furthermore, hormones such as JA, ET, abscisic acid (ABA), gibberellins
(GAs), auxins, cytokinins (CKs), brassinosteroids, and nitric oxide (NO) are also recognized as
modulators of the plant immune signaling network (Pieterse et al., 2012). These hormonal
interactions, known as hormone cross-talk, finely regulate immune responses in a cost
effective-manner, determining tissue susceptibility or resistance to invading organisms and

demonstrating the plant's adaptive capacity (Pieterse, Ton & Loon, 2001; Pieterse et al., 2012).

Another key signaling mechanism in plant responses to biotic and abiotic stresses involves the
rapid and transient production of reactive oxygen species (ROS) through an oxidative burst
(Tripathy & Oelmiiller, 2012). ROS play essential roles as signaling molecules, regulating
growth, development, and responses to environmental stimuli, particularly in defence against
pathogens (Das & Roychoudhury, 2014). Generated primarily in cellular compartments such
as chloroplasts, mitochondria, and peroxisomes, ROS includes free radicals like 072, OH, and
non-radicals such as H,0; and '0,, with the apoplast serving as an additional site of ROS
generation. In favorable conditions, plants produce ROS at basal levels, efficiently scavenged
by antioxidant mechanisms such as superoxide dismutase (SOD), catalase (CAT), and non-
enzymatic compounds such as ascorbic acid and glutathione (Tripathy & Oelmidiller, 2012; Das
& Roychoudhury, 2014). However, the delicate balance between ROS generation and
scavenging can be disrupted by various stress factors, resulting in oxidative stress and damage,
characterized by elevated levels of ROS that can damage cells and eventually lead to cell death
(Tripathy & Oelmdiiller, 2012; Das & Roychoudhury, 2014). As such, ROS play a dual role: they
serve as inevitable by-products of aerobic metabolism while also acting as markers during
stressful conditions, triggering stress-signaling components to prevent further damage

(Tripathy & Oelmiiller, 2012; Das & Roychoudhury, 2014).

Similarly, Rojas et al. (2014) highlights the intricate interplay between primary metabolic
pathways and defence responses in plants, including the upregulation of defence-related
pathways that are often accompanied by the downregulation of genes associated with
photosynthesis and chlorophyll biosynthesis (Bilgin et al., 2010; Rojas et al., 2014). This
metabolic shift from source to sink likely facilitates the allocation of energy towards defense-
related processes, enhancing the expression of defense-related genes and the production of
secondary metabolites (Rojas et al., 2014). It also potentially reallocates nitrogen resources

towards defense responses, necessitating a rebalancing of protein levels and a redirection of
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energy towards defense mechanisms (Bilgin et al., 2010). Additionally, the upregulation of
specific metabolic pathways, such as glycolysis and the tricarboxylic acid cycle, highlights the
pivotal role of primary metabolism in supporting induced plant defence responses (Rojas et

al., 2014).

2.3.3 Priming and plant protection

Induced resistance (IR) is a plant's enhanced defensive state, activated by specific
environmental cues such as chemical or biological inducers which confer protection to
“nonexposed parts against future attack by pathogenic microbes”, thus decreasing the plants
susceptibility to future pathogen attacks (Pieterse et al., 2014; Vieira et al., 2023). Systemic
acquired resistance (SAR) and induced systemic resistance (ISR) are two distinct forms of this
enhanced defence mechanism. They involve pre-conditioning plant defences through prior
infection or treatment, resulting in increased resistance against a broad range of pathogens
(Vieira et al., 2023). This heightened state of resistance is a physiological response to specific
stimuli, effectively countering subsequent biotic challenges. However, SAR and ISR differ based
on the nature of the elicitor, the regulatory pathways involved and the organism (Choudhary,

Prakash & Johri, 2007; Honig et al., 2023).

SAR is generally associated with pathogen attack and the accumulation of SA (though not
solely dependent) and the upregulation of SAR genes producing the pathogenesis-related (PR)
proteins (Honig et al., 2023). Conversely, ISR is associated with root colonization by beneficial
microbes and the accumulation of the phytohormone JA and ET (Conrath, 2009; Honig et al.,
2023). However, the mobile signals associated with the activation of SAR remain speculative
(Fu & Dong, 2013). The compounds known to elicit ISR include lipopolysaccharides, cellulases,
flagella, siderophores, as well as proteins and peptides with defence activating functions
(Pieterse et al., 2014). Unlike ISR, SAR involves defence PR genes while ISR is generally not
dependent on pathogen attack and the expression of defence genes, as this would result in
high fitness costs. Therefore, a common feature for the resistance responses in both ISR and
SAR is through ‘priming’ as SAR responses can be primed by chemical compounds for stronger
SA-dependent defence responses (Conrath et al., 2006, 2015; Honig et al., 2023). IR can be a
result of both direct and primed defence responses and does not exclude systemic effects at

a local site of infection (Vieira et al., 2023).
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Priming, on the other hand, is the induction of physiological, epigenetic and metabolic
changes upon an initial priming stimulus, otherwise known as the ‘primed state’, and is
followed by a faster and/or stronger defence response in subsequent exposures to a triggering
stimulus, therefore increasing the capacity for defence and resistance in local or systemic
tissue (Conrath et al., 2015; Mauch-Mani et al., 2017; Honig et al., 2023). Thus, the trade-off
between resistance and defence costs are overcome by priming. As mentioned earlier,
chemical compounds whether endogenous or exogenous and of both artificial (synthetic or
non-organismal) and natural origin, can be termed priming stimuli. Additionally, the stress
itself, an indicator of an impending stress or a beneficial organism are equally considered
priming stimuli. The resulting ‘primed state’ and the effects thereof may be transient,
sustained in a single life cycle or transgenerational, indicating an epigenetic component
(Figure 2.7). Therefore, “the information of the priming stimulus is stored, eventually until
exposure to a triggering stimulus” thus creating a “memory” (Martinez-Medina et al., 2016).
Priming is considered adaptive and generally low cost to fitness. During the primed stare,
defence responses are marginally and transiently induced by the priming stimuli which instead
promote a permanently heightened state of defence awareness. Moreover, the absence of a
subsequent triggering stimulus in primed plants only results in marginally activated defence

responses (Martinez-Medina et al., 2016).

Priming has been show to regulate the biosynthesis of phytoalexins, phytohormones (SA, JA
and ET), defence proteins, ROS, lignin and callose deposition, the activation of MAP-kinases;
hypersensitive response, elevated levels of PRRs, dormant cellular signalling enzymes and
proteins, changes to chromatin, and histone modifications in defence gene promoters (Rabea
et al., 2003; Raafat et al., 2008; Goy, Britto & Assis, 2009; Iriti et al., 2009; Hadwiger, 2013;
Conrath et al., 2015; Honig et al., 2023). Distinguishing between naive (unprimed plants) and
primed plants is challenging as improved plant performance under attack does not necessarily
reflect a primed state as there are several mechanisms by which plants regulate their defence
(Figure 2.7). Therefore, as stated by Martinez-Medina et al., (2016), priming, allocation and
ecological costs as well as the supporting phenotypic analysis of the defensive state need to
be determined in naive-primed, naive-triggered, and primed and triggered plants, specifically
near the end of the memory-retaining period. The aforementioned is addressed in Chapters 3
(phenotypic analysis) and 4 (temporal priming). Allocation costs are “fitness losses caused by
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allocation of metabolic resources toward defence that would otherwise have been allocated
to growth and reproduction” and “ecological costs occur when fitness-relevant interactions of
an organism with its natural environment are impaired” (Martinez-Medina et al., 2016). Van
Hulten et al. (2006) determined that low doses of b-aminobutyric acid (BABA) induced a
primed state with minor growth reduction in contrast to direct induction of defence by high

doses of BABA which strongly affected these fitness parameters (van Hulten et al., 2006).
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Figure 2.7: A) Different priming stimuli cause a primed state in which primed conditions respond with more
robust, and/or rapid induction of defence responses upon a triggering stimuli like pathogen attack. This enhanced
fitness, resistance and reduction of disease symptoms are absent in naive/non-primed pants. Adapted from
Conrath (2009). B) Graph representing the defence responses (solid lines) and plants resources (dashed lines) in
primed (red line) and non-primed plants (blue line). (A-B) Depicts the low resource cost of priming after a priming
stimulus, as defence is induced at a low level, transiently. (C) After a triggering stimulus, primed plants exhibit a
more intense defence response than non-primed plants as primed plants mobilize cellular defence in a faster,
earlier, stronger, and/or more sustained manner than do unprimed plants. (D) Better performance: primed plants
are expected to defend better against a given stressor than unprimed plants. Therefore, priming enhances plant
fitness in hostile environments. Adapted from Martinez-Medina et al. (2016).

Priming stands out as a promising strategy for effective plant protection in agriculture,

capitalizing on plants' inherent broad-spectrum defence capabilities (Ameye, 2017). This
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approach, unlike direct defence activation, minimizes developmental costs while enhancing
resilience against a range of stressors. However, careful consideration of optimal stimulation
levels is crucial to avoid potential drawbacks such as unintended direct resistance induction,

which could impact overall fithess (Mauch-Mani et al., 2017).

2.4 Chitosan in crop protection

CHT’s biological activities are actioned through a triple-acting system of direct antimicrobial
activities, film-forming properties and the activation or enhancement of plant defence
systems and have been reviewed extensively against several economically important crops
and pathogens (Rinaudo, 2006; Herndndez-Lauzardo et al., 2008; Goy, Britto & Assis, 2009; El
Hadrami et al., 2010; Kong et al., 2010; Badawy & Rabea, 2011; Xing et al., 2015; Romanazzi,
Feliziani & Sivakumar, 2018). The following section briefly highlights some of the proposed

MoA for both CHT’s antifungal activity and in planta immunostimulatory activity.

2.4.1 Chitosan’s mechanism of action against microorganisms

As highlighted in Figures 2.5, the MoA and responses thereto are dependent on the intrinsic
physiochemical properties of CHT which include MW, DDA, DP, and positive charge density
(number of positive charges distributed along the length of the polymer due to protonation,
determined by MW, pH and ionic strength)(Kong et al., 2010; Badawy & Rabea, 2011). Other
properties not relating to the intrinsic properties affecting the bioactivity, termed extrinsic
physiochemical properties, include microbial factors (life cycle stage, cell age, cell
wall/membrane composition etc.), environmental factors (pH of the solvent, time spent and
temperature in storage), the plant/pathogen pathosystem, physical state/formulation of
chitosan (nanoparticles, hydrogels, microspheres), concentration and the starting material
and chemical/enzymatic processing to obtain CHT (El Hadrami et al., 2010; Kong et al., 2010;
Poznanski, Hameed & Orczyk, 2023). However, conflicting reported results have created
ambiguity regarding the influence of physiochemical properties on the antimicrobial activity
of CHT with many varying hypotheses (some confirmed and others not) on the MoA (Badawy
& Rabea, 2011). In general, these studies regard CHT as either bactericidal (killing live bacteria
or a portion of them) or bacteriostatic (inhibiting bacterial growth without necessarily killing

them), often without distinguishing between the two effects (Goy, Britto & Assis, 2009).
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Recent literature tends to classify CHT more as bacteriostatic rather than bactericidal (Goy,

Britto & Assis, 2009).

The molecular mechanisms underlying the antimicrobial activity of CHT and its oligomers are
extensive and sometimes contradictory, yet they concur that one of the main proposed and
accepted MoA is the interaction between positively-charged pronated amino groups of CHT
and the negatively-charged molecules, phospholipids, or metals found on cell walls or
membranes of microorganisms through electrostatic interactions (presumably competing
with other polycations like Ca%*) (Palma-Guerrero et al., 2010; Verlee, Mincke & Stevens,
2017 and the references therein). Here, the interaction causes permeabilization of the cell
membrane, leading to internal osmotic imbalances due to potential leakage of internal
materials and consequently, the inhibition of microorganism growth (Goy, Britto & Assis,
2009; Verlee, Mincke & Stevens, 2017). Another proposed MoA is the entry of CHT into the
cell nuclei where it is presumed that CHT enters the cell after aforementioned cell membrane
permeabilzation. Following entry into the nuclei, CHT is proposed to interact with chromatin,
DNA, and RNA (Hadwiger, Beckman & Adams, 1981; Kashige et al., 1994; Ma et al., 2009;
Hadwiger, 2015; Hadwiger & Tanaka, 2017). Although various studies have demonstrated this
putative MoA, it is considered to have a low probability of occurrence. The prevailing MoA is
thus thought to be electrostatic interactions leading to membrane destabilization (Raafat et

al., 2008; Goy, Britto & Assis, 2009).

As mentioned earlier, the type of microorganism also plays a large role in the effectivity of
CHT as mircroorganisms may be roughly divided into four groups based on their membrane
compositions: chitosan-sensitive fungi, chitosan-resistant fungi, gram positive bacteria, gram
negative bacteria (Palma-Guerrero et al., 2010; Verlee, Mincke & Stevens, 2017). Here, the
MoA depends on the nature of the cell membrane (Figures 2.8). CHT is ineffective against
CHT-resistant fungi due to differences in membrane fluidity, which is determined by
phospholipid fatty acid composition. This highlights the role of fungal properties in

susceptibility. (Palma-Guerrero et al., 2010; Verlee, Mincke & Stevens, 2017).

Other MoA involve direct interference with the pathogen, such as morphological changes at
all developmental stages including mycelial growth, sporulation and germination (Rabea et

al., 2003; Goy, Britto & Assis, 2009; Kong et al., 2010; Ana Niurka Hernandez-Lauzardo, 2011;
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Hadwiger, 2013; Xing et al., 2015; Verlee, Mincke & Stevens, 2017; Luan et al., 2018;
Romanazzi, Feliziani & Sivakumar, 2018). Another MoA is metal chelation, where amino
groups bind to metal cations, thereby suppressing spore elements and sequestering essential
nutrients needed for microbial growth. This MoA predominates at higher pHs, where more
amino groups remain unprotonated and available for metal chelation (Goy, Britto & Assis,
2009 and the references therein). CHT and derivatives are also capable of forming a viscous
solution in various organic acids and have been used to make functional films. This has been
tested directly against a range of fungi as highlighted in the review by Verlee et al. (2017) and
the references therein with varying antimicrobial efficacies (dependent on the
microorganism) (Ziani et al., 2009). However, this characteristic of CHT suggests its potential
for more effective utilization in directly coating foods as a preservative or as an edible coating
instead. Lastly, as CHT is generally a heterogenous copolymer, it is polydisperse (has a wide
range of MW). As such, Poznanski, Hameed & Orczyk (2023) proposed that low MW and high
MW CHT have different MoA. In Figure 2.8, low MW CHT is hypothesized to penetrate the
cell wall, altering RNA, DNA, and chromatin activity, while high MW CHT is proposed to
interact with the cell surface, causing permeabilization or forming an impermeable layer that
blocks solute transport (Kong et al., 2010). However, there is no agreed upon distinction or

hypothesis for the obsereved differences seen between low and high MW CHT.

Figure 2.8: The effects of polydispersity and MW on the antifungal activity of different MW fractions of CHT. “(A)
High MW CHT destabilizes

Mixt f short ol d
A Long polymers of chitosan B Short oligomers of chitosan 'roz;ep%,;m?rsoo"g:l::ggi" fungal cell membranes

leading to the leakage of

@ @ intracellular components. (B)
. 2% 0% & Low MW CHT fractions do
&

*Q*“‘ m
not destabilize fungal
membranes and show very

1 weak antifungal effect. (C)

®®
@

&
5
l Chitosan mixture of high and

low MW fractions shows
strong antifungal activity.
@ @ @/@ . B e @ @ @ @f@ High MW fractions
i ,3 2 & P @ = f@ destabilize the membranes
allowing the low molecular
- = = e fractions to penetrate fungal
' ‘ ; t cell and to disturb cell
) processes.” Adapted from
® (Poznanski, = Hameed &
* Fungal cell| - Orczyk, 2023).

e

Fungal cell Fungal cell
7 7

25



With respect to aminochitosan, an increase in the number of amino groups is theorized to
result in enhanced interactions and direct antimicrobial activity as the surface of the cell is
predominantly negatively-charged, making the number of amino groups on the CHT backbone
vital for strong electrostatic interactions. Therefore, modifications to CHT, like with
aminochitosan, mainly consisting of GIcN and not GIcNAc, eliminate interfering N-acetyl
groups, enhancing positive-negative interactions with the cell surface. However, regions with
excessive positive charges may rupture the cell membrane due to the strong electrostatic
interactions, potentially leading to cell death. As a result, N-acetyl groups may serve as a
means of reducing the ionic interactions, thus minimizing the possible toxicity of the polymer
(Moran et al., 2018). Ultimately, the MoA for antifungal activity is an intricate process of
“untargeted molecular events taking place simultaneously and successively, rather than being

confined to a certain target molecule” (Kong et al., 2010).

2.4.2 Chitosan’s mechanism of action in planta

In brief, CHT has emerged as a pivotal natural molecule influencing various physiological
responses in plants. Its application in planta is often for its strong elicitor properties rather
than its direct antimicrobial properties and these elicitor properties have been demonstrated
across a broad range of economically important cops including tomato and maize (Bhaskara
Reddy et al., 2000; Liu et al., 2007; Guan et al., 2009; El Hadrami et al., 2010; Mandal et al.,
2013; Choudhary et al., 2017; Zachetti et al., 2019; El Amerany et al., 2020; Suarez-Fernandez
et al., 2020; Czékus et al., 2021).

CHT applications in plants exhibit diverse physiological responses and antimicrobial activities
across various crops. Some of its plant defence elicitation properties may be related to various
PR proteins, defence-related compounds, and secondary metabolites as seen in Figure 2.9
(Xing et al., 2015). Most notably it induces downstream signal pathways involving Ca?*, ROS,
NO, phytoalexins, pectinases, chitinases, PR proteins (PR-1, PR-5), glucanases,
phytohormones (SA, JA, ABA) and antioxidants (Kaur et al., 2012; Xing et al., 2015; Li et al.,
2020; Yu et al., 2023). These result in biochemical and molecular alterations despite the
specific receptors for CHT remaining unclear. More specifically, CHT has been shown to
function as a general elicitor of non-host resistance, SAR, callose deposition, and the inhibition

of plasma membrane H*-ATPase activity (Kaur et al., 2012; Singh et al., 2018). However, the
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effects of CHT as an elicitor of plant defence is highly variable in the literature due to it being

contingent upon factors such as its concentration, plant species, and developmental stage,

specific microorganisms, DDA, MW, derivatives, and method of application (seed, root, foliar

or soil), which are not standardized across experiments (El Hadrami et al., 2010; Liagat &

Eltem, 2018).
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The majority of this chapter (excluding the addendum) have been published in Moola, N.,
Jardine, A., Audenaert, K. and Rafudeen, M.S., 2023. 6-deoxy-6-amino chitosan: a
preventative treatment in the tomato/Botrytis cinerea pathosystem. Frontiers in Plant
Science, 14. The above publication has been reformatted to fit the coherency and consistency
as required of a PhD thesis. As such, changes to the numbering of the figures, the layout and
appearance of figures have been done to fit the style of the chapter. Furthermore, the
supplementary figures and tables have also been reformatted to fit the aforementioned

thesis requirements.
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3.1 Abstract

6-deoxy-6-amino chitosan (aminochitosan) is a water-soluble chitosan derivative with an
additional amine group at the C-6 position. This modification has improved aqueous solubility,
antifungal activity and is hypothesized to have enhanced in planta antifungal activity
compared to native chitosan. Gray mold in tomatoes is caused by the fungus, Botrytis cinerea,
and poses a severe threat both pre- and post-harvest. To investigate the optimal
concentration of aminochitosan and its lower molecular weight fractions for antifungal and
priming properties in the tomato/B. cinerea pathosystem, different concentrations of
aminochitosan were tested on B. cinerea growth and sporulation and in planta as a foliar pre-
treatment in tomato leaves. The leaves were monitored for photosynthetic changes using
multispectral imaging and hydrogen peroxide accumulation using DAB. Despite batch-to-
batch variations in aminochitosan, it displayed significantly greater antifungal activity against
B. cinerea than native chitosan at a minimum concentration of 1 mg/mL. A concentration-
dependent increase in the antifungal activities was observed for radial growth, sporulation,
and germination with the maximum inhibition for all biopolymer batches and lower MW
fractions at 2.5 and 5 mg/mL, respectively. However, the inhibition threshold for
aminochitosan was identified as 1 mg/mL for spores germinating in planta, compared to the
2.5 mg/mL threshold. The pre-treatment of leaves displayed efficacy in priming direct and
systemic resistance to B. cinerea infection at 4-, 6- and 30-days post-inoculation by
maintaining elevated F,/Fm activity and chlorophyll content due to a stronger and more rapid
elicitation of the defence systems at earlier time points. Moreover, these defence systems
appear to be ROS-independent at higher concentrations (1 and 2.5 mg/mL). In addition,
aminochitosan accumulates in the cell membrane and therefore acts to increase the
membrane permeability of cells after foliar spray. These observations corroborate the notion
that aminochitosan biopolymers can exert their effects through both direct mechanisms of
action and indirect immunostimulatory mechanisms. The contrast between antifungal
efficacy and in planta efficacy highlights the bimodal mechanisms of action of aminochitosan

and the advantageous role of primed plant defence systems.
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3.2 Introduction

Tomato (Solanum lycopersicum L.) is an important crop that alone accounted for almost 25%
of the total global vegetable crop production increase between 2000 and 2021 (FAOSTAT,
2022). Gray mold disease is caused by the polyphagic, necrotrophic fungal pathogen, Botrytis
cinerea, and affects over 1400 known hosts in 586 plant genera, including tomato (Fillinger &
Elad, 2016). The life cycle of B. cinerea is complex, resulting in varying symptoms across
different plant tissues and organs (Fillinger & Elad, 2016; Poveda, Barquero & Gonzalez-
Andrés, 2020). It can infect all plant parts both pre- and post-harvest (including endophytic
activity), and lie dormant or remain active during harvest or storage (Fillinger & Elad, 2016).
Thus, economic impacts include direct losses (unmarketable crops or yield loss) and indirect
losses (quality, harvest timing and control strategies) that amount to billions in annual
economic losses (Fillinger & Elad, 2016; Poveda, Barquero & Gonzalez-Andrés, 2020). To date,
the predominant gray mold management strategy has been the use of fungicides, despite the
challenges and concerns associated with their negative effects on the environment (Fenner
et al., 2013) and human health (Verger & Boobis, 2013), lasting residues in food (Popp, Pet6
& Nagy, 2013), and acquired fungicide resistance, resulting in an ever-increasing effective
dosing requirement for crops (Pengfei Leng, 2011; Fillinger & Elad, 2016). These
disadvantages have resulted in stricter regulations governing the application of fungicides and
the permitted residue levels, resulting in a shift towards implementing eco-friendly
alternatives (De Waard, 1993; Williamson et al., 2007). Biopolymers are thus viable
alternatives to fungicides owing to their non-toxicity, multiple MoA and broad-spectrum

antimicrobial activity (Kaur et al., 2012).

Chitosan is a biopolymer of interest due to the above characteristics, with the addition of its
biocompatibility, chemical versatility, and biodegradability properties (Kong et al., 2010;
Verlee, Mincke & Stevens, 2017). Moreover, B. cinerea has been shown to be chitosan-
sensitive due to the structural composition of the cell membranes (Palma-Guerrero et al.,
2010). Produced via alkaline deacetylation of chitin; chitosan and its derivatives are
biopolymers composed of N-acetyl glucosamine and glucosamine monomer units
respectively (Verlee, Mincke & Stevens, 2017). The commercial sources of chitin used for
chitosan synthesis are largely obtained from derived from the waste of the seafood industry
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or are otherwise sourced from mushroom waste and the exoskeletons of insects (Hadwiger,
2013; Liagat & Eltem, 2018; Terkula Iber et al., 2022). However, chitosan’s insolubility in
neutral aqueous solutions as well as moderate antimicrobial activity relative to chemical
biocides have limited its commercial development in the agricultural sector (Hu et al., 2016;

Romanazzi, Feliziani & Sivakumar, 2018).

Various modifications of chitosan by means of O- or N-conjugation have been shown to
improve physiochemical properties such as solubility and antimicrobial activity (Verlee,
Mincke & Stevens, 2017; Brasselet et al., 2019). Some of the key factors differentiating the
biological activity and solubility of chitosan derivatives are the presence of reactive amine
group(s) and the ratio of amine to N-acetyl groups (Liagat & Eltem, 2018; Poznanski, Hameed
& Orczyk, 2023). The reactive amine group(s) create a net positive charge and are proposed
as integral to the mechanism of action. This net positive charge allows chitosan to interact
with anionic surfaces via strong electrostatic interactions (Kong et al., 2010). Therefore,
chitosan with an additional amine group termed 6-deoxy-6-amino chitosan (herein referred
to as aminochitosan) was synthesized to improve its biological activity and water-solubility

(Satoh et al., 2006).

Studies have reported that aminochitosan has improved antibacterial activity (Yang et al.,
2012) and antioxidant activity (Yang et al., 2015; Luan et al., 2018) when compared to native
chitosan. However, due to the difficulties in dissolving aminochitosan in neutral pH water as
prepared following the earlier methods stated, an improved synthesis of aminochitosan was
deduced. Aminochitosan, soluble in water at pH 7, was synthesized in a shorter, greener, and
more scalable synthetic protocol by Sayed, Millard & Jardine et al., (2018). Compared to the
abovementioned reported studies, this water-soluble aminochitosan is proposed to have
improved biological activity and is soluble in water at a neutral pH (Sayed, Millard & Jardine,
2018). However, other deterministic factors affecting the physiochemical properties and
biological activity of chitosan include the degree of deacetylation (DDA), polymerization (DP),

and substitution (DS), as well as the molecular weight (MW) (Bellich et al., 2016).

Chitosan’s biological activities are actioned through a triple-acting system of antimicrobial
activities, film-forming properties, and the elicitation of plant defence systems (Xing et al.,

2015; Romanazzi, Feliziani & Sivakumar, 2018). The MoA and responses thereto vary
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depending on the pathosystem, microbial factors, physical state of chitosan (e.g.
nanoparticles), environmental factors, time of application, and intrinsic and extrinsic
physiochemical properties of chitosan (El Hadrami et al., 2010; Kong et al., 2010; Poznanski,
Hameed & Orczyk, 2023). The MoA for the antimicrobial activity are proposed to be through
a combination of direct physiochemical interference with the pathogen, which includes the
formation of a film layer, induction of pathogen-related morphological changes at all
developmental stages, and direct interaction with DNA/chromatin (Rabea et al., 2003; Goy,
Britto & Assis, 2009; Kong et al., 2010; Ana Niurka Hernandez-Lauzardo, 2011; Hadwiger,
2013; Xing et al., 2015; Verlee, Mincke & Stevens, 2017; Luan et al., 2018; Romanazzi, Feliziani
& Sivakumar, 2018). In addition, the indirect MoA arises from the elicitation and exploitation
of the plant's innate immunity, resulting in induced resistance (IR) through various systemic
mechanical, biochemical, and molecular changes within the plant (El Hadrami et al., 2010;
Hadwiger, 2013; Aranega-Bou et al., 2014). IR can be elicited systemically through direct signal
recognition in locally infected tissue or by priming, which may be activated by treatment with
natural or synthetic chemicals like chitosan or through infection (Aranega-Bou et al., 2014;
Mauch-Mani et al., 2017). Priming is defined as induced physiological, epigenetic, and
metabolic changes upon the initial stimulus, which is followed by a robust defence response
that is faster and/or stronger upon subsequent exposures to stimuli with a generally low cost
to plant fitness (Aranega-Bou et al., 2014; de Vega, Newton & Sadanandom, 2018). Therefore,
priming increases the capacity and efficiency of defence and resistance through amplified
defence signals, rather than direct activation of defence responses (Aranega-Bou et al., 2014;

Mauch-Mani et al., 2017).

As aminochitosan has not yet been investigated in planta, this is the first study to analyze its
role as a protective priming agent in the tomato/B. cinerea pathosystem. Moreover, this is
the first study to investigate the effects of aminochitosan and its batch-to-batch variability in

synthesis as well as the bioactivity of lower MW fractions.
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3.3 Materials and methods

3.3.1 Plant material

Tomato (Solanum lycopersicum L.) cv. Moneymaker seeds were collectively germinated
before being transplanted into individual pots containing potting soil. Seedlings were grown
at 23 °Cwith an 16 h light/8 h dark cycle (Audenaert, De Meyer & Hofte, 2002). After 5 weeks,
when the plants consisted of tertiary leaves with five leaflets, 80-120 plants were randomized

and used for each experiment.

3.3.2 Botrytis cinerea

The B. cinerea isolate R16 (Faretra and Pollastro, 1991) was grown on potato dextrose agar
(PDA) for 2 weeks at room temperature under 12-h dark/12-h UV light conditions. Control
(mock) and spore suspensions were made, each containing 0.01 M glucose and 6.7 mM
KH,PO4, with either 1 x 10° spores/mL of B. cinerea (B. cinerea spore suspension) or distilled

water (mock solution) added (Audenaert, De Meyer & Hofte, 2002).

3.3.3 Biopolymers

Chitosan (CHT, crab origin, DDA > 90%) was purchased from AK Scientific Inc.. The 6-deoxy-6-
amino chitosan biopolymer (aminochitosan, shrimp shell origin, > 96% DDA, Sayed et al.,
2018) with batch-to-batch variants termed diamino 1 (D1), diamino 2 (D2), and diamino 3
(D3), were synthesized by the Department of Chemistry at the University of Cape Town, South
Africa. The batch-to-batch variants were approximately 15 kDa, as inferred from the 15 kDa
dialysis MW cutoff used during purification. Additional fractionation was performed on the
parent biopolymer (the biopolymer in which the fractions were derived from, Figure S3.1),
D3, with the following MW cut-offs: 3-5 kDa (Fraction 1, F1), 15 kDa (Fraction 2, F2), 20 kDa
(Fraction 3, F3), 20-99 kDa (Fraction 4, F4) and 100 kDa (Fraction 5, F5). The biopolymers are
henceforth termed either D1, D2, or D3 for the batch-to-batch variants and F1, F2, F3, F4 or
F5 for the respective MW fractions. Biopolymer solutions were freshly prepared 1 day before
the start of all experiments at the following concentrations: 0.5 mg/mL (0.05%), 1 mg/mL
(0.1%), 2.5 mg/mL (0.25%), and 5 mg/mL (0.5%). Solutions for the aminochitosan biopolymers

were prepared in distilled water, and chitosan was prepared in 1% (v/v) acetic acid. Working
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concentrations of chitosan had an acetic acid concentration of 0.1%. Biopolymer solutions

were stirred overnight and sonicated for 2 h before use.

3.3.4 Biopolymer application as foliar spray: direct and systemic

The biopolymers were assessed for two different MoA in planta: the direct effects of
biopolymer application, termed "direct treatment," and the indirect, systemic effects of
biopolymer application, termed "systemic treatment". For both types of treatment, the
tertiary leaves of 5-week-old tomato plants were pre-treated by foliar spray until run-off
(approximately 1.4 mL per leaf) with the different concentrations of the biopolymers, 24 h
before B. cinerea inoculation (see Section 3.3.3). For the direct treatment, all five leaflets were
sprayed (Figure S3.2A). To assess the systemic effect, the first primary leaflet of each leaf was

covered with foil before the remaining four leaflets were sprayed (Figure S3.2A).

3.3.5 Biopolymer Elemental Analysis (EA)

Elemental analyses of elemental composition ratios (carbon and nitrogen, C/N) and the
degree of substitution for chitosan and the aminochitosan fractions (see Section 3.3.3) were
conducted on a Thermo Flash 1112 Series CHN Analyzer and the EA Euro 3000 by the
Department of Chemistry at the University of Cape Town. The ratio C:N was used to

determine the degree of substitution (DS) using the following equation (Sayed, 2018):

(% derivative)

(% chitosan
3.3.6 Antifungal assays

3.3.6.1 Effects on mycelial radial inhibition

The direct effects of the biopolymers were assessed as in El-Ghaouth et al. (1992) using a
mycelial radial growth assay. Fungal discs (10 mm) taken from actively growing 2-week-old B.
cinerea plates were placed centrally on PDA media amended with a biopolymer (CHT, D1, D2,
D3, F1, F2, F3, or F5). The final concentrations of the amended media were 0.5, 1 or 2.5
mg/mL. Unamended PDA, water (PDA dilution control, data not shown), and 0.1% (v/v) acetic

acid were used as controls. Plates were grown under 12-h dark/ 12-h UV (combined UVA and

35



UVC) conditions for 11 days. Radial growth measurements (expressed as an average mycelial
area in mm?) and macro-photos were taken at 1-5, 8-, and 11-days post-initiation. The
percentage inhibition of radial growth (PIRG%) was calculated as in Al-Hetar et al. (2011).
Experiments were performed with five biological replicates per treatment, per experiment,
and repeated twice. The percentage inhibition of radial growth (PIRG%) was calculated as in

Al-Hetar et al., 2010.

(Control — Treatment)
PIRG% = x 100%
Control

3.3.6.2 Effects on sporulation

B. cinerea spores were harvested from the 11-day-old plates in 5 mL of water and filtered
through sterile Miracloth (Pabdn-Baquero et al., 2015). The concentrations of spores were
determined using a hemocytometer and expressed as the number of spores (spores/mL). The
experiment was repeated twice with 5 biological replicates for each biopolymer and
concentration. The percentage inhibition of sporulation (PIS%) was calculated as in Al-Hetar

et al. (2011).

(Control — Treatment)
PIS% = X 100%
Control

3.3.7 In planta: direct and systemic effects in detached whole leaves and leaf discs

3.3.7.1 Experiment set up: inoculation and lesion frequency

Twenty-four hours after spraying, whole leaves were excised at the base of the petiole before
being wrapped in paper towels and placed on a tray. The leaves were then suspended above
wet paper towels, with the stems immersed in distilled water. Individual leaflets were
inoculated with two 10 pL droplets of either B. cinerea spore suspension or mock solution on
either side of the midrib. The trays were then sealed with transparent lids to ensure a high-
humidity environment and grown under a 16-h light/ 8-h dark cycle (Figure $S3.2A). Disease
progression was assessed by counting the number of spreading necrotic lesions compared to
resistant lesions (Figure $3.2B). Plants with lesions displaying resistance to the development
of spreading lesions were termed resistant lesions. Here, resistant lesions are defined as

lesions that do not follow the same trajectory as spreading lesions but instead remain
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confined to the bounds of the initial droplet area with no detrimental effects to the leaf.
Plants with lesions displaying resistance to the development of spreading lesions were termed

resistant lesions.

3.3.7.2 Image analysis for phenotyping disease progression: F,/Fm, Chlldx, and mArildx

Leaflets were imaged using the CropReporter PathoViewer platform at 4- and 6-days post-
inoculation (dpi). The non-sprayed first primary leaflet of each leaf was imaged to assess the
systemic treatment effect in systemically sprayed leaves, while all five leaflets were imaged
to assess the direct treatment. The PathoViewer (Department of Crops and Plants, Ghent
University, Belgium), a non-invasive multispectral imaging platform, was used for the analysis
of photosynthetic changes in real time, as in De Zutter et al. (2021). The platform used an
automated, high-resolution, multispectral camera system mounted to a Cartesian-coordinate
grid table contained in a light (Sun LED modules) chamber with controlled temperature and
humidity (CropReporter, PhenoVation). The monochrome camera system captured
absorption, reflection, and fluorescence patterns at a high temporal and spatial resolution of
6 um and fitted with optical filters. The following parameters were calculated in a pixel-by-
pixel manner from the obtained images: the average maximum efficiency of photosystem Il
(Fv/Fm) (Baker, 2008), RGB values, and the stress indices, namely the average chlorophyll
fluorescence index (Chlldx, a measure “leaf yellowing and chlorophyll content”) (De Zutter et
al.,, 2021) and the average modified anthocyanin index (mArildx) (Gitelson, Chivkunova &
Merzlyak, 2009). The PhenoVation imaging software and algorithms (PhenoVation,
Wageningen, the Netherlands) were used to calculate the average F,/Fm, Chlldx, and mArildx
along with the standard deviations for each leaflet from these images (De Zutter et al., 2021).
As such, the effects of the biopolymers on the overall leaf health and disease progression
were assessed based on the phenotypic changes observed over the course of the experiment

(Baker, 2008; De Zutter et al., 2021).

3.3.7.3 Time-course analysis of hydrogen peroxide accumulation (DAB assay)

The protocols of Asselbergh et al. (2007) and Thordal-Christensen et al., (1997) were used
with the following amendments: after spraying (see Section 3.3.4) and 1 h of drying, whole

leaves were excised from multiple plants and randomized for each treatment. Leaf discs were
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taken with a 1 cm cork borer and floated (abaxial side down) in 24-well plates containing 1.5
mL of water per well. Twenty-four hours after the leaves were sprayed, leaf discs were
inoculated with two 5 uL droplets of mock or spore suspension on either side of the midrib
(Audenaert, De Meyer & Hofte, 2002; Asselbergh et al., 2007). The samples were allocated
into different time groups, where the infection was allowed to establish for either 4, 8, 12,
24, 48, or 72 h before staining. Prior to staining, the 24-well plates were imaged with the
PathoViewer platform (see Section 3.3.7.2) for macroscopic images. The protocol of Thordal-
Christensen et al.,, (1997) was used for the 3’,3’-diaminobenzidine (DAB) staining and
amended as follows: at each time point post-inoculation, the water was replaced with 1.5 mL
of 1 mg/mL DAB. Leaf discs were floated for 4 h before being de-stained (boiled) in a
lactophenol mixture (phenol: glycerol: lactic acid: water: ethanol (1:1:1:1:2) for 30 min.
Following H,0; staining, fungal structures were stained with 0.02% (w/v) Trypan Blue in
distilled water (for 30 s). After staining, the leaf discs were mounted on glass slides in 50%
(v/v) glycerol. Brightfield microscopy was performed with an Olympus BX-51 microscope and

a Nikon Ti inverted Eclipse microscope using the NIS-Elements AR imaging software.

3.3.7.4 Time course analysis: spore germination

Leaf discs used in the DAB assay (see Section 3.3.7.3) were used to analyze the effects of
diamino 1 compared to water on spore germination at two time points, 16 h post inoculation

(hpi) and 20 hpi.

3.3.7.5 Time-course analysis: gene expression of SIACRE75

This analysis was set up as the phenotyping experiment (see Section 3.3.7.1) with the
following amendments: Individual leaflets were harvested and considered biological
replicates. Therefore, five biological replicates (five leaflets) were harvested from one tertiary
leaf for the direct treatment and one biological replicate (one leaflet) for the systemic
treatment. Leaflets were harvested and flash frozen at 6 and 9 hpi for the direct treatment
and at 96 hpi for the systemic treatment (Figure S3.2A). The harvested tissue was analyzed
for gene expression of ACRE75. Primers for ACRE75 were synthesized using sequences from
De Vega et al. (2021). The reference genes, SICBL1 and LSM7, were selected from Rezzonico,

Nicot & Fahrentrapp (2018) and primers synthesized accordingly (Rezzonico, Nicot &
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Fahrentrapp, 2018). RNA was extracted using the PureLink® Plant RNA Reagent (Thermo
Fisher Scientific, Waltham, USA) as recommended. The cDNA was synthesized from 1 pg of
RNA using the Maxima First Strand cDNA Synthesis Kit with dsDNase (Thermo Fisher Scientific,
Waltham, USA). RT-gPCR was conducted using KAPA SYBR® FAST gPCR Master Mix (2X)
Universal (KAPA Biosystems, Salt River, Cape Town) on a Rotor-Gene™ 6000 real-time rotary
analyzer (Corbett Life Science, Sydney, Australia). The data was analyzed in gbase (Biogazelle,
Zwijnaarde, Belgium) and normalized to the two reference genes using the geNorm
normalization algorithm of the software where the reference genes target stability levels
were defined by the stability and variability of the reference genes by calculating the geNorm
stability M-value and the coefficient of variation of the normalized reference gene expression
levels. The threshold value was set at 1 for the geNorm expression stability value and 0.3 for
the coefficient of variation. The maximum replicate variability was set to 0.1, and any replicate

with a difference > 0.1 was excluded under quality control.

3.3.8 Statistical Analysis

Plots were generated using the R software version 3.6.0 (R Core Team, 2020) and the
packages ggplot2 (Wickham, 2016). The non-parametric Kruskal-Wallis test was used for
multiple comparisons, followed by a post hoc analysis using Dunn’s test for pairwise

comparisons. An FDR-corrected significance value of 0.05 was used for all analyses.

3.4 Results

3.4.1 Antifungal activity of aminochitosan against B. cinerea

Two batches of aminochitosan were synthesized to assess the batch-to-batch variability and
are referred to as diamino 1 (D1) and diamino 2 (D2). The biopolymers were assessed for their

efficacy against B. cinerea compared to chitosan (CHT).

The biopolymer treatments displayed radial growth in concentric rings and excessively
branched mycelia with a prevalence for “upward growth” (Figure 3.1B). In addition, the CHT
treatments displayed haloes around the mycelial growth (Figure $3.6). The direct antifungal
activities of CHT, D1, and D2 showed a significant increase in inhibitory activity with increasing

concentrations of the biopolymers compared to the PDA control (Figures 3.1A, 1B, and Table
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3.1). Notably, variations in the efficacy of the concentrations were observed across the
biopolymers, as D1 exhibited significant radial growth inhibition (PIRG%) compared to CHT
and D2 at 2.5 mg/mL (Table 3.1). To account for the inhibitory effects of acetic acid on fungal
growth (data not shown), a 0.1% (v/v) acetic acid control was included as a control for CHT
since CHT is only soluble in weak acids. The 0.1% acetic acid control was shown to be
statistically different to the PDA control and generally no different to 0.5 and 1 mg/mL but
significantly different to 2.5 and 5 mg/mL (Table 3.1). Maximum PIRG% for each of the
biopolymers was observed between 2.5 and 5 mg/mL despite the large variance in the

standard deviations (Figure 3.1B and Table 3.1).

Concentration (mg/mL) Concentration (mg/mL)

0.5 1 25 5

Chitosan

Diamino 1 |7

Controls

Diamino 2

0.1%
acetic acid

16 hpi

20 hpi

Figure 3.1: The direct antifungal effects of chitosan and aminochitosan batches on B. cinerea growth, 11 days
after incubation. (A) An overview of the phenotypic effects relative to the controls (PDA and 0.1% (v/v) acetic
acid). (B) A detailed view of the macroscopic and morphological changes. The images represent one of five
biological replicates. The experiment was repeated twice. (C) The phenotypic effects of water and D1 at 0.5, 1
and 2.5 mg/mL concentrations on the germination, germ tube formation, and elongation of B. cinerea spores
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visualized at 40X magnification (scale bar = 10 um.). The images display germination at 16 and 20 h post
inoculation. Arrows (A-C) indicate the average phenotype for each concentration. Spores were inoculated onto
leaf discs and stained with Trypan Blue for visualization. The images represent an average of 4 biological
replicates. The experiment was repeated once.

Intriguingly, the inhibitory effects of the biopolymers on the sporulation of B. cinerea
displayed an increase in the number of spores/mL for CHT, D2, and D1 at 0.5 mg/mL compared
to the PDA control which increased in that respective order (Table 3.1). This correlated with
the phenotypic changes seen in the mycelial growth for the biopolymer treatments at 0.5
mg/mL. These were marked by the appearance of ashen, gray-colored masses in concentric
rings compared to the PDA control, which displayed a uniformly light-colored growth (Figures
3.1A and 3.1B). Similarly, the 0.1% acetic acid control exhibited a comparable phenotypic
effect on sporulation as 0.5 mg/mL of CHT (Figure 3.1). Overall, the biopolymers showed an
initial increase in the average spores/mL at the lowest concentration assessed, followed by a
decrease in the average spores/mL with increasing biopolymer concentrations (Figures 3.1A,
3.1B, and Table 3.1).

Table 3.1: The effects of different concentrations of chitosan (CHT) and aminochitosan variants on the average
mycelial radial inhibition and sporulation of B. cinerea, 11 days after incubation.

Radial Inhibition Sporulation

Concentration Growth area

T PIRG (%) + SD L+SD PIS (%) = SD
reatment (ma/mL) (mm?) £ SD G(%)+S Spores/mL £ S S(%)£S
PDA 0 4910 0+0° 21133+17 365 0o+0°
0.1% acetic acid 0 133 +39 73 + 15 31260+ 17 442 7 +24°
0.5 298 £ 195 39 +32° 44 633 £33 383 -27 £56°
1 70+ 58 86 + 10°¢ 35967 + 30505 3+57°
Chitosan
2.5 56 +84 89 + 149% 5600+ 5 808 84 +13°
5 0+0 100 + 0® 100 + 141 99 +1°
PDA 0 491+0 0+0° 21133+17 365 0+0°
1 +12
0.5 279 + 109 43 + 16° 03850 0 -164 +217°
703
L 1 118 + 151 76 £ 22°b¢ 16 200 + 5940 59 + 152b
Diamino 1
2.5 0x0 100 £ O°¢ 00 100 + O°¢
5 0x0 100 £ O°¢ 00 100 £ O¢
PDA 0 491+0 0+0° 21133+17 365 0+0°
0.5 314 +£ 148 36 + 14° 65400+104790 -70+215°
1 65+ 27 87 £5¢ 33600 + 54 487 14 + 1382
Diamino 2
2.5 34+12 93 + 2« 1333 + 14 045 97 + 4°
5 7+11 98 + 2¢ 450 £ 636 98 +3°
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PIRG% = percentage inhibition of radial growth (PIRG), and PIS% = percentage inhibition of sporulation (PIS). A
negative PIS% indicates growth greater than the control. Statistical significance was calculated between
concentrations for each polymer. Means + SD (standard deviation) followed by the same superscript letter are
not significantly different from each other. Different letters indicate significant differences between
concentrations. The presence of two letters indicates either similarity or difference across multiple
concentrations for that polymer (Kruskal-Wallis test followed by Dunn’s post hoc test, p < 0.05). The values shown
are the average of three experiments.

As D1 exhibited greater radial growth inhibition compared to D2, it was selected to analyze
the effects of aminochitosan on the germination of B. cinerea in planta. The germination of
spores on tomato leaflets sprayed with D1 showed increasing inhibition of germination and
germ tube length with increasing concentrations of D1 (Figure 3.1C). Complete inhibition of
germination can be observed at 2.5 mg/mL of D1 (Figure 3.1C). At concentrations of 0.5 and
1 mg/mL of D1, the germ tube lengths were shorter than the water treatment. Notably, 1
mg/mL of D1 demonstrated the greatest variability in both the number of spores germinating

and the germ tube length (data not shown).

3.4.2 Multispectral analysis of the in planta direct and systemic effects of

aminochitosan using F,/Fm, chlorophyll index and anthocyanin index

To determine if aminochitosan exhibits comparable efficacy in planta as the antifungal
efficacy results, detached whole tomato leaves were pre-treated with aminochitosan 24 h
before B. cinerea inoculation (Figure S3.2A). Leaves were treated with one of the following
variable combinations: the mode of application (direct/systemic), the treatment
(biopolymer/water), and the inoculation solution (B. cinerea/mock). The disease progression
of an artificial B. cinerea inoculation on tomato leaves (Benito et al., 1998) is displayed in
Figure S3.2B while the induced resistance eliciting properties of aminochitosan are displayed

in RGB images in Figures $3.2A and $3.2B.
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Figure 3.2: The phenotypic effects of chitosan (CHT), diamino 1 (D1), and diamino 2 (D2) treatment on the
disease progression of B. cinerea, 4 days post-inoculation (dpi). The treatments were evaluated by direct or
systemic application and imaged thereafter. Lesion development and progression were noted by the spreading
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of dark red/black (Fv/Fm, 0-0.5) or yellow/white (Chlldx, 0-1.8) spots as measured by the false color scales.
Healthy leaf tissue was noted as yellow/green (Fv/Fm,0.7-0.9) or green (Chlldx, 1.9-2.5) by the false color scales.
(A) Images displaying the direct effects of treatment on F./Fm at 4 dpi. (B) Images displaying the systemic effects
of treatment on Fv/Fm at 4 dpi. (C) RGB, Fv/Fm, mArildx, and Chlldx images of direct D1 treatment at 4 dpiand a
detailed view of the effects with 1 and 2.5 mg/mL. (D) RGB, Fv/Fm, mArildx, and Chlidx images of systemic D1
treatment at 4 dpi and a detailed view of all concentrations. Leaves were inoculated 24 h after polymer spraying
with two 10 plL droplets of a B. cinerea spore suspension (1 x 10° spores/mL containing 0.01 M glucose and 6.7
mM KH2POa). The images represent the average phenotype of two experiments.

A significant and completely resistant phenotype with 100% resistant lesions (i.e., no visible
disease symptoms) was observed at 4 dpi for all concentrations of D1 applied as a direct
treatment and was maintained at 6 dpi, with more than 95% resistant lesions for all
concentrations assessed (Figure 3.2C and Table 3.2). These observations were compared to
the water treatment + B. cinerea inoculation, of which 91 and 94% of lesions were necrotic at
4 and 6 dpi, respectively (Table 3.2).

Table 3.2: The effects of chitosan (CHT), diamino 1 (D1), and diamino 2 (D2) on disease progression measured as
the percentage of resistant lesions at 4- and 6-days post-inoculation (dpi).

% Resistant lesions

Direct Systemic

Polymer Co?;egr}tr;al_t)lon 4 dpi 6 dpi 4 dpi 6 dpi
Water 0 82 7° 172 0@
0.1 % acetic acid 0.1 21 13° 0? 0?
0.5 52 22 0° 0°
Chitosan 1 68° 545 0? 0?
2.5 31° 10° 0? 0?
Water 0 9@ 62 0@ 0@
0.5 100° 96° 25% 0?
Diamino 1 1 100° 95° 500 50°
2.5 100° 98> 92¢ 58°
Water 0 442 12° 282 11°
0.5 76° 232 292 14°
Diamino 2 1 58° 43b 422 82
2.5 73P 55P 46° 19°

The data shows an average of two experiments, with 30-45 leaflets per experiment. The significance between
concentrations for each polymer is denoted with letters. The same letters are not statistically different from each
other (Kruskal-Wallis test followed by Dunn’s post hoc test, p < 0.05).

Direct treatment with D2 + B. cinerea inoculation also displayed significant resistance at 4 dpi
and 6 dpi for all concentrations assessed but was less protective than D1 (Figure 3.2C and
Table 3.2). CHT direct treatment + B. cinerea inoculated leaves had a lower efficacy at 4 and
6 dpi when compared to D1 and D2 treatment (Table 3.2 and Figure 3.2C). At 4 dpi, the 1 and
2.5 mg/mL concentrations of CHT treatment were significantly resistant. However, it is worth

noting that the 0.1% acetic acid control + B. cinerea inoculated leaves displayed a small but
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nonsignificant increase in the percentage of resistant lesions (22%), compared to the water
treatment (8%) and were not statistically different from the highest CHT concentration

(Figure S3.2C and Table 3.2).

The systemic protective effects of D1 treatment + B. cinerea inoculation at 4 dpi displayed
significant resistant lesions at 50 and 90% for 1 and 2.5 mg/mL, respectively and were
maintained at 6 dpi for 1 mg/mL (50%), with a decrease at 2.5 mg/mL (58%) (Figure S3.2D
and Table 3.2). However, there were overlapping protective effects between the
concentrations given the large standard deviations. In contrast to D1, D2’s protective effects
at 4 and 6 dpi were nonsignificant when compared to the water treatment at 4 dpi but still
maintained resistant lesions at 1 and 2.5 mg/mL with 42 and 46%, respectively (Table 3.2).
CHT displayed the lowest efficacy of the biopolymers at both 4 and 6 dpi, with no resistant

lesions at all concentrations evaluated for the systemic treatment.

Images quantifying the changes in the photosynthetic performance of leaves treated and/or
inoculated were used to assess the health of the leaf and/or disease progression of B. cinerea
inoculation at 4 dpi. The photosynthetic performance was measured by quantifying the
efficiency of photosystem Il (Fy/Fm) and the stress indices, namely the chlorophyll index
(Chlldx) and the modified anthocyanin index (mArildx). Figure 3.2A, 3.2B and Figure S3.2
display images that visualize the effects of the direct and systemic biopolymer treatment on
lesion development. Figures 3.3 and $3.4 show the distributions and mean values for F,/Fm,
(Figures 3.3A and S3.4), Chlldx (Figure 3.3B), and mArildx (Figure 3.3C). All observations were
compared to the water treatment + B. cinerea inoculated images (Figure 3.2) and the

distributions (Figures 3.3 and S3.4) at 4 dpi.

3.4.2.1 Direct biopolymer or water treatment and B. cinerea inoculation

The direct application of D1 treatment + B. cinerea inoculation resulted in significant Fy/Fm
values that were consistently higher than the Fy/Fn, values for D2 and CHT at all concentrations
(Figures 3.3A and S3.4A). This was visualized by the absence of red lesions in the F,/Fmimages

and correlated with the F,/Fn, distributions (Figures 3.2A and 3.3A).
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Figure 3.3: The effects of direct
and systemic chitosan (CHT),
diamino 1 (D1), diamino 2 (D2),
and controls (water and 0.1%
(v/v) acetic acid) treatment on
the overall health of B. cinerea
or mock inoculated leaves at 4
days post-inoculation. Overall
health was assessed using (A)
Fv/Fm, (B) chlorophyll index
(Chlldx) and (C) the modified
anthocyanin index (mArildx). n
= 45 leaflets per treatment. The
black dots represent the mean
of each half violin.
Concentrations with different
letters are statistically
significant (Kruskal-Wallis test
followed by Dunn’s post hoc
test, p < 0.05).
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The direct treatment with D2 + B. cinerea inoculation also resulted in significant average Fy/Fm
values at all concentrations, but with a concentration-dependent increase (Figure 3.3A). The
direct treatment with CHT + B. cinerea inoculation significantly increased the average F/Fm
values for 1 and 2.5 mg/mL concentrations, with 0.1% acetic acid having the same significance
as the 2.5 mg/mL concentration (Figures 3.3A and S3.4A). The significant protective
antifungal effects (Table 3.1) and increased protective in planta effects (Table 3.2) for 0.1%
acetic acid were also noted phenotypically by the reduced red lesion sizes (Figure 3.2A) and
in the increase in the distribution and average F./Fm values when compared to the water
treatment (Figures 3.3A and $3.4A). Correspondingly, direct 0.1% acetic acid treatment + B.
cinerea inoculation resulted in a similar nonsignificant increase in the average Chlldx values
(Figure 3.3B). Direct D1 and D2 treatment + B. cinerea inoculation showed a significant
increase in the distribution of Chlldx values at all concentrations assessed, with notable

differences between the concentrations of D1 treatment (Figure 3.3B).

The mArildx values for direct treatment with CHT + B. cinerea inoculation were the same as
for the water treatment (Figure 3.3C). However, the 0.1% acetic acid control was statistically
lower than the water treatment and all concentrations of CHT (Figure 3.3C). In contrast, both
D1 and D2 direct treatment + B. cinerea inoculation had statistical increases in the average
mArildx at 1 and 2.5 mg/mL concentrations (Figure 3.3C). This was noted phenotypically in
Figure 3.2C, where higher levels of mArildx are visible at the sites corresponding to 1 and 2.5
mg/mL of D1 treatment. Visually, this appeared concentration-dependent, as the
accumulation was more visible at 2.5 mg/mL compared to 1 mg/mL and was not observed at

0.5 mg/mL.

3.4.2.2 Systemic biopolymer or water treatment and B. cinerea inoculation

The F,/Fm values for the systemic D1 treated + B. cinerea inoculated leaflets corroborated the
phenotyping data (Figure 3.2B) and were also significantly higher than the water treatment
(Figure 3.3A and $3.4B) with a concentration-dependent increase in the average F./Fm (Figure
3.3A). D1 also displayed marked differences in the proportion of healthy F,/Fm levels, 4 and 5,
at all concentrations assessed compared to D2 and CHT (Figure S3.4B). Although the F\/Fm
distributions of D2 did not exhibit a significant difference from the water treatment, the data

points tended to cluster at higher values compared to the water treatment. This suggests that
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some protective effects may have been elicited (Figure 3.3A). Like the phenotyping data in
Figure 3.2B and Section 3.3.2, the average F,/Fmvalues for CHT, and 0.1% acetic acid treated
+ B. cinerea inoculated leaflets were nonsignificant when compared to the water treatment
(Figures 3.2B, 3.3A, and S3.4B). The distribution of Chlldx values for the D1, D2 and CHT
systemically treated + B. cinerea inoculated leaflets was nonsignificant at all concentrations
assessed except for 0.5 mg/mL of the D1 and CHT treatments, which were lower than the

water treatment (Figure 3.3B).

Correspondingly, a significant decrease in the average mArildx at 0.5 mg/mL compared to the
water treatment for D1 and CHT systemically treated + B. cinerea inoculated leaflets was also
seen (Figure 3.3C). However, in contrast to the Chlldx, a nonsignificant increase in mArildx
distribution was observed at 1 and 2.5 mg/mL for D1 and D2 systemically treated + B. cinerea
inoculated leaflets (Figure 3.3C). This was noted phenotypically in Figure 3.2D, where higher
levels of anthocyanin were visible at the sites corresponding to 1 and 2.5 mg/mL of D1

treatment on systemically treated leaves.

3.4.3.3 Direct biopolymer or water treatment and mock inoculation

D1 and D2 directly treated and mock inoculated leaflets displayed significant increases in the
average Fy/Fm values for 0.5 and 1 mg/mL, with a nonsignificant decrease in the average for
the 2.5 mg/mL concentration (Figure $3.4A). A similar increase was observed for the average
Chlldx values for D1 and D2 directly treated and mock inoculated leaflets (Figure 3.3B). D1
treatment showed significant increases at all concentrations, whereas D2 treatment was only
significant at 0.5 and 2.5 mg/mL (Figure 3.3B). D1 and D2 treatment displayed a significant
increase in the average mArildx values for all concentrations, while D2 was only significant at
1 mg/mL (Figure 3.3C). This increase was visible in the D1 phenotyping images in Figure S3.3C,
where areas with residual dry droplets correspond to higher mArildx values (according to the

false color scale).

Contrastingly, for leaflets directly treated with CHT and mock inoculated, a significant
decrease in the average Fy/Fm, Chlldx, and mArildx values was observed at all concentrations
assessed (except 0.5 mg/mL mArildx) (Figure 3.3A, 3.3B, and 3.3C, respectively). This

significant decrease in Fy/Fm and mArildx was also observed for the 0.1% acetic acid treatment
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+ B. cinerea inoculated leaves when compared to the water treatment + B. cinerea inoculated

leaves (Figures 3.3A, 3.3B, and 3.3C).

3.4.3.4 Systemic biopolymer or water treatment and mock inoculation

For the systemic application of D1 and D2 treatments and mock inoculation, no differences
were seen in the distribution or average F./Fm values for all concentrations assessed
compared to the water treatment (Figure 3.3A). However, when looking at the distribution
of the Fy/Fm levels in Figure $3.4B, D1 displayed a higher proportion of levels 4 and 5
compared to D2 (Figure S3.4B). D1 systemically treated and mock inoculated leaflets
displayed a nonsignificant increase in Chlldx values at all concentrations, whereas D2 treated
and mock inoculated leaflets were significantly greater at 0.5 and 1 mg/mL concentrations
(Figure 3.3B). The average mArildx values for D1 and D2 treatments were not significant as
the distributions were large, often with two clusters of data points indicating protective
effects in a fraction of the leaflets assessed (Figure 3.3C). This increase was visible in the D1
phenotyping images in Figure S3.3D. Additionally, as in the systemic B. cinerea inoculated
leaflets, little to no anthocyanin accumulated at the site of infection when treated with 1 and
2.5 mg/mL of D1 but appeared phenotypically similar at 0.5 mg/mL (Figure 3.2C). Treatment
with CHT and mock inoculation was significantly lower at all concentrations for the average
Fv/Fm (Figure 3.3A and S3.3B). There were no changes observed in the Chlldx and mArildx
values at all concentrations of CHT treatment and mock inoculation assessed (Figures 3.3B

and 3.3C).

3.4.4. Characterizing an early defence response in tomato leaflets: aminochitosan

and H;0; production

The production of reactive oxygen species (ROS) is frequently observed as a dominant and
early defence response (Thordal-Christensen et al., 1997). Hence the impact of D1 on
hydrogen peroxide (H20;) production was evaluated in a time course series using DAB staining
to compare H;0; accumulation at the site of inoculation. This method vyields brown
precipitates that indicate the presence of H,0, accumulation allowing both macroscopic and

microscopic assessment.
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3.4.4.1 Macroscopic observations

The macroscopic progression of disease symptoms were visualized over time using RGB and
dark-adapted chlorophyll fluorescence (F./Fm) images (Figure 3.4A and Figure 3.4B
respectively) as the use of chlorophyll fluorescence allowed for earlier detection of disease

symptoms (Pavicic et al., 2021).

In the RGB images, disease symptoms were only observable from 48 hpi for both CHT and D1
(Figure 3.4A). For the chlorophyll fluorescence images, dark spots on the leaflets that signify
the lack of chlorophyll fluorescence served as an indicator for necrotic lesions. Mock
inoculated leaflets displayed no dark spots (data not shown). The initial development of
necrotic lesions was first observed at 16 hpi for the water treatment, at 20 hpi for 0.5 mg/mL
of CHT treatment and at 24 hpi for 0.5 mg/mL of D1 treatment (Figure 3.4B). D1 treatment
significantly protected against necrotic lesion development for 1 and 2.5 mg/mL up to and
including 72 hpi (Figure 3.4A and Table S3.1). Lesion development for 0.1% acetic acid was
protective up to 20 hpi compared to the water treatment at 16 hpi (Figure 3.4A and Table
S3.1).
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Figure 3.4: The temporal progression of B. cinerea disease symptoms on leaf discs treated with chitosan (CHT)
and diamino 1 (D1). (A) The macroscopic development of spreading lesions over 24, 48 and 72 hpi. Lesions are
denoted by their signature “wet” and “brown” phenotype at 48 hpi, followed by the growth of white mycelia at
72 hpi. (B) A chlorophyll fluorescence image showing the temporal development of lesions highlighted by the
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absence of chlorophyll (dark lesions) at the inoculation sites for the different time points. One of five
representative biological replicates are shown. (C) DAB staining visualizing the accumulation or absence of H20:
at 4X (water only) and 20X (water and D1 treatment). The experiment was repeated twice. (D) The co-staining of
D1 with Trypan Blue. The accumulation of D1 in the walls of cells as indicated by arrows G and H. The diamino
droplets sprayed onto the leaflets are labeled with arrows, A-C. Differences in the germination of spores covered
by visible droplets compared to free spores are indicated by arrows C-F. The images represent an average of five
biological replicates. The experiment was repeated once. Scale bar 4X magnification = 200 pm, 20X magnification
=100 pm and 40X magnification = 10 um.

3.4.4.2 Microscopic observations

No H,0; accumulation was observed in the water/biopolymer treated and mock inoculated
leaflets (data not shown). In the water-treated + B. cinerea inoculated leaflets, H,0;
accumulation was visible at 4X magnification around the entire lesion perimeter and within
the infection droplet from 12 hpi (Figure 3.4C). A decrease in the intensity of DAB staining

was observed for the water-treated leaflets between 20 and 48 hpi (Figures 3.4C).

Intriguingly, leaflets treated with D1 displayed a decrease in H;O, accumulation with an
increase in concentration as well as an increase in the intensity of DAB staining over time
(Figure 3.4C). Therefore, the time taken to accumulate H,0; levels comparable to the water-
treated leaflets was only achieved at later time points. Leaflets treated with 0.5 mg/mL of D1
displayed lesions with sparse areas of minimally visible H,0; accumulation at 16 and 20 hpi
(Figure 3.4C, arrows D and E) with a minimal increase in the intensity of DAB staining at 24
hpi (Figure 3.4C, arrow F). For leaflets treated with 1 and 2.5 mg/mL of D1, no H20;
accumulation was visible up to 16 hpi and 20 hpi (for 2.5 mg/mL) (Figures 3.4C). Between 20
and 48 hpi, D1 at 1 mg/mL displayed a low intensity of DAB staining in few cells (Figure 3.4C,
arrow G) with D1 at 2.5 mg/mL only displaying H.02 accumulation observed at 48 hpi (Figure
3.4C).

The microscopic observations revealed an interaction between D1 and Trypan Blue (Figure
3.4D, arrows C). The area occupied by the droplets corresponded with the D1 droplet residues
that were separate to the B. cinerea droplet residue (Figure 3.4D, arrow A and B,
respectively). At higher magnification, the droplet areas also displayed an accumulation of
Trypan Blue within the anticlinal walls of cells within the epidermis of the leaf tissue and
exhibits the same lobed shape as the cells (Figure 3.4D, arrow G and H). Most notably, the

spores beneath the D1 droplet area have little to no germinated spores when compared to
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the spores within the inoculation droplet that do not intersect with the D1 droplet (Figure

3.4D, arrows E and F).

3.4.5 The antifungal and in planta efficacy of molecular weight variants of

aminochitosan

Due to the observable differences in the antifungal and in planta efficacies of D1 and D2, a
third biopolymer batch was synthesized and further fractionated to allow for chemical and
biological characterization of the different MW fractions. The third biopolymer batch will
herein be referred to as diamino 3 (D3), and the D3 MW fractions will be referred to as

fractions 1-5 (F1-F5).

3.4.5.1 Elemental analysis of D3 and D3 lower MW fractions

Elemental analysis (EA) was used to determine whether varying efficacies of the
aminochitosan batches were due to differences in their nitrogen composition. EA was
conducted by identifying the percentage of carbon (C), nitrogen (N) and hydrogen (H) in D1,
D2, D3, and the D3 MW fractions, F1 (3.5-5 kDa), F2 (15 kDa), F3 (20 kDa), F4 (20-99 kDa),
and F5 (100 kDa). Data including the percentage of hydrogen are not shown. The EA data
displayed a clear increase in the percentage of nitrogen content for D1, D2, D3, F1, F2, F3, and
F5 compared to native CHT (Table 3.3). F4 displayed the lowest percentage of nitrogen
compared to the MW fractions and was also lower than the nitrogen content for CHT. In
addition to determining the elemental composition, the ratio of carbon to nitrogen (calculated
as C/N) was used to determine the degree of substitution (DS), the number of hydroxyl groups
substituted with amino groups; a key factor when evaluating the formation of aminochitosan
(Sayed, 2018). The DS values for D1 and D2 were within 0.08 of each other and were therefore
within close range. The lowest DS was obtained for D3 (0.63), while the highest DS was
obtained for F4 (0.81) (Table 3.3). D1 (0.76) F2 (0.77), F3 (0.78) and F5 (0.78) displayed the
most similar DS (Table 3.3).
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Table 3.3: Elemental analysis of carbon (C) and nitrogen (N) for chitosan (CHT), diamino 1 (D1), diamino 2 (D2),
diamino 3 (D3), and diamino 3 MW fractions (F1-F5).

Mass fractions of elements
Polymers C/N Ds!
*C (%) *N (%)

Chitosan 44.04 +0.10 6.62 £ 0.15 6.62 -
Diamino 1 44.24 +0.23 9.40 + 1.00 4.70 0.76
Diamino 2 38.14£0.30 7.94 +1.02 4.80 0.70
Diamino 3 44.15+0.54 10.10+1.05 4.37 0.63

3.5-5kDa (F1) 35.43+0.30 6.83+1.67 5.19 0.75
15 kDa (F2) 37.03+0.23 6.98 £ 0.12 5.31 0.77
20 kDa (F3) 40.88 + 0.81 7.64 +£0.02 5.35 0.78

20 - 99 kDa (F4) 31.49+0.46 5.67+0.11 5.55 0.81
100 kDa (F5) 39.86+0.14 7.45+0.01 5.35 0.78

* = as determined by elemental analysis. C/N = the ratio of carbon to nitrogen used to calculate the DS. DS =
degree of substitution which denotes the number of -OH groups that were substituted with amine groups.'The
formula used to calculate DS can e found in Section 3.3.5. The data represents the average of two experiments.

3.4.5.2 The antifungal effects of different aminochitosan MW fractions on B. cinerea growth

and sporulation

The antifungal activity of D3 and the D3 MW fractions was investigated, with the quantitative
and phenotypic effects shown in Table 3.4 and Figure 3.5, respectively. A statistical increase
in the PIRG% was observed for D3 treatment at 1 mg/mL and 2.5 mg/mL when compared to
the PDA control (Table 3.4). Furthermore, a statistical increase in the PIS% was observed for

all concentrations of D3 when compared to the PDA control (Table 3.4).

When comparing the phenotype and radial inhibition of the lower MW fractions, F1 and F2
appear to perform better than D3, while F1 and F3 appear to perform similarly to D3, at 1 and
0.5 mg/mL respectively (Figure 3.5 and Table 3.4). No significant differences in the efficacy
between F1, F2, and D3 on the phenotype and radial inhibition were observed at 1 mg/mL,
while F3 was significantly different. In addition, F1, F2, and D3 were similar at 2.5 mg/mL
whereas the efficacy of F3 at 2.5 mg/mL was significantly lower at the same concentration

(Table 3.4 and Figure 3.5).
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Concentration (mg/mL) Concentration (mg/mL)

Diamino 3
3.5-5KkDA (F1) [
15 kDa (F2) [[

20 kDa (F3)

Figure 3.5: The phenotypic effects of diamino 3 (D3) and the D3 lower MW fractions (F1-F3) on the radial growth
of B. cinerea, 11 days after incubation. (A) An overview of the effects relative to the PDA control. (B) A detailed
view of the macroscopic and morphological changes. The images represent one of five biological replicates. The
experiments were repeated twice.

When compared to the PDA control, F1 and F2 showed significant inhibitory effects on
sporulation at 1 and 2.5 mg/mL, and at 1 mg/mL for F3 (Table 3.4). Large standard deviations
for the sporulation data are to be noted as limiting factors. F5 displayed no effects on radial
inhibition and sporulation at all concentrations assessed when compared to the PDA control

(data not shown).
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Table 3.4: The effects of various concentrations of diamino 3 (D3) and the D3 MW fractions (F1-F3) on the average
mycelial radial growth and sporulation of B. cinerea, 11 days after incubation.

Radial Inhibition Sporulation
Treatment Cor(‘;eg”/tr;a:)ion fn:‘r’n"‘ﬁ;zasrsa PIRG (%) +SD  Spores/mL % SD PIS (%) + SD
PDA 0 491+0 0+0° 2113317365 0+0°
0.5 457 + 48 7+7° 5500 + 1980 77 £18°
o 1 237 + 259 52 +37° 4750 +4 455 86 + 8°
plamino 3 2.5 49 + 58 90 + 8° 5850 + 8132 85 +21°
5 20 £33 96 +0° 300+ 0 100 + 0°
PDA 0 491+0 0.00? 11900 + 14 100 0
0.5 358 + 87 28.36% 8300 + 4 600 30.25°
F1 (3.5-5 kDa) 1 235+93 52.23% 3700 + 4200 68.91%
2.5 47 +38 90.49¢ 500 + 0 95.80P
PDA 0 491+0 0.00? 11900 + 14 100 0
0.5 373 £162 23.97% 23500 + 32 200 -97.48?
F2 (15 kDa) 1 270 £ 133 45.01%¢ 2000 + 3 600 83.19°
2.5 00 100.00¢ 100 + 200 99.16°
PDA 0 491+0 0.00? 11900 + 14 100 0%
0.5 455 + 80 7.33° 5500 + 5 500 53.78%
F3 (20 kDa) 1 491+0 0.03? 1 500 + 900 87.39¢
2.5 121+75 75.42° 19 100 + 9 100 -60.50°

PIRG% = percentage inhibition of radial growth (PIRG), and PIS% = percentage inhibition of sporulation (PIS). A
negative PIS% indicates growth greater than the control. Statistical significance was calculated between
concentrations for each polymer. Means % SD (standard deviation) followed by the same superscript letter are
not significantly different from each other. Different letters indicate significant differences between
concentrations. The presence of two letters indicates either similarity or difference across multiple
concentrations for that polymer (Kruskal-Wallis test followed by Dunn’s post hoc test, p < 0.05). The values shown
are the average of three experiments.

3.4.5.3 The in planta effects of aminochitosan 3 (D3) and the D3 MW fractions, on eliciting

resistance in the tomato/B. cinerea pathosystem

The direct and systemic effects of D3 and the D3 lower MW fractions were analyzed for their
efficacy in eliciting a resistant phenotype at 4, 6, and 30 dpi (Figure $S3.5 and Table 3.5) and
H,0, production at 4, 8, 12,16, and 20 hpi (Figure 3.6). When compared to the water
treatment, direct treatment with D3, F2, and F3 significantly increased the percentage of
resistant lesions at 4 and 6 dpi (Table 3.5 and Figure $S3.5). Notably, at 4 and 6 dpi, F2 and F3
displayed a decrease in the percentage of resistant lesions at 2.5 mg/mL when compared to

1 mg/mL of the respective biopolymer (Table 3.5). Direct treatment with F1 statistically
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increased the resistant phenotype at 1 and 2.5 mg/mL at both 4 and 6 dpi compared to the
water treatment but was less effective than D3 (except at 6 dpi for 2.5 mg/mL), F2 and F3
(Table 3.5).

The systemic treatment yielded variable results at the different concentrations applied due
to large standard deviations with overlapping ranges (Table 3.5). Systemic treatment with D3,
F2, and F3 was significantly protective at 1 and 2.5 mg/mL when compared to the water
treatment at 4 and 6 dpi (Table 3.5). Systemic F1 treatment, when compared to the water
treatment, was significantly protective at 0.5 and 2.5 mg/mL at 4 and 6 dpi (Table 3.5).
Furthermore, the systemic protection provided by F2 was greater than D3 (Table 3.5).
Notably, similar to the results from direct treatment, a decrease in the percentage of resistant
lesions was observed for 2.5 mg/mL of D3, F2, and F3 treatments at 4 and 6 dpi but was not
observed for F1 treatment (Table 3.5). At 30 dpi, F2 remained significantly protective for both
direct and systemic treatments at all concentrations compared to the water treatment (Figure
$3.5D). At 30 dpi, F2 was protective at all concentrations (Figure $3.5D), while F1 and D3 were

not (data not shown).
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Table 3.5: The effects of various concentrations of diamino 3 (D3) and the D3 MW fractions (F1-F3) on disease
progression measured as the percentage of resistant lesions at 4- and 6-days post-inoculation (dpi).

% Resistant lesions

Direct Systemic
Biopolymer Co?;egr}tn:aL’c)ion 4 dpi 6 dpi di)i 6 dpi
Water 0 36° 21° 37° 17@
0.5 63° 42° 572 27%
Diamino 3 1 80°¢ 63¢ 562 47"
2.5 83¢ 56°¢ 75P 64¢
Water 0 342 28° 38° 29°
0.5 47% 43% 67° 58b¢
F1 (3.5-5 kDa) 1 59b 47° 332 173
2.5 79¢ 69¢ 83b 67¢
Water 0 342 29° 38° 29°
0.5 100° 99P 67° 50°
F2 (15 kDa) 1 99° g7b 83b 75¢
2.5 79¢ 79¢ 75P 67°
Water 0 342 28° 38° 29°
0.5 98P 88P 502 502
F3 (20 kDa) 1 96° 96P 100° 100°
2.5 86° 81° 67° 50%

The data shows the average of two experiments, with 30-90 leaflets per experiment. The significance between
concentrations for each polymer is denoted with superscript letters. The same letters are not statistically
different from each other (Kruskal-Wallis test followed by Dunn’s post hoc test, p < 0.05).

To analyze the temporal regulation of H,0; production, D3 and the lower MW fractions were
evaluated using a time course series (Figure 3.6). Unlike the water and D1 treated and mock
inoculated leaflets, treatment with 0.5 mg/mL of F1 and F3 and 1 mg/mL of F2 + mock
inoculation resulted in H,02 accumulation that was indiscriminate across the leaflets at 20 hpi
(Figure 3.6B). In contrast to D1 and D2 treatment, H,0, accumulation was macroscopically
visible from 16 hpi onwards in D3 treated + B. cinerea inoculated leaflets (Figure 3.6C). No
discernible differences in the patterns of H,O, accumulation for B. cinerea inoculated leaflets
were observed for all concentrations of F1, F2, and F3 assessed (Figure 3.6C). However, these
MW fractions exhibited H,0; accumulation as early as 4 hpi compared to 16 hpi for D3 treated
+ B. cinerea inoculated leaflets (Figure 3.6C). Furthermore, an increase in concentration

resulted in a marginal decrease in the intensity of DAB staining for D3, F1, F2, and F3 as

58



evident from the differences in the quantity and color intensity of brown lesion spots (Figures

3.6A and 3.6C).

[PURY :
Concentration (mg/mL) Concentration (mgﬁhl)

Water 0.5 1 25 Water 0.5 1 25

Diamino 3 Diamino 3 §

3.5-5kDa (F1) 3.5-5kDa (F1)
15 kDa (F2) 15 kDa (F2) §
20 kDa (F3) 20 kDa (F3)
c )
Concentration (mg/mL)
Water 0.5 X Water 0.5 25 Water 0.5
4 hpi
8 hpi
12 hpi
16 hpi
20 hpi

Diamino 3 3-5kDa (F1) 15 kDa (F2) 20 kDa (F3)

Figure 3.6: The temporal accumulation of H20: in leaf discs treated with diamino 3 (D3) and D3 lower MW
fractions (F1-F3) and visualized with DAB staining at 4, 8-, 12-, 16- and 20-h post-inoculation (hpi) with B. cinerea.
(A) Macroscopic images of DAB staining at 20 hpi displaying the progression of disease symptoms as noted by
the appearance of brown spots in the RGB image. (B) Macroscopic image of DAB staining in de-stained leaf discs
sprayed with different polymer concentrations and inoculated with a mock solution at 20 hpi. (C) The
macroscopic, temporal H202 accumulation at 4, 8, 12, 16, and 20 hpi. This image correlates with the RGB image
in (A). Leaf discs were inoculated with two 10 pL droplets of a B. cinerea spore solution (1 x 10° spores/mL
containing 0.01 M glucose and 6.7 mM KH2PQs) 24 h after spraying. The image here represents one of four
biological replicates.

3.4.6 The role of aminochitosan in priming ACRE75

De Vega et al. (2021) investigated and reported induced resistance and the temporal priming
of the tomato Avr9/Cf-9 rapidly elicited protein 75 (ACRE75) by a commercially available
water-soluble chitosan in tomato leaf discs infected with B. cinerea (De Vega et al., 2021). In

the present study, the relative expression levels of ACRE75 were measured in response to
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mock/B. cinerea inoculation and different concentrations of direct D3 treatment at 6 and 9

hpi and systemic D3 treatment at 96 hpi.

D3 treated + mock inoculated leaflets displayed a significant increase in ACRE75 normalized
expression levels for 1 and 2.5 mg/mL concentrations at 6 hpi when compared to the water
treatment (Figure 3.7). However, D3 treated + B. cinerea inoculated leaflets at 6 hpi had lower
ACRE75 relative expression levels compared to mock inoculated leaflets (Figure 3.7).
Treatment with 2.5 mg/mL of D3 was significantly different from the water treatment at 6 hpi
in B. cinerea inoculated leaflets. The 2.5 mg/mL concentration also showed the highest
average relative expression levels for ACRE75 at 6 hpi in D3 treated + mock/B. cinerea
inoculated leaflets (Figure 3.7). Thus, at 6 h post-inoculation, both the mock and B. cinerea
inoculated leaflets exhibited a concentration-dependent increase in normalized relative gene

expression (Figure 3.7).

ACRE75 ACRET75 ACRE75

Normalized relative expression
N w

b z
Xy 4 :
Y
Xy Xy
| a ) a

X X

a ab: X I . y 14 a
x ’ L . a x . ]

.l il 0 e 1

Omg/mL 0.5mg/mL 1mg/mL 2.5 mg/mL Omg/mL 0.5mg/mL 1 mgmL 2.5 mg/mL omg/mL 05mgmL 1mgmL 2.5 mg/mL
6 hpi 9 hpi 96 hpi

Figure 3.7: The effects of diamino 3 (D3) treatment compared to water treatment in B. cinerea and mock
inoculated leaflets on the priming of ACRE75 at 6, 9 and 96 h post inoculation (hpi). Different letters indicate
statistically significant differences. a/b indicates differences between controls and x/y/z indicate differences
between infected samples. (Kruskal Wallis test followed by Dunn’s post hoc test, p < 0.05). n = 3 per
concentration.

However, at 9 hpi, the relative gene expression decreased with increasing concentration for
both genes, with 0.5 mg/mL of D3 treatment showing the highest nonsignificant averages for
both mock and B. cinerea inoculated leaflets (Figure 3.7). A similar trend was observed with
systemic D3 treatment and + mock/B. cinerea inoculation at 96 hpi (Figure 3.7). Overall,
ACRE75 had higher average expression levels in the D3 treated and mock inoculated leaflets

compared to the water treatment at both 6 and 9 hpi (Figure 3.7). However, the standard
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deviation for D3 treatments was greater, specifically in the treated and B. cinerea inoculated

leaflets compared to the mock inoculated leaflets (Figure 3).

3.5 Discussion

Considering that amino groups are a defining factor in the physiochemical and biological
properties of CHT derivatives; aminochitosan possesses improved functionality compared to
native CHT (Satoh et al., 2006; Yang et al., 2012, 2015; Luan et al., 2018). To date, this is the
first study to characterize aminochitosan dissolved exclusively in water (pH = 7) for its
antifungal and in planta immunostimulatory properties, with a focus on the tomato/B. cinerea
pathosystem. However, batch-to-batch variations posed a challenge in obtaining consistent
data in characterization of physiochemical properties and biological activity. One such
variation noted was in the solubility of D2 which was not observed for D1, D3, or the lower
MW fractions of D3. However, when comparing the elemental composition of the batches,
minor variation was seen between D1 and D2 with a bigger difference being seen in D3 (with
no effect on the solubility). Thus, these differences are potentially due to the variability in the
source materials utilized to synthesize aminochitosan batches (Croisier & Jérome, 2013;
Sayed, 2018). Other known contributors to the solubility of CHT and derivatives are DDA, DS
and MW (Luan et al., 2018). The DDA and DS determine the number of amine groups available
for protonation, while the MW affects the number of charged amino groups available for
intermolecular interactions with the solvent (water) (Croisier & Jéréme, 2013; Bellich et al.,
2016). Aminochitosan with a high DDA and DS and a low MW is more soluble than
aminochitosan with a low DDA, DS and a high MW (Bellich et al., 2016). Therefore, potential
differences in MW resulted in small but measurable variations in the efficacy of the batches
both for its antifungal and in planta immunostimulatory properties, as observed between D1

and D2.

3.5.1 Antifungal effects of aminochitosan against B. cinerea

Aminochitosan, specifically D1, displayed significantly greater inhibition of B. cinerea than
CHT at a minimum concentration of 1 mg/mL. Similar results were reported by De Vega et al.
(2021), who reported significant inhibition of B. cinerea with water-soluble CHT at a

concentration of 0.1% (1 mg/mL) and higher (De Vega et al., 2021). Another study on
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aminochitosan (DS of 0.81, C/N 2.834) and CHT (DDA of 95% and MW of 700 kDa) by Luan et
al.,, (2018) was investigated against various species in the Fusarium genus. The study
demonstrated that aminochitosan at a concentration of 0.5 mg/mL exhibited more than a
20% increase in antifungal activity. However, both CHT and their aminochitosan were
dissolved in 0.35% acetic acid (Luan et al., 2018). In the present study, the antifungal activity
of CHT was confounded using acetic acid as a solvent for CHT on account of acetic acid
displaying significant radial growth inhibition at a concentration of 0.1%. Furthermore, these
results were no different from the effects of the 0.5 and 1 mg/mL concentrations of CHT,
indicating a protective effect of 0.1% acetic acid. Acetic acid, amongst others, has been shown
to display antimicrobial activity in planta and in vitro as the undissociated form of acetic acid
is lipophilic, allowing penetration of the cell membrane (Narendranath, Thomas & Ingledew,
2001). Once inside the cell, a decrease in the pH of the cytoplasm disrupts the cell membrane
and inhibits metabolic processes necessary for fungal growth (Kang, Park & Go, 2003; Hassan,
Sand & El-Kadi, 2012; In et al., 2013). A study by Narendranath, Thomas & Ingledew (2001)
reported a reduction in growth rates and glucose consumption of S. cerevisiage as the
concentration of acetic acid in the media increased (Narendranath, Thomas & Ingledew,

2001).

In the present study, a concentration-dependent increase in the antifungal activities of CHT,
D1, and D2 was observed for radial growth and sporulation compared to the PDA control.
Maximum inhibition for all the biopolymers was seen between the 2.5 and 5 mg/mL
concentrations. Large standard deviations between the biopolymers for these concentrations
were potentially due to the abovementioned batch-to-batch variations and inhibitory effects
of acetic acid. At 0.5 mg/mL, an increase in sporulation and the number of spores/mL was
observed for CHT, D2, and D1 in that respective biopolymer order. This could be attributed to
the differences in the DDA between CHT and aminochitosan (as well as its DS at C-6 of the
polymer) At low concentrations, CHT is the least inhibitory as it has a lower DDA than
aminochitosan, whereas D1 and D2 have greater DDA and DS. However, no general trend can

be deduced from the increase or decrease in DDA (Younes et al., 2014).

In addition, the haloes observed around the mycelial growth for CHT are indicative of the

ability of B. cinerea to degrade the polymer, using the resulting monomers as a nutrient
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source with the outcome of media clearing. A study by Palma-Guerrero et al., (2007) reported
a similar result for Verticillium dahlia, where its growth on PDA increased at 0.5 and 1 mg/mL
and only decreased at 2 mg/mL. They suggested that V. dahlia was capable of using CHT as a
nutrient source at lower concentrations and also reported the degradation activity of CHT, as
noted by the appearance of halos around the mycelial growth at 0.5 and 1 mg/mL
concentrations (Palma-Guerrero et al., 2007). Therefore, at low concentrations, B. cinerea
may utilize aminochitosan as a nutrient source, with an apparent preference for an increased
number of amine groups. This was noted in the differences between D1 and D2 inhibition,
where D1 displayed the greatest increase in sporulation, which additionally correlated with
its higher nitrogen percentage due to extra amine group(s) on aminochitosan. Harper et al.,
(1981) showed that omitting NH4sNO; from the growth medium resulted in a significant
decrease in the growth of B. cinerea and in the percentage of spreading lesions in planta. They
concluded that nitrogen sources such as nitrate or ammonium support and enhance growth

(Harper, Strange & Langcake, 1981).

The germination data for D1 suggests the presence of a concentration threshold beyond
which impaired germination or complete inhibition of germination occurs for aminochitosan
and is maintained over time. The data in this study suggests that this threshold for
aminochitosan is 1 mg/mL for spores germinating in planta, compared to the 2.5 mg/mL
threshold for direct antifungal efficacy. Similarly, a study by Palma-Guerrero et al., (2007)
reported that the spores of two plant pathogenic and two myco-parasitic fungi were more
sensitive to CHT treatment than hyphae as growth was irreversibly inhibited at a
concentration of 0.01 mg/mL (Palma-Guerrero et al., 2007). Hence, the B. cinerea spore
suspension used in planta was more sensitive than the B. cinerea fungal discs used in the
antifungal assays, which contained a mixture of hyphae and spores. The contrast between
these efficacies highlights the bimodal MoA of aminochitosan and the advantageous role of

primed plant defence systems.

3.5.2 Effect of aminochitosan in plants

Image-based quantification of photosynthetic parameters is non-destructive, non-invasive,
sensitive, rapid, and allows for high-throughput screening (Meng et al., 2020; Pavicic et al.,

2021). Chlorophyll fluorescence imaging is generally used to assess and quantify the
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photosynthetic performance and efficiency of leaves including plant-pathogen interactions
(Rolfe & Scholes, 2010; Pérez-Bueno, Pineda & Bardn, 2019). Furthermore, it accounts for the
spatiotemporal heterogeneity of photosynthesis across the total leaf area (Baygu et al., 2018).
Plant-pathogen interactions regularly result in altered energy expenditure as a defence
strategy and a decrease in photosynthesis and related chloroplastic metabolisms after the
onset of chlorosis and necrosis at local infection sites (Berger et al., 2007; Fagard et al., 2014;
Rojas et al., 2014). In order to analyze maximum photosynthetic efficiency of Photosystem Il
(PSIl, also a measure of F,/Fm), it is necessary to distinguish between the rates of
photosynthesis, fluorescence emission, and heat dissipation as these factors are in
competition with each other (Murchie & Lawson, 2013; Pérez-Bueno, Pineda & Bardn, 2019).
When challenged, plants adapt by increasing their capacity for heat dissipation, while Fy/Fm
remains unchanged. However, if the stressor exceeds this adaptive capacity, a decrease in
F./Fm is observed, with the potential for extreme inhibition of PSII activity (Pérez-Bueno,

Pineda & Baron, 2019).

Image-based analysis corroborated the RGB findings (aminochitosan as a protective
treatment up to 4 and 6 dpi) by analyzing photosynthetic parameters (F/Fm, Chlldx, and
mArildx). Fv/Fm was shown to be inversely associated with lesion development as noted by
the absence of “red lesions” with an increase in F,/Fm or by an increase in lesion size and
disease progression with decreasing F,/Fm (Rolfe & Scholes, 2010; Meng et al., 2020). Fy/Fmis
therefore a useful indicator for the early signs of priming, infection, locally enhanced
photosynthesis and a potentially enhanced defence response as a means of constraining
pathogen growth to the site of infection (Berger et al., 2004; Rolfe & Scholes, 2010; Meng et
al., 2020).

The data in the present study show enhanced photosynthesis in both the inoculation droplet
site and in the surrounding areas. However, this observation is not restricted to the intercostal
areas containing infection sites, as observed in Berger et al. (2004); rather, it is ubiquitous
across the lamina. Therefore, maintaining heterogenous photosynthesis for as long as
possible is a key aspect of the plant's defence strategy (Berger et al., 2004). The sustained
elevated photosynthetic activity may be due to priming of a stronger and more rapid

elicitation of the defence systems at earlier time points, resulting in an unsuccessful infection.
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This is in contrast to the various chlorophyll fluorescence imaging studies on a few
pathosystems, including the tomato/B. cinerea pathosystem, that have shown the
downregulation of photosynthesis, chlorophyll fluorescence, and induction of sink
metabolism after compatible pathogen interactions locally at the site of interaction and in
surrounding tissues (Berger et al., 2004, 2007; Scharte, Schon & Weis, 2005; Bonfig et al.,
2006; Muniz et al., 2014; Smith et al., 2014; Meng et al., 2020). As stated in Kanwar & Jha
(2019), the data from Chou et al. (2000) and Berger et al. (2004) suggest that necrotrophic
interactions generally result in rapid changes to photosynthesis that are visible before any
apparent disease phenotype (Kanwar & Jha, 2019). The D1 data agree with this observation,
where changes in photosynthesis are sustained and quantified, extending up to 4 and 6 dpi
without an apparent disease phenotype. However, the D2 data is similar to that of Chou et al.
(2000) and Berger et al. (2004), where infected leaves generally displayed inhibition of
photosynthesis at the site of infection with an area of maintained photosynthetic parameters
(healthy areas) in the immediate surrounding uninfected leaf areas, noted as “green islands”,
is a representation of the spatiotemporal heterogeneity of infection (Chou et al., 2000; Berger

et al., 2004; Pérez-Bueno, Pineda & Bardn, 2019).

The term “green island” has been a descriptor for biotrophic interactions where areas of
senescence are halted and photosynthetic activity is maintained, although at a lower level.
Therefore, the occurrence of green islands is generally seen at later stages of disease
progression, where the site of infection remains green while the surrounding tissue senesces
(Walters, McRoberts & Fitt, 2007). Polyamines (PA) are a group of compounds that retard
senescence and accumulate in green islands (Walters, McRoberts & Fitt, 2007). Naturally
occurring PA, such as spermine and spermidine, are synthesized in plants and are defined as
low molecular weight polycations containing amino groups (Janse van Rensburg, Limami &
Van den Ende, 2021). PAs are both water-soluble and insoluble, which is similar to
aminochitosan (and in contrast to CHT). This property coupled with its positive charge allows
for differential distribution and localization as well as electrostatic interactions with nucleic
acids, acidic proteins, and phospholipids (Janse van Rensburg, Limami & Van den Ende, 2021).
Aminochitosan therefore bears similarity to PAs; its biological activity may be mediated
through similar mechanisms and pathways that prevent senescence, resulting in a resistant

phenotype of varying degrees.
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Comparably, exogenous PA application was shown to prime resistance and increase stress
tolerance to B. cinerea infection in Arabidopsis (Janse van Rensburg, Limami & Van den Ende,
2021), maintain the integrity of the thylakoid membrane during leaf senescence (Besford et
al., 1993), prevent the loss of or elevate chlorophyll content (Galston & Sawhney, 1990;
ElSayed et al., 2022), maintain normal or elevated PSII activity (Legocka & Zajchert, 1999;
ElSayed et al., 2022), and impede the initial stages of crown rust infection by affecting germ
tube growth and appressorium formation (Montilla-Bascon et al., 2016). Furthermore, high
total chlorophyll was correlated with basal leaf resistance (Meng, Hofte & Van Labeke, 2019).
In this study, foliar application of aminochitosan displayed efficacy in priming direct resistance
to B. cinerea infection by maintaining elevated Chlldx and PSII activity as well as directly

inhibiting germination in planta.

Interestingly, a decrease in Fy/Fm, and therefore photosynthesis, was observed at 2.5 mg/mL
of aminochitosan application. This may be indicative of a decrease in the efficiency of PSIl due
to the destabilization of chloroplasts and thus PSIl (Meng et al., 2020). Hence, at 2.5 mg/mlL,
aminochitosan may be moderately cytotoxic when sprayed directly onto leaves. The decrease
in Fy/Fm visually and quantitatively overlapped with the decrease in Chlldx at 2.5 mg/mL as
areas with residual dry droplets matched areas of decreased Chlldx. This observation was also
noted for the mock inoculated leaves treated with 2.5 mg/mL of D1 and therefore indicates
that the observed effects are not due to the establishment of an infection but rather to the
concentration of the treatment. Moreover, this appears to be concentration-dependent, as
the same observation is absent at 0.5 mg/mL but can be seen for several leaves at 1 mg/mL.
Similarly, various studies have reported negative effects on the establishment of necrotic
lesions and their severity with high concentrations of exogenous PA application or
endogenous accumulation (Yoda, Yamaguchi & Sano, 2003; Marina et al., 2008; Nambeesan

et al., 2012).

In addition to its priming and resistance inducing properties in plants, PA are also crucial for
the normal growth and development of fungi. A study by Rajam, Weinstein & Galston, (1985)
demonstrated that D,L-alpha-difluoromethylornithine (DFMO), a specific inhibitor of the
enzyme critical for fungi's PA synthesis, was significantly inhibited the growth of various

phytopathogenic fungi, an effect reversed by putrescine or spermidine, underscoring the
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essential role of PA in fungal hyphal growth. As seen in this study, low concentrations of
aminochitosan stimulated B. cinerea growth. Moreover, DFMO demonstrates plant
protective efficacy against bean rust fungus in Pinto bean plants, retarding lesion appearance
between 2-6 days in infected leaves and unsprayed leaves suggesting the translocation of the
protective effect from treated areas (systemic effects)(Rajam, Weinstein & Galston, 1985).
Therefore, higher concentrations of aminochitosan may potentially inhibit the PA synthesis

of B. cinerea given the similar outcomes to that of DFMO.

In this study, in addition to F,/Fm and Chlldx, mArildx was used as a measure of anthocyanin
accumulation in leaves (Meng et al.,, 2020). Anthocyanins are reported to have putative
functions in halting leaf senescence as well as being regulators of ROS signaling pathways
(Hatier & Gould, 2008). The accumulation of anthocyanin was visible at the B. cinerea
inoculation sites in water-treated leaflets but was variable in aminochitosan-treated leaflets.
Similar results were observed by Meng et al. (2020), where mArildx was seen accumulating
at the site of infection with B. cinerea in untreated leaves (Meng et al., 2020). In the present
study, the accumulation of anthocyanins appeared to visually decrease with an increase in
the concentration of aminochitosan at the site of B. cinerea inoculation. This suggests that
anthocyanin accumulation is an indicator of leaf susceptibility to successful infections when
treated with aminochitosan. Leaves treated with 0.5 mg/mL of aminochitosan had greater
anthocyanin accumulation and disease resistance than the water treatment. However, they
were more susceptible than those treated with 1 and 2.5 mg/mL where little to no
anthocyanins were visible at the sites of inoculation thus indicating a resistant interaction.
This suggests priming mechanisms that are independent of anthocyanin accumulation and
ROS accumulation at later time points when treated with higher concentrations of
aminochitosan in B. cinerea inoculated leaves. A likely explanation is that the direct antifungal
activity of aminochitosan at higher concentrations is severe, resulting in lower ROS
production, less oxidative stress (HR-like response), and lower anthocyanin concentrations

than at lower concentrations of aminochitosan.

In the mock inoculated leaves treated with aminochitosan at 1 and 2.5 mg/mL, anthocyanin
accumulation overlapped with the dried aminochitosan droplets. In contrast to infected

leaves, this suggests that foliar anthocyanins are primed in uninfected leaves in response to
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higher concentrations of aminochitosan. Additionally, the enhanced F,/Fn, values and thereby
enhanced photosynthetic activity observed in these leaves may indicate an increase in starch
and sugar production. As sugar accumulation is positively correlated with anthocyanin
concentration, accumulation in older leaves may act as a mechanism for regulating sugar
content in an attempt to circumvent early senescence elicited by high sugar levels in source
tissues (Pourtau et al., 2006; Landi, Tattini & Gould, 2015). Thus, anthocyanins are potentially
alternative sinks that avoid excess carbon and sugar accumulation to mitigate possible “sugar-
induced leaf senescence” induced by enhanced photosynthetic activity after application of a

high concentration of aminochitosan (Landi, Tattini & Gould, 2015).

In addition to the local resistance induced by direct CHT application, systemic resistance has
also been reported for various pathosystems (Benhamou & Thériault, 1992; Vasyukova et al.,
2001; Faoro et al., 2008; Siddaiah et al., 2018). The significantly elevated F,/Fm induced by
direct aminochitosan application was also seen with the systemic pre-treatment of D1 at 4
and 6 dpi. This corresponded to a reduction in lesion sizes and the number of spreading
lesions. The effects were concentration-dependent, with 1 and 2.5 mg/mL performing
significantly better than 0.5 mg/mL but still being protective at 0.5 mg/mL. Notably, at both
0.5 mg/mL and 1 mg/mL, the occurrence of spreading and resistant lesions on individual
leaflets varied, as regulation of the defence systems is expectedly heterogeneous within each
individual leaflet (Pérez-Bueno, Pineda & Bardn, 2019). The successful priming of a resistant
response systemically highlights the benefits of a more efficient and effective induction of the

innate immune system globally (Pastor et al., 2013).

Priming results in a combination of physical and chemical responses that include ROS and
have been reported for a variety of pathosystems using CHT and derivatives at various
concentrations and stages of development (Rabea et al., 2003; Raafat et al., 2008; Goy, Britto
& Assis, 2009; Hadwiger, 2013; Betsuyaku et al., 2018). H,0, accumulation is a crucial, early-
phase defence response that functions as a signaling molecule, a cell wall modifier, and a
mediator of hypersensitive responses (Lin et al., 2005; Asselbergh et al., 2007). In this study,
lesions were absent at 1 and 2.5 mg/mL of D1 application, as in the whole leaf analysis, and
was coupled with generally little to no H,0, accumulation at these concentrations (a decrease

in accumulation with an increase in D1 concentration). Additionally, the time taken to
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accumulate H;0, comparable to the water treatment increased with an increase in
concentration. These results corroborate the aforementioned anthocyanin and direct
antifungal/inhibitory efficacy data that suggest that aminochitosan functions in a ROS-
independent manner, especially at higher concentrations where direct inhibition takes

precedence.

Despite H,0, generally being a marker for an upregulated defence response, it is also known
to contribute to successful infections by necrotrophs such as B. cinerea (Stamelou et al.,
2021). Meng et al. (2019) reported that in strawberry leaves infected with B. cinerea, “H.0;
levels were positively correlated with disease severity” and that lower levels were a better
indicator for resistance (Meng, Hofte & Van Labeke, 2019). Other studies have reported
similar effects of high H,0, levels and hypersensitive responses having a positive correlation
with necrosis (Govrin & Levine, 2000; Khanam et al., 2005). The effects on PSII functionality
reported by Adamakis et al. (2020) and Stamelou et al. (2021), showed that lower ROS levels
were favorable for the activation of defence responses, whereas high ROS levels were
detrimental to the functionality of PSII, indicating toxicity (Adamakis et al., 2020; Stamelou et
al., 2021). Hence, lower concentrations of aminochitosan may be favoured due to its low and
slow increase in HxO; levels, resulting in maintained PSIl functionality compared to the
decrease seen at 2.5 mg/mL. Adamakis et al. (2020) and Stamelou et al. (2021) suggested that
with short-term exposure, PSII functionality increased rapidly but that with longer exposure,
inhibition indicated a “time-dependent hormetic response”. Hormesis typically denotes a
biphasic response that is depicted by a U/J shape to a stress or elicitor that elicits
advantageous effects at low concentrations (eustress) and a toxic effect at high
concentrations (Vargas-Hernandez et al., 2017). Therefore, at time points earlier than 4 dpi,
2.5 mg/mL of aminochitosan is beneficial to the leaves, but at later time points, the benefits
decrease. A functional use of this dose response in plants is for elucidating optimal
biostimulant concentrations that achieve the best adaptive response to disease resistance

(Vargas-Hernandez et al., 2017).

The microscopic observations also revealed an interaction between D1 and Trypan Blue,
which can be seen by the appearance of blue circles correlating with the droplet residues that

remained on the leaf tissue after treatment with D1. As Trypan Blue is a negatively-charged
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diazo dye, it is capable of interacting with a cationic compound such as aminochitosan
(Vargas-Hernandez et al., 2017), or in this instance, D1. Therefore, Trypan Blue permeates
through the cell walls of living cells that have altered membrane permeability due to the
interaction with aminochitosan (Tran et al., 2011). As stated in Tran et al. (2011), the blue
coloration of cells should be assessed with caution as it may not signify cell lysis but rather an
increase in membrane permeability due to pore formation (Vargas-Hernandez et al., 2017).
Therefore, this suggests that aminochitosan acts to increase the membrane permeability of
cells after foliar spray thereby allowing the permeation of aminochitosan into the cell
membranes and cells. Most notably, when compared to the spores outside of the D1 droplet
area, the spores beneath the D1 droplet area had minimal or no germination efficacy. In
addition to destabilizing the cell membrane, the film-forming properties of CHT may function
as a physical barrier to the efflux of nutrients from the plant, thereby reducing nutrient
availability for fungal growth. This hypothesis has been supported by studies that show
nutrient deprivation and a lack of fungal growth as a result of these film-forming properties
(EI-Ghaouth, Smilanick & Wilson, 2000; Ait Barka et al., 2004). These observations corroborate
the notion that aminochitosan biopolymers like D1 can exert their effects through both direct

MoA and indirect immunostimulatory mechanisms.

3.5.3 The importance of molecular weight on the biological activity of aminochitosan

The D3 MW fractions were analyzed to assist in determining the optimal MW range for future
applications of aminochitosan in the tomato/B. cinerea pathosystem and others. The
elemental analysis (EA) results verified the higher DDA in aminochitosan, as evidenced by the
elevated percentages of nitrogen compared to CHT. As per the literature, the C/N ratios of
aminochitosan and fractions in this study were closer to that of completely deacetylated
chitosan (5.145) compared to CHT which was closer to chitin (6.861), the completely N-
acetylated biopolymer (Galed et al., 2008). The proportion of nitrogen between the
biopolymers differed slightly, with the amino biopolymers exceeding the value for CHT. These
values are in agreement with the DS values reported in studies on aminochitosan and range
between 0.70-0.98 (Satoh et al., 2006; Yang et al., 2012; Luan et al., 2018; Sayed, 2018).
Therefore, it may be assumed that the differences in efficacy between the biopolymers are

not due to their elemental composition and proportions and are potentially due to MW
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differences. However, it is worth noting that EA has certain limitations that may lead to an

overestimation of the DS (Sayed, 2018).

Additionally, despite the relatively high DS values and elevated nitrogen percentages for the
D3 MW fractions, the antifungal activity of the biopolymers was variable relative to the EA
data. In summary, the results demonstrated that a minimum concentration of 1 mg/mL is
required for significant direct antifungal activity of D3 and D3 MW fractions. Furthermore, an
increase in the efficacy of the concentrations with a decrease in the MW was observed,
indicating a trend between the MW and biological activity. From this study, the MW range of
3.5-15 kDa (F1) appeared to be the most effective against B. cinerea at concentrations of 0.5,
1, and 2.5 mg/mL. However, it is worth noting that the differences in MW efficacy may be
influenced by the potential agglomerative nature of CHT in the culture medium. This implies
that the formation of aggregates between CHT and the media decreases the theoretical
amount of chitosan dissolved in solution and impedes antifungal activity (Lee, Koo & Park,
2016). Nonetheless, the findings of this study agree with the results of Hernandez-Lauzardo
et al. (2008) and Badawy & Rabea (2009). They showed that low MW CHT had stronger
antifungal effects against Rhizopus stolonifera and B. cinerea compared to high MW CHT at a
concentration between 0.5 mg/mL and 4 mg/mL (Hernandez-Lauzardo et al., 2008; Badawy
& Rabea, 2009). In these studies, a wide range of MW values were defined, with Hernandez-
Lauzardo et al. (2008) defining low to high MW as 17.4-30.7 kDa and Badawy & Rabea (2009)
defining their low to high MW range from 5-57 kDa, with an ultra-high MW of 290 kDa. The
proposed variations in the mode of action of CHT and aminochitosan are consistent with both
low and high MW. Low MW CHT disrupts the fungal cell wall more efficiently due to its smaller
size (as with F1), while high MW CHT creates a protective barrier or film that reduces microbial
growth by binding to the cell surface (as evident from the reduced antifungal efficacy of the

F4 (20-99 kDa) and F5 (100 kDa) (Bellich et al., 2016).

In the present study, the MW range for optimal antifungal activity, 3.5-15 kDa, is in contrast
with the optimal in planta MW range of 15-20 kDa. F1 was significantly protective, but only
at the higher concentrations and was less protective than F2 (15 kDa) and F3 (20 kDa). These
results are in opposition to findings reported by Vasyukova et al., (2001), who showed that

maximal disease resistance to Phytophthora infectans infection in potatoes was displayed by
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low MW CHT (5 kDa) treatment compared to the intermediate effects of 24 kDa CHT and the
ineffective 200 kDa CHT (Vasyukova et al., 2001). However, the variable definitions for MW
ranges result in inconsistencies within the literature. The direct and systemic treatment with
D3 and the lower MW fractions, F2 and F3, resulted in significant resistance at 4 and 6 dpi
with F2 and F3 providing greater protection than D3. Notably, F2 and F3 displayed a decrease
in resistance at 2.5 mg/mL, at 4 and 6 dpi when compared to 1 mg/mL of the respective
biopolymers for direct and systemic treatment. These results correspond with the D1 in
planta results at 2.5 mg/mL, where a concentration-dependent threshold and response were
observed. The disease resistance for direct and systemic treatment by F2 and F3 was also
retained up to 30 dpi compared to D3, F1, and water treatment, which were not protective.
This suggests that fractionating the biopolymer to a select MW results in stronger biological
activity in planta compared to a wider MW range found within a copolymer not strictly

synthesized to a MW.

Consequently, it is noteworthy that the lower MW fractions showed no true discernible
differences in the patterns of H,0; accumulation for all concentrations of F1, F2, and F3
assessed. As hypothesized, F2 accumulation appeared closest to that of D3 as F2 and D3 are
both approximately 15 kDa. Similar to D1 and D3 treated + B. cinerea inoculated leaflets, an
increase in concentration resulted in a decrease in the intensity of DAB staining for F1, F2,
and F3. Lin et al. (2005) demonstrated that CHT-induced H,02 accumulation in rice cell culture;
however, its capacity was dependent on the MW range of CHT. Like these findings,
aminochitosan-induced H>0; accumulation in tomato leaflets inoculated with B. cinerea
appeared to have variable time responses to the different MW fractions. This further
highlights the importance of characterizing the optimal ranges of MW for maximum biological

activity.

The impact of variations in MW on the antifungal activity of CHT and its derivatives is a widely
studied topic with conflicting and inconclusive findings in the literature (Kong et al., 2010;
Liagat & Eltem, 2018; Poznanski, Hameed & Orczyk, 2023). The absence of uniform definitions
for “high” and “low” MW CHT in the literature adds to the inconsistencies since the ranges
considered "high" and "low" overlap across studies and could therefore be defined oppositely

in others. Therefore, it is challenging to ascertain the ideal MW of aminochitosan to achieve

72



maximum antifungal efficacy based on current data, and it should instead be chosen based

on the intended application (Poznanski, Hameed & Orczyk, 2023).

3.5.4 Aminochitosan primes ACRE75

ACRE genes have been reported as being involved in R gene-mediated defences and various
defence signaling pathways (Durrant et al., 2000). Furthermore, the induction of most ACRE
genes may occur via ROS-independent pathways as they do not require ROS for upregulation.
This may support the notion that aminochitosan primes a defence response in a ROS-
independent manner or through late H,0, accumulation (Durrant et al., 2000). Therefore,
ACRE75 was analyzed for temporal regulation in response to different concentrations of D3
treatment when applied as a direct treatment in mock or B. cinerea inoculated leaflets at 6,

9, or 96 hpi or as a systemic treatment in mock or B. cinerea inoculated leaflets at 96 hpi.

D3 treatment + mock inoculation resulted in greater average relative expression of ACRE75
compared to the water treatment at both 6 and 9 hpi for 1 and 2.5 mg/mL. This observation
suggests that aminochitosan may act as an elicitor of ACRE75 priming both mock and B.
cinerea inoculated leaflets for a stronger expression with and without infection. Moreover,
the relative expression of ACRE75 was positively regulated, with an increase in concentration
at 6 hpi for both mock and B. cinerea infected leaflets, indicating a concentration-dependent
response at the earlier time points. However, at 9 hpi, the greatest increase in relative
expression was for 0.5 mg/mL, with a subsequent decrease in expression for 1 and 2.5 mg/mL
for both mock + B. cinerea inoculated leaflets. A study by Iriti and Faoro, (2009) noted
concentration and the physiochemical properties of CHT as key factors modulating priming
and direct defences, as at certain concentrations, beneficial programmed cell death may
switch to non-beneficial necrotic lesions due to cytotoxicity (Betsuyaku et al., 2018).
Therefore, elucidating the optimal concentration for non-toxic priming is key to utilizing
aminochitosan to its full potential. At 96 hpi, systemic treatment with 0.5 mg/mL displayed
the greatest priming in both mock and B. cinerea inoculated leaflets. This suggests that lower
concentrations of aminochitosan are sufficient for priming systemic a defence response that
results in the accumulation of ACRE75, and that the protection may be sustained up to and

including 96 hpi.
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3.6 Conclusions

Here we have demonstrated aminochitosan as a preventative treatment to B. cinerea
infection when applied as a foliar spray in 5-week-old tomato leaves. Aminochitosan
displayed significantly improved biological activity in planta when applied directly and as a
systemic treatment that was sustained for up to 30 days post-inoculation. The resistant
phenotype is mediated through a combination of enhanced F,/Fm and Chlldx. The mechanism
of action appears to be ROS-independent at higher concentrations due to the severity of
direct antifungal activity. Consequently, leaf senescence, hypersensitive responses and
therefore necrosis are mitigated which suggests that aminochitosan primes defence
responses in both mock and B. cinerea inoculated leaves. However, the concentrations for
appear to differ for optimal antifungal and in planta efficacy. Additionally, the lower MW
fractions suggest a narrow range in which optimal/maximal efficacy is effected for direct
antifungal activity compared to in planta activity, which additionally is pathosystem
dependent. This study provides a base for further research into the effects of aminochitosan
in other pathosystems and larger field trials with a focus on “omics” for further elucidation

on the MoA.
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3.7 Addendum: Supplementary figures

Table S3.1: The effects of the chitosan and aminochitosan variants on disease progression in B. cinerea
inoculated leaf discs measured as the percentage of resistant lesions at 4, 8, 12, 16, 20, 24, 48 and 72 hpi.

% Resistant lesions

Concentration Time (hpi)
Treatment (mg/mL) 4 8 12 16 20 24 48 72
Water 0° 100° 100? 100° 132 0° 0° 0° 0?
0.1%

acetic acid 0.1%b 100° 100? 100° 100° 0° 0° 0° 0°

0.52° 100° 100? 100° 100° 382 132 132 0°

Chitosan 12b 100? 100° 100? 100° 50° 25° 0? 0?
2.5° 1002 100° 1002 100° 8gb 88> 25° 132

Water 0° 100° 100? 100° 132 0° 0° 0° 0°
0.5b 100° 100? 100° 100° 100° 63P 50P 252
Diamino 1 1° 100° 100? 100° 100° 100° 100b 75P 100°
2.5¢ 100° 100? 100° 100° 100° 100b 100b 100°

The data shows the average of two experiments with 5 leaflets per time point. The significance between
concentrations for each polymer is denoted with letters; the same letters are not statistically different from each
other (Kruskal Wallis test followed by Dunn’s post hoc test, p < 0.05).

Retentate
__3.5-5kbDa(F1)
NH. NH. NH: NH.
Dialysate freeze dry — NH, NH. NH, N,
< 15 kDa E—
dissolve
NE- NH. N, s . - 1.5 kDa < dialysate < 3.5 kDa
N Dialyse
HMN o e e
- ‘{-._ o NH: NH; NH: NH;
HZ ] Dialysate
W — ™ 15-19 kDa (F2)
m = NH; NH: NH: NH.
Diamino 3 (D3) Dialyse p
15 kDa cutoff Retentate freeze dry e
— >15kDa —
NH. NH, NH, NH, dissolve i
- Dialyse Retentate freeze dry
NH> NH; NH, NH; 20 kDa cutoff L 20 kDa (Fa) —_— =
NH: NH: NH; NH; dissolve Dialyse
- 20 - 99 kDa cutoff
NH, NH- NH; NH-
Retentate freeze dry Retentate Dialysate
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NH: NH. NH. NH: NHz NH: NH: NH; NHz NH: NH; NH:

Figure $3.1: The fractionation process applied to obtain the diamino 3 (D3) MW fractions. The representative
monomer structures are not drawn to true MW sizes. Retentate refers to that which is retained after being
dialysed. Created with BioRender.com.
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Spray Excise Inoculate
Direct: Leaflets 1-5 Control: mock solution
Systemic: Leaflets 2-5 Infected: B. cinerea spore suspension

15
s bl 2
5-weeks-old 24 hours later
4& 6dpi 6& 9 hpi

Whole leaves Leaflets
+ Phenatyoing G S

B

Spreading/necrotic lesions Resistant lesions

Figure S3.2: (A) Schematic of the experimental set-up used for the in planta experiments. 5-week-old tomato
plants were treated with a foliar spray of chitosan or aminochitosan at a concentration of 0.5, 1 or 2.5 mg/mL or
control (water or 0.1% (v/v) acetic acid). After 24h, leaves were excised and inoculated with either a solution of
B. cinerea spore suspension (1 x 10° spores/mL containing 0.01 M glucose and 6.7 mM KH2P0Qa) or mock solution
(water containing 0.01 M glucose and 6.7 mM KH2POa4). Leaves or leaflets were harvested at varying time points
for phenotyping, gene expression or proteomics analysis. Disease progression is measured by the presence or
absence of necrotic/resistant lesions. This figure was created with BioRender.com. (B) The range of phenotypical
differences between spreading (susceptible) and resistant lesions. Spreading and necrotic lesions appear as a
mixture of “wet,” light brown and with/without grey mycelia typically characterized by the initial appearance of
primary dark brown necrotic spots around the edge of the lesion between 24 and 48 hpi. At 72 hpi the lesions
vary in size with the defining trait of a “wet” or “water-soaked” lesion. Resistant lesions are lesions that do not
progress to a “water-soaked” lesion and instead remain as dark brown spots in a small, contained area. Resistant
lesions may appear macroscopically as scatterings of brown or as white, dry, hardened, circular lesions.
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Figure S3.3: The effects of direct or systemic chitosan (CHT), diamino 1 (D1) and diamino 2 (D2) treatment on
leaf health including photosynthetic parameters after mock inoculation at 4 days post inoculation (dpi). Any
lesion development and progression may be noted by the spreading of dark red/black (F./Fm, 0-0.5) or
yellow/white (Chlldx, 0-1.8) spots as measured by the false color scales. Healthy leaf tissue is noted as
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yellow/green (Fv/Fm,0.7-0.9) or green (Chlldx, 1.9-2.5) by the false color scales. (A) RGB images of leaves treated
directly at 4 dpi. (B) RGB images of leaves treated systemically at 4 dpi. The images represent the average
phenotype of 2 experiments. (C) RGB, Fv/Fm, mArildx and Chlldx images of direct D1 treatment in mock-
inoculated leaflets at 4 dpi with a detailed view of the effects of direct treatment with 1 and 2.5 mg/mL. (D) RGB,
Fv/Fm, mArildx and Chlldx images of systemic D1 treatment in mock-inoculated leaflets at 4 dpi with a detailed
view of the effects of direct treatment with 1 and 2.5 mg/mL. Leaves were inoculated 24 h after polymer spraying
with two 10 pL droplets of a water solution containing 0.01 M glucose and 6.7 mM KH2POa. The images represent
the average phenotype of 2 experiments.

Proportion (%)

Concentration (mg/mL)
Figure S3.4: The effects of chitosan (CHT), diamino 1 (D1) and diamino 2 (D2) on the Fv/Fm of mock and B. cinerea
inoculated leaves, 4 days post-inoculation. Healthy leaf conditions are represented by levels 3, 4 and 5. Infected
leaf conditions are represented by levels 1-2 with the highest severity of infection = level 1. n = 9 leaves, 45
leaflets per treatment.
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Figure S3.5: The
phenotype of B.
cinerea infected 5-
week-old detached
tomato leaves
treated with various
concentrations of
diamino 3 (D3) and
D3 MW fractions, at
4- and 6-days post
inoculation (dpi). (A)
Direct and systemic
application of D3. (B)
Direct effects of the
MW fractions (F1-F3)
(C) Systemic effects
of the MW fractions
(F1-F3). (D) Direct
and systemic
treatment of 0.5 and
2.5 mg/mL of F2 in B.

cinerea  inoculated
leaves at 30 dpi.
Leaves were

inoculated with two
10 uL droplets of a B.

cinerea spore
solution (1 x 10°
spores/mL

containing 0.01 M
glucose and 6.7 mM
KH2POs). The images
represent the
average phenotype
of 2 experimental
repeats.
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Figure S3.6: Images displaying the inhibition of B. cinerea growth at 11 dpi on PDA or PDA amended with 0.5,
1 or 2.5 mg/mL of chitosan or 0.1% acetic acid. The visibility of “haloes” can be seen for all concentrations with
differing appearances with the growth patterns and inhibition appearing similarly.
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3.8 Addendum: Mass spectrometry analysis of aminochitosan

batches and the MW variants

In Chapter 3, noteworthy distinctions were observed between batches (D1, D2, and D3) of
aminochitosan and its D3 MW derivatives (F1-F5) both on direct antifungal and in planta
bioactivity (Figure $3.1). To pinpoint potential contributing differences, ESI TOF-MS analysis
was conducted allowing for the characterization of the mass fragmentation spectra for each

biopolymer.
3.8.1 Methods

3.8.1.1 Mass spectra analysis of aminochitosan: Electrospray lonization Time-of-

Flight Mass Spectrometry (ESI TOF-MS)

5 mg of the biopolymers were sent for analysis at the Central Analytical Facilities at
Stellenbosch University. The biopolymers were dissolved in distilled water and directly
injected for TOF-MS analyses, which was performed on a Waters SYNAPT G2 mass
spectrometer. The analysis was performed in positive mode using an ESI source and a cone

voltage of 15V.
3.8.2 Results

3.8.2.1 Mass spectra analysis of the aminochitosan batches and the D3 MW fractions

The ESI TOF-MS analysis included identifying the respective monomer(s)/oligomer(s) and the
degree of polymerization (DP) within the upper MW limits of detection for the instrument.
Thus, an accuracy bias for TOF-MS would be toward the lower molecular fractions, typically
below the 100kDa cut off. Notably, the true molecular weight distributions of polysaccharides
are often difficult to analyze directly by mass spectrometry because of their polydisperse
nature (Deery, Stimson & Chappell, 2001). Size exclusion based separation is known to
improve sensitivity of higher MW fragments by minimization of detector saturation due to
the presence of more abundant lower MW fragments (Deery, Stimson & Chappell, 2001). This
is observed in Figure 3.8 as you inspect the abundance of the same highest MW ion in the

batch-to-batch variants compared to the increasing MW ions of the fractions.
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The biopolymers were detected in a range of 100-1200 m/z, with most of the peaks falling in
the 140-650 m/z range (Figure 3.8). This is a relatively broad distribution of mass peaks
indicating a broader polydispersity or range of polymer chain lengths/heterogenous lengths.
The aminochitosan batches and MW fractions produced the following monomers (single
repeating unit) at low m/z values: glucosamine (D = GlcN;) dehydration peak at an m/z of
144.07, a GlcN; peak at 162.08, and an N-acetyl glucosamine (A = GIcNAc) peak at 204.09.
These monomers indicate the dissociation of the B(1-4) glycosidic linkage and are due to
polymer hydrolysis and/or ESI mediated dissociation, resulting in multimers of varying DPs.
Monomers have a DP of 1 while oligomers have a DP > 1 and as such, the mass spectra and
potential DPs for each biopolymer were noted and tabulated within each chart (Figure 3.8).
From Figure 3.8, batch-to-batch variants, D1, D2 and D3, all have DPs of 1-4 whereas the D3
MW fractions have DPs of 1-4 (20 kDa), 1-5 (3.5-5 and 100 kDa) and 1-6 (15 a 20-99 kDa).
However, some of the fractions may contain more than the abovementioned as there were a
few unidentified m/z values at the higher end of the spectrum ( > 800). The oligomers were
detected at higher m/z values corresponding to the combined mass of multiple repeating
units. The repeating units observed were of the possible forms of D and A; DP2: D,Ag, D1A,
DP3: D3Ao, D2A1, D1Az, DoAs, DP4: DsAo, D3A1, D2A;, D1As, DP5: DsAg, DsA1, DP6: DsA;. The
multimer combinations comprising the DP varied marginally for the batch-to-batch variants
compared to the MW fraction as seen in Figure 3.8. Furthermore, the number of mass peaks

detected increased with an increase in DP (Figure 3.8).
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Figure 3.8: ESI TOF mass spectral data for the aminochitosan batches (D1, D2 and D3) and MW fractions (F1, F2,
F3, F4, F5). Each spectral chart also contains a table denoting the observed fragments with the potential degrees
of polymerization (DP).

From the mass spectra in Figure 3.8, the primary characteristic m/z values were noted and

analyzed for clustering based on the overlapping m/z values between the batches and MW

derivatives. Figure 3.9A displays the m/z values for each biopolymer and the number of

intersecting peaks between them. F1 and F5, the two most dissimilar MW fractions, displayed

fewer intersecting mass peaks than the other fractions. Additionally, D1, the biopolymer that
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exhibited the most significant direct antifungal and in planta bioactivity, displayed six unique

peaks, compared to the three peaks observed in both D2 and D3 (Figure 3.9A).

The dendrogram in Figure 3.9B displays the relationship between the biopolymers based on
the vertical height distances between the biopolymers and clusters, where the height
differences define the similarity or dissimilarity of clusters and individual biopolymers. As
seen in Figure 3.9B, the biopolymers were divided into three clusters, with F1 (3.5-5 kDa) and
F5 (100 kDa) being the most dissimilar and appearing in two separate clusters while D1, D2,
D3, F2 (15 kDa), F3 (20 kDa), and F4 (20-99 kDa) are clustered together in cluster three.
However, D2 had greater dissimilarity to the other biopolymers in cluster three compared to
D1 while D3 appeared to be more similar to the MW fractions F2, F3, and F4, indicating that
they share a high percentage of intersecting m/z values (Figure 3.9B). The latter result is to

be expected as the fractions are derived from D3.
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Figure 3.9: (A) UpSet plot of the identified m/z peaks for each biopolymer. (i) The total number of peaks identified
for each polymer. (ii) The number of intersecting peaks between polymers. (B) Hierarchical clustering
dendrogram of the biopolymers and their respective m/z values. The colour-coded boxes represent their
respective clusters, and the height of the tree denotes the similarity between the biopolymers. D1 (Diamino 1),
D2 (Diamino 2), D3 (Diamino 3), F1 (3.5-5 kDa), F2 (15 kDa), F3 (20 kDa), F4 (20-99 kDa), and F5 (100 kDa).
Clustering was performed with Ward's linkage using Euclidean distance.

Biopolymers that had at least two overlapping mass peaks were selected and displayed in
Table 3.6. From Table 3.6, m/z values 162.08 and 484.21 corresponding to GlcN2, monomer

and (GIcN;) oligomer were the only m/z value to be shared by all the biopolymers.

Table 3.6: Common characteristic m/z values between the polymers, occurring in at least two polymers.

Polymers m/z Values
D1, D2,D3,F1, F2,F3,F4, F5 162.08, 484.21
D1,D2,D3,F1,F2,F3,F4 144.07
D2,D3,F1,F2,F3,F4,F5 466.2
D1,D2,D3,F1,F2,F3,F4 323.15
D2,D3,F1,F2,F3,F4 204.09
D2,D3,F1,F4 365.16

D3, F1, F2,F3 526.23

D2, D3, F2,F4 627.27

F3, F4, F5 645.28

D1, F1, F3 592.32

D2, F4, F5 305.13

D3, F1, F3 305.14

F4, F5 526.22

D1, D2 186.08

D1, F1 448.19

F2, F5 687.28
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3.8.3 Discussion and Conclusion

The efficacy and biological activity of CHT (by extension, aminochitosan) is intricately
correlated with its chemical structure (Verlee, Mincke & Stevens, 2017). As such, Chapter 3
highlights the observed differences in the direct antifungal and in planta efficacy of the
aminochitosan biopolymers. However, the conclusion was that these observed differences
were not attributed to slight and nonsignificant differences in the EA data and therefore
required additional characterization of the biopolymers to underpin these differences in
efficacy. To assist in determining the physiochemical similarity or dissimilarity between the
batches and MW derivatives, the aminochitosan batches and D3 MW fractions were analyzed

by ESI-TOF MS.

The instability of the B-1,4-O-glycoside bonds that link the repeating monomers of
aminochitosan allowed for further dissociation by ESI (Liagat & Eltem, 2018). Since the
batches of aminochitosan were synthesized independently, slight differences in the
physiochemical properties were to be expected which is furthered by the process in which
CHT is obtained. Chemical deacetylation of chitin in the synthesis of CHT is random and results
in the irregular distribution of B-(1-4)-linked GIcN (D) and GIcNAc (A) units (Sayed, 2018; Li et
al., 2020). Thus, CHT is not defined by a single molecular structure and may be heterogeneous
or homologous with respect to the composition of D and A (varying DDA). Homologous CHT
consists solely of either D or A, while heterologous CHT consists of multimers of varying D and
A (Li et al., 2020). In addition, the homo- or heterogenous polymers also posses varying
degrees of depolymerization (DP), polydispersity, pattern (PA) and fraction (DA) of N-
acetylated groups. Consequently, the observed difference in the solubility of D2 may be
attributed to the above as DP is correlated to chain length and, thus, water solubility and

viscosity.

The hierarchical clustering data of the mass spectra data showed that 3.5-5 kDa and 100 kDa
MW fractions clustered separately. This validates their outlier MW, as they are both lower
and higher than the average range of the other MW fractions, respectively. Given that the
batch variants have a MW of approximately 15 kDa, it is expected that the MW derivatives of
15 kDa (F2) and 20 kDa (F3) are similar to the batch variants (D1, D2, and D3) and cluster
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together. The 20-99 kDa (F4) MW derivative was also in cluster 3, which indicates that the ion
peaks detected for this derivative were closer to 20 kDa than 100 kDa (F5) as F5 was in a
separate cluster with greater dissimilarity. D3 was the most similar to the MW derivatives (15
kDa, 20 kDa, and 20-99 kDa), which is to be expected as the MW variants are derived from

D3 and indicates that D3 is most likely a copolymer within that MW range.

As mentioned, it can be inferred that DP, DDA, and MW are correlated and fundamental
features that directly influence the physiochemical and biological properties of
aminochitosan. Thus, even though the biopolymers in cluster three share identical or similar
DPs, they may exhibit distinct biological properties owing to variations in DDA, FA, and PA.
Therefore, the properties of aminochitosan batches and various MW fractions may differ
even though they may have the same DP, as isomers of a particular homolog with different
sequences of D and A may have the same DP (e.g., D2A1 compared to D1A;) (Liagat & Eltem,
2018). According to the definitions of oligomers and low MW by the reviews of Lodhi et al.,
(2014) and Verlee, Mincke & Stevens, (2017), the aminochitosan batches as well as F1 (3.5-5
kDa) and F2 (15 kDa) are therefore all low MW oligomers as the MW is < 16 kDa and DP < 20
(Lodhi et al., 2014; Verlee, Mincke & Stevens, 2017).

The DDA of aminochitosan synthesized using the same methods has previously been observed
to be > 96% using Nuclear Magnetic Resonance Spectroscopy (NMR), specifically, *H, and 13C
-NMR (Sayed, 2018). The DDA of the current aminochitosan batches and fractions were
therefore inferred to possess the same or similar DDA. However, future work on
aminochitosan should in addition to the above, perform the aforementioned structural
analysis assays to confirm the structural properties of each batch of aminochitosan
synthesized. Furthermore, future ESI TOF MS analysis on aminochitosan should ideally be
coupled with chromatography (e.g., size exclusion or liquid chromatography) to allow for a
more in detail analysis on retention time, relative abundancies of the mass fragments
(monomers vs oligomers) and the intensity counts. The literature on the optimal MW, DDA,
DP and PA is vast with many conflicting results as complex mixtures of aminochitosan make
identifying the key contributors to the effects seen rather challenging (Mourya & Inamdar,

2011; Liagat & Eltem, 2018; Li et al., 2020).
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This image was created with the assistance of DALL.E 2.

Chapter 4: A proteomic analysis on the
resistance mechanisms of aminochitosan
in the tomato/Botrytis cinerea

pathosystem
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4.1 Abstract

In Chapter 3, the interaction between tomato, B. cinerea and aminochitosan was assessed in
planta by phenotyping and quantifying temporal stress responses using qualitative and
guantitative chlorophyll fluorescence imaging, and DAB assays coupled with microscopy. We
demonstrated that aminochitosan induces a significant resistant phenotype mediated
through a combination of enhanced F,/Fm and Chlldx. We also observed that the resistant
phenotype potentially occurs in a ROS-independent manner at higher concentrations due to
the severity of direct inhibition. Consequently, leaf senescence, hypersensitive responses and
therefore necrosis are mitigated, suggesting that aminochitosan primes defence responses in
both mock and B. cinerea inoculated leaves. In this chapter, we attempt to identify proteins
and pathways that contribute to aminochitosan-mediated resistance to B. cinerea infection
early after treatment, with or without infection, by using a label-free quantitative proteomic

approach. Moreover, we attempt to validate the observations demonstrated in Chapter 3.

We observed that 1 mg/mL of aminochitosan treatment differentially regulates proteins as
early as 6 hpi with some of the induced responses being sustained up to 9 hpi. These proteins
were related to signal transduction, defence response, photosynthesis and ROS homeostasis
and included DNA and chromatin, cell wall, cell membrane, H*-ATPase activity, chlorophyll
biosynthesis and consequently the redox/ROS specific proteins. Finally, several of the proteins
were oppositely regulated between aminochitosan pretreatment and B. cinerea infection,
indicating differential regulation patterns between the “primed state” and the “triggered
state”. The proteomic data therefore partially validated the ‘priming’ capacity of
aminochitosan in 5-week-old tomato leaves, specifically diamino 3 when used as a foliar spray
at a concentration of 1 mg/mL. This allowed us to identify potential key molecular
mechanisms underpinning the aminochitosan primed states both with and without B. cinerea

infection at 6 and 9 hpi.
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4.2 Introduction

The characterization of molecular mechanisms involved in plant defence and their
contribution to biotic and abiotic stress tolerance is a key step in the fields of plant breeding,
biotechnology, and metabolic engineering, towards bridging the lab to farm gap thereby
enhancing agricultural productivity and food security (Yang et al., 2021). Therefore,
investigating the effects of biopolymers on these molecular mechanisms is essential for
optimizing their application in agriculture. The advent of multi-omics approaches, including
genomics, transcriptomics, proteomics, metabolomics, ionomics, and phenomics (Figure 4.1)
have provided comprehensive insights into the molecular processes involved in plant-
pathogen interactions and the factors that modulate defence response (Yang et al., 2021;
Diwan, Rashid & Vaishnav, 2022). This is aided by the simultaneous development of enhanced
analytical technologies for high-resolution and high-throughput use, increased sensitivity,
reduced costs, and advances in computational, statistical and bioinformatic tools needed to
analyze the resulting large datasets (Yang et al., 2021; Diwan, Rashid & Vaishnav, 2022). These
‘omics techniques have been applied in important crops and associated pathosystems
including wheat, maize, grapes, papayas, sugarcane, cotton, barley, soybean, millet, rice, and
tomato (Sergeant & Renaut, 2010; Rampitsch & Bykova, 2012; Ashwin et al., 2017; Tan, Lim &
Lau, 2017; Yang et al., 2021, and the references therein). The majority of the proteins
identified in these plant pathogen studies have been categorized as signal transduction,

defence responses, metabolism, energy production, and photosynthesis related proteins.
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—| “Phenotype to genotype” I— Figure 4.1: The role of ‘omics in linking genotype to

phenotype and vice-versa. Adapted from Yang et al.,,
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Historically, transcriptomics has been the preferred technique because of its accessibility and
relatively lower costs. However, alterations in the genome and transcriptome do not fully
represent a plant's regulatory processes. As such, proteomics (and metabolomics) provides a
more comprehensive understanding of the system's response, considering that not all genes
are transcribed or translated (Sergeant & Renaut, 2010). Additionally, temporal scales of
translation, protein turnover, degradation rates, and metabolite formation can vary
significantly. Thus, changes in the transcriptome may not align with the proteome,
necessitating the use of other 'omics approaches to reduce the phenotype-genotype disparity.

(Figure 4.1) (Feussner & Polle, 2015).

The common basis for proteomic approaches is to extract, separate, cleave, detect and
quantify the total proteins expressed in an organism/organ under certain conditions and at
specific time points (Feussner & Polle, 2015; Fillinger & Elad, 2016; Kumar, Kumar, et al., 2021).
Proteomics may be used to characterize the sequence, structure, function/activity,
localization, post-translational modifications, rate of synthesis/turnover, protein-protein
interactions or expression of proteins detected (Feussner & Polle, 2015; Fillinger & Elad, 2016;
Kumar, Kumar, et al., 2021). Advantageously, expression proteomics, the “quantitative analysis
of protein expression”, has the potential to elucidate host-pathogen interactions that are

otherwise not possible with genomics The proteomic methodologies used are categorized into
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three groups: gel-based (involving protein separation through gel electrophoresis, followed by
guantification, protein spot digestion, and MS identification), gel-free (involving protease
degradation of the protein mixture, followed by LC separation and MS identification), and gel-
free quantitative (using isobaric tags). These approaches extract, separate, cleave, detect and
quantify the total proteins expressed in an organism/organ under certain conditions and at

specific times (Feussner & Polle, 2015; Fillinger & Elad, 2016; Kumar, Kumar, et al., 2021).

Proteins and their interactions represent one of the final outcomes of regulatory processes
and participate in regulating biochemical and signaling responses, and the biosynthesis of
compounds necessary for growth or defence. During a plant-pathogen interaction, proteins
involved in susceptibility or resistance undergo activation or deactivation through post-
translational modifications like phosphorylation, acylation, or glycosylation. This in turn
initiates signaling cascades that influence the plant's tolerance or susceptibility (Feussner &

Polle, 2015).

Recent publications have clearly demonstrated the capacity of proteomic technologies to
elucidate the roles played by specific proteins in various biological processes (Fillinger & Elad,
2016). Of these, several proteomic studies have investigated the plant molecular mechanisms
of CHT-induced defence responses in a range of pathosystems. These pathosystems include
Arabidopsis thaliana cell suspension cultures treated with 5.3 mg/mL CHT (crab shells,
dissolved in 0.1 M acetic acid, pH 6.5) and infected with F. verticillioides (Ndimba et al., 2003);
Vitis vinifera plantlets treated with 1.75% v/v chitogel and infected with B. cinerea (Ait Barka
et al., 2004); V. vinifera cell suspensions treated with 50 mg/mL chitosan (dissolved in 0.1%
(v/v) acetic acid, 76—139 kDa; low viscosity, Ferri et al., 2009); rice seeds treated 50, 100 and
200 pg/mL of CHT oligosaccharide and infected with Southern rice black-streaked dwarf virus
(Yang et al., 2017); V. vinifera treated with 0.03% CHT (shrimp shell, low viscosity, Bavaresco
etal., 2017); A. thaliana leaves treated with 50 mg/L CHT oligosaccharide (DP 2-10, 95% DDA)
and infected with Pseudomonas syringae pv. tomato DC3000 (Pst) (Jia et al., 2020);
strawberries infected with Rhodotorula mucilaginosa that was first cultured with 0.5% CHT
(90% DDA, Gu et al., 2021); and Cannabis sativa roots and shoots treated with 0.1%, 0.2% and
0.5% w/v of chitin and CHT (in Hoagland’s solution, Suwanchaikasem et al., 2023). These
studies have elucidated some of the elements involved in complex PTI signaling of the CHT-

induced ‘primed state’.
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As stated in Martinez-Medina et al., (2016), the primed state compared to the non-primed
state can be understood by two sequential stimuli, the priming stimuli, and the triggering
stimuli, which induces defence-related phenotypic, molecular, and biochemical traits in a
robust manner in primed plants. Furthermore, the defence response is also longer-lasting in
primed plants upon a triggering stimuli than in non-primed pants. Some of the defence
responses may include alterations to defence signaling/compounds/processes like chromatin
and PRR, the accumulation of glucosinolates, ROS, lignin phytoalexins, phenolics or plant
volatiles (Martinez-Medina et al., 2016). Despite the aforementioned publications, of the
crops accounting for 58% of all phyto-pathoproteomics related publications between the
years of 2000 and August 2016, tomato only accounted for 8% of those publications (Ashwin
et al., 2017). Furthermore, no proteomic studies have been conducted on CHT treatment in
the tomato/B. cinerea pathosystem. As such, this is to our knowledge, the first label-free
guantitative proteomics study to assess the temporal priming and resistance inducing

mechanisms of CHT, specifically aminochitosan, in the tomato/B. cinerea pathosystem.
4.3 Methods

4.3.1. Aminochitosan and Botrytis cinerea

Preparations of the biopolymer used in this chapter, diamino 3 (D3), are as previously
described in Chapter 3, Section 3.3.3. A 1 mg/mL solution was prepared in distilled water
directly before use. The growth and solutions of B. cinerea used were as described in Chapter

3, Section 3.3.2.

4.3.2. Plant material and the application of diamino 1

Tomato (Solanum lycopersicum L.) cv. Moneymaker variety seeds were collectively germinated
before being transplanted into individual pots containing potting soil. Seedlings were grown
in a growth chamber at 23 °C with a photoperiod cycle of 8-h dark/16-h light (Audenaert, De
Meyer & Hofte, 2002). Five-week-old plants, consisting of five tertiary leaves with five leaflets,
were randomized and sprayed with D3 or water until run-off, 24 h before B. cinerea inoculation
(Figure 4.2). Twenty-four h after spraying, whole leaves were excised at the base of the petiole
before being wrapped in paper towels and placed on a tray. The leaves were then suspended
above wet paper towels, with the stems immersed in distilled water. Individual leaflets were

inoculated with two 10 pL droplets of either B. cinerea spore suspension or mock solution on
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either side of the midrib. The trays were then sealed with transparent lids to ensure a high-
humidity environment and grown under a 16-h light/8-h dark cycle. The samples were
allocated into different time groups, where the infection was allowed to establish for either 6

or 9 hpi before being harvested using liquid N».

I: .
L Sfl: ay1 5 Excise Inoculate Harvest
eaflets 1- Control: mock solution Leaflets
Infected: B.cinerea spore suspension
F}’ a? Direct h'S b /
LV \} L 1-5
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! r;i;, : ?,% ~u — , Vel s
RS FENTS 1 - 3 a0n P agn? - ---» Proteomics
I ,.7-\ 1 5
5-weeks-old Day0 24 hours later 6 and 9 hpi

Figure 4.2: Schematic of the experimental set-up used for the proteomic analysis. 5-week-old tomato plants were
treated with a foliar spray of aminochitosan at a concentration of 1 mg/mL or water. After 24h, leaves were
excised and inoculated with either a solution of B. cinerea spore suspension (1 x 10° spores/mL containing 0.01
M glucose and 6.7 mM KH2PO4) or mock solution (water containing 0.01 M glucose and 6.7 mM KH2PO4). Leaflets
were harvested at 9 and 9 hpi and flash frozen in liquid nitrogen before being stored at -80 °C for use. This figure
was created with BioRender.com.

4.3.3 Label-free quantitative proteomics using liquid-chromatography mass

spectrometry (LC-MS/MS)

4.3.3.1 Protein extraction, reduction, alkylation, and digestion

Samples were crushed into fine powder using liquid N2 before being sent to the Centre for
Proteomic and Genomic Research (CPGR) for proteomic analysis. Protein extraction,
reduction, alkylation, and digestion was performed by CPGR according to the following
protocols as provided by CPGR. Protein was extracted using a solution containing 4% sodium
dodecyl sulfate (Sigma-Aldrich, United States) and 100 mM triethylammonium bicarbonate
(TEAB, Sigma-Aldrich, United States) at 95 °C for 10 min followed by 10 min of centrifugation
at 10 000 x g. The supernatants were transferred to a new tube and washed with 400 pL of
cold acetone at 21 000 x g for 15 min at 4°C. This was repeated for two wash steps. Digestion
was performed using the MagReSyn HILIC method with on-bead digestion as in Rossouw et
al. (2021) with the following amendments: Two wash steps were performed before being
resuspended in loading buffer at a concentration of 2.5 mg/mL (Rossouw et al., 2021). Each
sample, amounting to approximately 20 ug, was then transferred in a volume of 10 plL to a

protein LoBind plate (Merck, Germany).
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The protein was reduced and alkylated by the addition of a solution containing 20 mM
dithiothreitol (Sigma-Aldrich, United States) and 30 mM iodoacetamide (Sigma-Aldrich,
United States) and incubated at 95 °C for 10 min. MagReSyn® HILIC magnetic beads were
added at a ratio of 5:1 total protein and at equal volumes to that of the sample. Following
which, plate incubation was performed as per Rossouw et al. (2021) with the amendment of
a 2-h incubation at 45°C. Digestion was carried out using trypsin in 50mM TEAB at a ratio of
1:20 total protein and LysC (Pierce Biotechnology, Thermo Fisher Scientific, United States) and
was added at a ratio of 1:250 total protein. After digestion, the supernatant was removed and
dried before being resuspended in liquid chromatography loading buffer containing 0.1%
formic acid (Sigma-Aldrich, United States) and 2.5% acetonitrile (Burdick & Jackson, United

States).

4.3.3.2 Label-free LC-MS/MS

LC-MS/MS data dependent acquisition-based label-free quantitation was performed using a
Q-Exactive quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, USA) coupled
to a Dionex Ultimate 3000 nano-UPLC system mass spectrometer. Peptides were dissolved in
0.1% formic acid (FA, Sigma 56302), 2% acetonitrile (ACN, Burdick & Jackson BJLCO15CS) and
loaded on a C18 trap column (PepMap100, 9027905000, 300 pm x 5 mm x 5 um). The
dissolved peptides were trapped onto the column and washed for 3 min before the valve was
switched and peptides eluted onto the analytical column as described hereafter.
Chromatographic separation was performed with a Waters nanoEase (Zenfit) M/Z Peptide CSH
C18 column (PepMap100, 300 um x 5mm x 5 um) where approximately 400 ng of peptide was
injected for each sample. The methods and parameters as in Rossouw et al., (2021) was used

for analysis with no amendments.

The solvent system employed was solvent A: LC water (Burdick and Jackson BJLC365), 0.1% FA
and solvent B: ACN, 0.1% FA. All data acquisition was obtained using Proxeon stainless steel
emitters (Thermo Fisher TFES523). The multi-step gradient) for peptide separation was
generated at 300 nL/min as follows: time change 5 min, gradient change: 2-5% Solvent B, time
change 40 min, gradient change 5-18% Solvent B, time change 10 min, gradient change 18-
30% Solvent B, time change 2 min, gradient change 30-80% Solvent B. The gradient was then

held at 80% Solvent B for 10 min before returning it to 2% Solvent B for 15 min. The mass
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spectrometer was operated in positive ion mode with a capillary temperature of 320°C. The
applied electrospray voltage was 1.95 kV. Data was acquired using Xcalibur v4.1.31.9,
Chromelean v6.8 (SR13), Orbitrap MS v2.9 (build 2926) and Thermo Foundations 3.1 (SP4).

4.3.3.3 Data analysis

Peptide and protein identification was performed by CPGR. Database interrogation was
performed with Byonic Software v2.6.46 (Protein Metrics, United States) using a tomato

reference proteome sourced form UniProt (www.uniprot.org, accessed 24/11/2021). Protein

search configurations are detailed in Table 4.1. Relative quantification was conducted using
Progenesis Ql for Proteomics v2.0.5556.29015 (Nonlinear Dynamics, UK). Data processing
included peak picking, run alignment and normalisation (singly charged spectra were removed
from the processing pipeline). Protein quantitation was run using the “relative quantitation
using non-conflicting peptides” method. Valid proteins were filtered to remove reverse hits,

common contaminants and singly charged ions. Proteins containing at least two unique

peptides were selected and protein IDs converted to UniProtKB IDs.

Table 4.1: Detailed UniProt search parameters used for the data analysis.

Rule

Value

Protein database

Tomato_RefProt_34652prot_
UP000004994 241121 fasta

Spectrum-level FDR Auto cut
Cleavage residues RK

Digest cutter C-terminal cutter
Peptide termini Fully specific
Maximum number of missed cleavages 2

Precursor tolerance 10.0 ppm

Fragment tolerance

frag:qtof _hcd 20.0 ppm

Fragment tolerance version

2

Charges applied to charge-unassigned spectra 1,23
Precursor mass max 10 000
N-glycan search None
O-glycan search None
Off by x isotopes -2,-1,0, +1, +2
Contaminants added TRUE
Decoys added TRUE
Disulfide Enable FALSE
Trisulfide Enable FALSE
Custom Crosslink Enable FALSE
DSS Crosslink Enable FALSE
Wildcard Enable 0
Combyne cut off score auto
Protein FDR cutoff 1%
Focused DB created FALSE
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Export mzldentML TRUE
Score version 2
Precurson_assignment__flags 2
po_NumberMonosReturn 1

Lock Mass list None
common_modifications_max 1
rare_modifications_max 1
Carbamidomethyl/+57.021464 @ C fixed
Oxidation / +15.994915 @ M common?2
Deamidated/ +0.984016 @ N, Q common?2
Product version PMI-Byonic-Com:v3.8.13

4.3.3.4. Bioinformatics: Gene-ontology, enrichment, pathway, and network analysis

The bioinformatic analysis stated below were not conducted by CPGR. The pipeline followed
in the following bioinformatic analysis are summarized in Figure 4.3. Differentially expressed
proteins (DEPs) were identified using the Linear Models for Microarray Data (limma) package
version 3.46.0 through R/Bioconductor project (http://www.R- project.org) for group pairwise
comparisons of treatment:time:infection between chosen experimental groups and control
groups (13 comparisons). The p-values were obtained using the Empirical Bayes (eBayes)

function included in the package.

Gene Ontology (GO) annotation and enrichment analysis (by EASE Score, a modified Fisher
Exact p-val) for the categories of biological process (BP), molecular function (MF) and cellular
component (CC) were conducted using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) database, version December 2022
(https://david.ncifcrf.gov/home.jsp). The total number of proteins identified in this study
were used as the background/reference. GO terms with an FDR-corrected p-value < 0.05 were

selected to identify over- and under-represented GO terms for each pairwise comparison.

The most representative GO terms were selected using REVIGO (http://revigo.irb.hr/) to
remove GO term redundancy using the SimRel semantic similarity measurement. GO terms
with a dispensability of < 0.05 were selected as the representative GO terms for each pairwise
comparison. Pathway enrichment analysis was carried out in DAVID using the Kyoto

Encyclopaedia of Genes and Genomes (KEGG) pathway annotation for the selected DEPs.

Protein-protein interactions (PPl) were investigated using Search Tool for the Retrieval of

Interacting Genes (STRING) database (https://string-db.org/) for proteins of interest. Protein
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interactions with a combined score of more than 0.4 were considered significant. GO and
KEGG heatmaps as well as UpSet plots (made in R Studio using ggplot2 and upsetR

respectively) were used to visualize the results.

limma (R): ImFit, contrast.fit, eBayes, topTable.
Select up- and down regulated proteins with FDR
adj. p-val < 0.05

Identify Differentially Expressed Proteins ()

Gene Ontology (GO) Enrichment Analysis

DAVID Bioinformatics: modified Fisher’s Exact
Test, FDR adj. p-val < 0.05.
Background/reference: 4001 proteins

Selection of most representative GO terms

REVIGO: remove GO term redundancy. Semantic
similarity measurement using SimRel. Select GO
Categories with Dispensability < 0.05 for BP, MF
and CC

Pathway Analysis
DAVID Bioinformatics: KEGG Pathway

Protein-protein Interactions
STRING database

|

Visualization

|

* GO categories by comparisons
« UpSet plots

Figure 4.3: Steps followed in the bioinformatic analysis towards identifying and annotating DEPs and assigning
GO terms. Adapted from Bonnot, Gillard and Magel, (2019).

4.4 Results

4.4.1 Exploratory data analysis

The proteome of tomato leaves treated with D3 and inoculated with B. cinerea was analysed
to identify the mechanisms underpinning the efficacy of aminochitosan as a priming agent of
resistance in the tomato/B. cinerea pathosystem at 6 and 9 hpi. These time points were

chosen based on the accumulation of H,0; in water-treated + infected leaves as early as 12
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hpi (Chapter 3, Section 3.4.4) to evaluate the time points preceding the extensive

accumulation of H,0,.

A total of 2663 proteins were quantified in all 40 samples consisting of eight treatment groups
with 5 biological replicates each. The treatment groups consisted of a combination of three

variables: infection, treatment, and time. The variables were as follows:

e infection by inoculation with water (control/Con) OR a B. cinerea spore suspension
(infected/Inf)
e treatment with D3 (polymer/pol) OR water

e harvest at time points 6 hpi and 9 hpi

The eight treatment combination groups were as follows:
1. mock inoculated + D3 treated + 6 hpi (ConPol_6h)
mock inoculated + D3 treated + 9 hpi (ConPol_9h)

mock inoculated + water-treated + 6 hpi (ConWater_6h)

mock inoculated + water-treated + 9 hpi (ConWater_9h)

2.

3

4

5. B.cinerea inoculated + D3 treated + 6 hpi (InfPol_6h)

6. B.cinerea inoculated + D3 treated + 9 hpi (InfPol_9h)

7. B.cinerea inoculated + water-treated + 6 hpi (InfWater_6h)
8. B. cinerea inoculated + water-treated + 9 hpi (InfWater_9h)

These treatment groups were compared to a control group of choice in a pairwise manner.

Exploratory data analysis was performed on all 40 samples to gain insight into the underlying
patterns and relationships within the data, and to identify potential outliers by means of
hierarchical clustering and Principal Component Analysis (PCA). The hierarchical clustering
dendrogram of all 40 samples in Figure 4.4A highlighted natural groupings of the samples

concurrently with the outliers identified by the PCA plot in Figures 4.4C.
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Sample clustering to detect outliers Sample clustering after outlier removal
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Figure 4.4: (A) A hierarchical clustering dendrogram of the 40 samples before outlier removal. (B) A hierarchical
clustering dendrogram of the 24 samples after outlier removal. The letters found below the dendrogram indicate
the following: P and D denote the treatments, polymer or water; 6 or 9 denote the time points as hours post
inoculation; | or C denote the infection status as control or infected and the numbers at the end denote the
biological replicate number. Hierarchical clustering analysis was conducted using Euclidean distance and Ward’s
linkage method. (C) PCA of 2663 normalized protein abundances in 40 samples for 5 biological replicates. (D)
PCA of 2663 normalized protein abundances in 24 samples for 3 biological replicates after outlier removal.
Samples were grouped by treatment, infection, and time point.

Subsequent analysis focussed on assessing the impact of different combinations of outlier
removal on the grouping within the dataset. As seen in Figures 4.4B and D, 2 outlier samples
were removed from each group combination resulting in a more refined dataset and
groupings. Twenty-four samples consisting of eight treatment groups with three biological
replicates were used in all further analyses. The expression profiles of the top 100
differentially expressed proteins (DEPs) under treatments, infection and time points are

shown by the heatmap in Figure 4.5. Two clusters of proteins can be seen along with clear
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Figure 4.5: A heatmap showing the top 100 differentially expressed proteins (rows) determined using limma
package, FDR-corrected P-value < 0.05) clustered by expression. Samples are organized (in columns) by treatment
(aminochitosan/water) and infection (infected/mock) for the time points (6 and 9 hpi). The letters found below
the dendrogram indicate the following: P and D denote the treatments, polymer or water; 6 or 9 denote the time
points as hours post inoculation; | or C denote the infection status as control or infected and the numbers at the
end denote the biological replicate number. The data was logio transformed and normalized (range scaled). The
dendrogram shows hierarchical clustering using Euclidean distance and Ward.D2 linkage method. This plot was
created in Metaboanalyst.

104



4.4.2 Quantitative proteomic analysis

To identify DEPs regulated by treatment, infection or time, protein abundances were
compared using limma and eBayes for each pairwise group comparison considering that three

biological replicates were to be used in the subsequent analyses.

A pairwise group comparison contrasted a treatment group to a control group of choice either
within a time point or between time points (Table 4.2). Proteins were considered differentially
expressed if the FDR-corrected p-value was < 0.05, independent to the magnitude of the
log2FC. Proteins were not excluded based on log,FC to allow for the inclusion of biologically
relevant changes in underrepresented proteins with lower logFC magnitudes of which may

be important in relevant pathways or regulatory roles.

Table 4.2: Differentially expressed proteins (DEPs) identified using limma, FDR-corrected p-value < 0.05, fold
enrichment > 1, for each comparison (experimental/control). DEPs were selected after DAVID and REVIGO.

Over/under- Unigue Total Total
Time Pairwise comparison Up Down represented DECIJDS unique exclusive
GO terms DEPs DEPs
ConPol vs ConWater 74 147 23 221
InfPol vs ConWater 278 173 26 451
6 hpi InfPol vs ConPol 94 197 22 291 758 665
InfPol vs InfWater 77 173 21 250
InfWater vs ConWater 2 0 1 2
ConPol vs ConWater 13 5 4 18
. InfPol vs InfWater 0 0 0 0
9 hpi 109 13
InfWater vs ConWater 0 0 0 0
InfPol vs ConPol 46 59 18 105
ConPol vs ConPol 13 17 10 40
i ConWater vs ConWater 0 2 2 2
9 hpi vs 550 550
6 hpi InfPol vs InfPol 272 171 19 443
InfWater vs InfWater 103 76 14 179

Con = mock inoculated, Inf = B. cinerea inoculated, Pol = D3 treatment, Water = mock treatment. Unique DEPs:
proteins occurring for both groups in a pairwise comparison is considered duplicates and were removed.
Exclusive DEPs: proteins that are exclusive to the specific group and do not reoccur in another group.

Up-regulated and down-regulated proteins for each group comparison with an FDR-corrected
p-value < 0.05 were selected as shown in (Table 4.2). Out of the 13 comparisons made
between groups, 11 yielded DEPs. Interestingly, at 6 hpi, there were DEPs identified in five

pairwise comparisons, whereas only two pairwise comparisons yielded DEPs at 9 hpi (Table
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4.2). Furthermore, the number of DEPs identified at 6 hpi was greater than at 9 hpi (Table
4.2). The water treatment comparisons yielded two up-regulated proteins at 6 hpi (InfWater
vs ConWater) and none at 9 hpi. When comparing treatments at 9 hpi to 6 hpi, 2 DEPs (down-
regulated) were identified for the comparison of ConWater at 9 hpi to 6 hpi whereas 179 DEPs
when comparing InfWater at 9 hpi to 6 hpi (103 up-regulated and 76 down-regulated) (Table
4.2).

In contrast, numerous DEPs were identified when comparing the polymer treatments to water
treatments, for both control and infected samples at 6hpi, 9 hpi and 9 hpi vs 6 hpi (Table 4.2).
The number of DEPs in polymer treated + infected samples were significantly greater than the
number of proteins in water-treated + infected samples. Furthermore, the polymer treated +
control samples were also significantly greater than the water-treated + infected samples

(Table 4.2).

orer ovesnr

up-regulated down-regulated up-regulated down-regulated up-regulated down-regulated
GO terms #* GO terms *
27 30
BP MF CcC BP MF cC
200 228 273 197 176 242
710 615 a7 104
* * * * *
up-regulated down-regulated
383 424
| 807 | 123 ‘
* * *

Total unique DEPs Total Unique
758 767
*

*

Exclusively Exclusively
up-regulated down-regulated
372 374
Total exclusive DEPs
746
*
13

665

Total exclusive DEPs
678

duplicates removed = *

Figure 4.6: Flow diagram delineating the process of determining up- and down-regulated, unique, and exclusive
proteins per time point for all of the group comparisons. * Indicates where duplicate proteins were removed.

In this study, a protein was considered unique if it appeared in a specific sample or

experimental condition but was not exclusive to that sample (e.g. may be shared across
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different time points, group comparisons or between up/down regulated proteins).
Consequently, proteins were considered exclusive if they only occurred in one specific time
point/regulation without reoccurring. This distinction allowed for proteins to be categorized
based on their temporal regulatory patterns or if they were exclusively up-regulated or down-

regulated (Figure 4.6).

When combining the results for the groups at 6hpi, a total of 758 proteins were unique (up =
383, down = 424, 50 shared) and 748 were exclusive (up = 372, down = 374) to 6 hpi. In
contrast to this, 9 hpi yielded fewer DEPs with 109 unique proteins (up = 59, down = 64, 14
shared) and 95 proteins (up = 45, down = 50) exclusive to 9 hpi (Figures 4.6 and 4.7). Across 6
and 9 hpi, a total of 767 proteins were unique and 678 proteins were exclusive, with 665 (up
=324, down = 341) belonging to 6 hpiand 13 (up = 7, down = 6) to 9 hpi (Figures 4.6 and 4.7).
When comparing the same groups at 9 hpi to 6 hpi (e.g. ConPol at 9 hpi to ConPol at 6 hpi), a
total of 550 DEPs were observed, of which 341 were up-regulated with 34 shared between 9
hpi up-regulated and 6 hpi down-regulated proteins and 209 down-regulated with 44 shared

between 9 hpi down-regulated and 6 hpi up-regulated proteins (Figures 4.6 and 4.7).
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Figure 4.7: UpSet plot showing the unique and exclusive proteins for the different time points. The lines between
dots indicate ‘unique’ proteins while the individual dots represent the ‘exclusive’ proteins.
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4.4.3 GO and KEGG enrichment analysis of aminochitosan treatment and B.

cinerea infection at 6 hpi

To explore the significance of the DEPs, pathways and networks involved, the proteins were
functionally categorized using Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and
Genomes (KEGG) enrichment analysis. The proteins were assigned to three GO categories:
biological process (BP), molecular function (MF), and cellular component (CC). A range of DEPs
were multifunctional and were assigned to more than one category, hence the duplicates

between categories, group comparisons and time points.
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Figure 4.8: Functional analysis of the significantly up- and down-regulated proteins at 6 hpi. Classification of the
over- and under-represented GO terms included biological process, molecular function, and cellular component.
The dot size indicates the number of proteins associated with the term and the dot color indicates the statistical
significance (p < 0.05).

At 6 hpi, a total of 93 GO terms were identified; duplicate GO terms across the group

comparisons were removed resulting in a final total of 57 terms. Of these 57 terms, 30 terms
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were categorized as down-regulated and 27 as up-regulated, with most of the GO terms
belonging to the InfPol_InfWater (11 terms), InfPol _ConWater (8 terms), and
ConPol_ConWater (7 terms) group comparisons (Figures 4.6 and 4.8), highlighting the

potential benefits of aminochitosan pretreatment.
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Figure 4.9: KEGG enrichment analysis of the differentially expressed proteins at 6 hpi. Size of each point
represents the number of genes enriched in a particular pathway.
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The most biologically relevant and notable regulated proteins (Table S4.2), GO terms (Figure
4.8) and KEGG features (Figure 4.9) for select group comparisons are mentioned below with

the full dataset summarized in the figures mentioned.

4.4.3.1 The effects of aminochitosan in uninfected leaves at 6 hpi: ConPol vs

ConWater

The ConPol vs ConWater group comparison assessed the effects of aminochitosan in mock
inoculated (uninfected) leaves compared to the water treatment. The comparison identifies
how aminochitosan treatment by itself influences protein expression in the absence of B.
cinerea inoculation. This provides a baseline for the effects of aminochitosan treatment in a

non-infected context, potentially highlighting primed proteins and pathways.

Table S4.2 displays the top 5 up- and down-regulated proteins that are unique or shared
between group comparisons at each time point (6, 9) or between time points (9_6). From this,

the top 5 up-regulated proteins for ConPol_ConWater were a GTP-binding protein
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(AOA3Q7GBLY9, logFC 3.93 increase), a threonine dehydratase 1 biosynthetic, chloroplastic
(AOFKES®, logFC 3.86 increase), a magnesium chelatase (AOA3Q7GO0W1, logFC 3.80 increase),
a CHD3-type chromatin-remodelling factor PICKLE (AOA3Q7IH67, logFC 3.67 increase) and an
NADPH-protochlorophyllide oxidoreductase (AOA3Q7IBIO, logFC 3.50 increase). The top 5
down-regulated proteins were a peroxidase (AOA3Q7E8TY, logFC 3.96 decreases), an inositol-
3-phosphate  synthase (AOA3Q7GNM9A0OA3Q7H7G7, logfFC 3.73 decrease), an
uncharacterized protein (AOA3Q7FQP4, logFC 3.48 decrease), an alpha-amylase
(AOA3Q7GDE1, logFC 3.32 decrease), and an acidic 26 kDa endochitinase (Q05539, logFC 3.19
decrease). Of these proteins, 4 up- and 3 down-regulated proteins were shared with other

group comparisons.

The up-regulated proteins (Figures 4.8 and 4.10) were enriched in the BP category for ‘protein
ubiquitination’ (GO:0016567, 13 proteins), ‘pectinesterase inhibitor activity’ (G0:0046910, 14
proteins), ‘cell wall modification’” (G0:0042545, 14 proteins) and ‘defence response’
(G0O:0006952, 17 proteins). The up-regulated proteins in the MF category were enriched for
‘protein heterodimerization activity’ (G0:0046982, 26 proteins) and ‘DNA binding’
(G0:0003677, 35 proteins) while only one term was enriched in the CC category for
‘nucleosome’ (GO:0000786, 30 proteins).
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Figure 4.10: Protein-protein interactions of the proteins associated with the GO terms ‘defence response’
(G0O:0006952, 17 proteins) in the ConPol_ConWater group comparison at 6 hpi.

In contrast, the down-regulated proteins were enriched in more than 3 GO terms per
category. The enriched GO terms in the BP category were ‘defence response to fungus

‘(G0O:0050832, 9 proteins), ‘hydrogen peroxide catabolic process’ (G0:0042744, 15 proteins),
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‘glutathione metabolic process’ (GO:0006749, 11 proteins) and ‘carbohydrate metabolic
process’ (GO:0005975, 21 proteins). The down-regulated proteins in the MF category were
enriched for ‘glutamate decarboxylase activity’ (GO:0004351, 5 proteins), ‘chitinase activity’
(G0O:0004568, 11 proteins) and ‘peroxidase activity’ (GO:0004601, 13 proteins). The enriched
CC terms were ‘respiratory chain (G0:0070469, 7 proteins), ‘extracellular space’
(GO:0005615, 10 proteins), ‘extrinsic component of membrane’ (GO:0019898, 6 proteins) and
chloroplast thylakoid membrane (GO:0009535, 37 proteins) (Figure 4.8).

Figure 4.9 displays the KEGG enrichment analysis which showed that the up-regulated
proteins were significantly associated with 19 pathways, of which the most notable were
‘biosynthesis of secondary metabolites’ (73 proteins), ‘porphyrin metabolism’ (13 proteins),
‘valine, leucine and isoleucine biosynthesis’ (7 proteins), ‘pentose and glucuronate
interconversions’ (7 proteins), ‘citrate cycle’ (9 proteins), ‘biosynthesis of amino acids’ (19
proteins) and ‘terpenoid backbone biosynthesis’ (6 proteins). The down-regulated proteins
were significantly associated with ‘carbon metabolism’ (28 proteins), ‘photosynthesis’ (14
proteins), ‘glyoxylate and dicarboxylate metabolism’ (11), ‘carbon fixation in photosynthetic
organisms ‘(11 proteins), ‘biosynthesis of secondary metabolites’ (52 proteins), ‘taurine and

hypotaurine metabolism’ (5 proteins) and ‘photosynthesis - antenna proteins’ (5 proteins).

4.4.3.2 The effects of aminochitosan in infected vs uninfected leaves at 6 hpi: InfPol

vs ConPol

The InfPol vs ConPol group comparison assessed the impact of aminochitosan in B. cinerea
inoculated (infected) leaves compared to aminochitosan-treated but uninfected leaves.
Proteins identified in this comparison are associated with the combined effects of
aminochitosan and B. cinerea infection and provides insights into how aminochitosan

modulates tomato’s response to B. cinerea after pretreatment with aminochitosan at 6 hpi.

From Table S4.2, 2 of the top 5 up-regulated proteins and 4 of the down-regulated proteins
were shared with other group comparisons. The top 5 up-regulated proteins were three
uncharacterized proteins (Q53U36, AOA3Q71IQ1 and AOA3Q7GM48, logFC of 5.13, 4.37 and
3.79 increase respectively), isochorismatase domain-containing protein (K4ASZO0, logFC 3.92
increase), and 4-coumarate CoA ligase (AOA3Q7G3R4, logFC 3.81 increase). The top 5 down-

regulated proteins were an ABC transporter B family member 25 (AOA3Q7FSS8), a 7-
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dehydrocholesterol reductase (AOA3Q7E9H9), a cytochrome P450 (AOA3Q7H9W3), and two
uncharacterised proteins (AOA3Q7F3X3 and AOA3Q7F7HA4).

The up-regulated proteins in the BP category were enriched most notably in ‘cellular response
to oxidative stress’ (GO:0034599, 9 proteins); the MF category in L-alanine:2-oxoglutarate
aminotransferase activity (GO:0004021, 4 proteins), rRNA binding (G0:0019843, 21 proteins),
‘magnesium ion binding’ (G0O:0000287, 15 proteins) and in the CC category are
‘mitochondrial pyruvate dehydrogenase complex’ (GO:0005967, 4 proteins) and ‘ribosome’
(GO:0005840, 37 proteins). The down-regulated proteins in the BP category were most
notably enriched in the ‘cell wall modification’ (GO:0042545, 28 proteins), ‘regulation of
intracellular pH’ (GO:0051453, 8 proteins), and ‘methylation’ (G0:0032259, 33 proteins); the
MR category in ‘aspartyl esterase activity’ (GO:0045330, 23 proteins) and ‘DNA binding
‘(G0O:0003677, 33 proteins); and the CC category in the ‘nucleosome’ (GO:0046982, 25
proteins), ‘extracellular region’ (GO:0005576, 55 proteins) and “membrane (GO:0016020, 36

proteins) (Figure 4.8).

The KEGG pathways significantly associated (Figure 4.9) with the up-regulated proteins were
‘porphyrin metabolism’ (17 proteins) while the down-regulated proteins are significantly
associated with ‘metabolic pathways’ (144 proteins) and ‘oxidative phosphorylation” (23

proteins).

4.4.3.3 The effects of aminochitosan in infected vs uninfected leaves at 6 hpi: InfPol

vs ConWater

The InfPol vs ConWater group comparison assessed the effects of aminochitosan in B. cinerea
inoculated (infected) leaves compared to the control, water-treated and uninfected leaves.
This comparison highlights the impact of aminochitosan in modulating a response to infection
and differs to InfPol_ConPol as it compares to a healthy untreated leaf and not a potentially

“primed” leaf as in ConPol.

The top 5 up-regulated and down-regulated proteins revealed that all 10 proteins were shared
with the other group comparisons (Table S4.2). The top 5 up-regulated were a GTP-binding
protein (AOA3Q7GBL9, logFC 4.90 increase), a CHD3-type chromatin-remodelling factor
PICKLE (AOA3Q7IH67, logFC 4.05 increase), an aromatic amino acid beta-eliminating
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lyase/threonine aldolase domain-containing protein (AOA3Q7FWXO0, logFC 4.04 increase) and
4-coumarate CoA ligase (AOA3Q7G3R4, logFC 3.91 increase). The top 5 down-regulated
proteins are an ABC transporter B family member 25 (AOA3Q7FSS8, logFC 5.09 increase), a
PMR5N domain-containing protein (AOA3Q7F572, logFC 4.74 increase), mitochondrial
phosphate transporter (AOA3Q7FQP4, logFC 4.69 increase), a 7-dehydrocholesterol reductase
(AOA3Q7E9HY, logFC 4.55 increase), and an acidic 26 kDa endochitinase (Q05539, log FC 4.27

increase).

The up-regulated proteins in the BP category were notably enriched for ‘protoporphyrinogen
IX biosynthetic process’ (GO:0006782, 9 proteins) and ‘chlorophyll biosynthetic process’
(G0O:0015995, 15 proteins); the MF category was notably enriched for ‘rRNA binding’
(GO:0019843, 40 proteins) and ‘RNA binding’ (G0O:0003723, 62 proteins); and the CC category
was notably enriched for ‘chloroplast stroma’ (GO:0009570, 31 proteins) and ‘chloroplast’
(GO:0009507, 104 proteins). The down-regulated proteins in the BP category were notably
enriched for ‘regulation of intracellular pH’ (GO:0051453, 8 proteins), ‘chitin catabolic process
‘(GO:0006032, 10 proteins), ‘photosynthetic electron transport in photosystem I
(G0O:0009772, 10 proteins), ‘oxylipin biosynthetic process’ (GO:0031408, 8 proteins), ‘proton
transmembrane transport’ (G0:1902600, 12 proteins) and ‘response to oxidative stress
(G0O:0006979, 19 proteins); the MF category was notably enriched for ‘chitinase activity’
(G0:0004568, 14 proteins) and ‘chlorophyll binding’ (G0O:0016168, 34 proteins); and the CC
category was notably enriched for ‘photosystem’ (GO:0009521, 11 proteins), ‘extracellular
region’ (GO:0005576, 42 proteins) and ‘membrane’ (GO:0016020, 37 proteins) (Figure 4.8).

From Figure 4.8, the KEGG pathways significantly associated with the up-regulated proteins
were ‘carbon fixation in photosynthetic organisms‘(16 proteins), ‘carbon metabolism’ (33
proteins), ‘biosynthesis of secondary metabolites’ (64 proteins) and ‘glycine, serine and
threonine metabolism’ (12 proteins) while the down-regulated pathway was associated with

‘pentose and glucuronate interconversions’ (15 proteins).

4.4.3.4 The effects of aminochitosan in infected leaves at 6 hpi: InfPol vs InfWater

The InfPol vs InfWater comparison highlights the specific effects of aminochitosan during B.
cinerea infection by comparing it directly to another infected condition with the control water
treatment. This provides insights into how aminochitosan modulates the host response during
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B. cinerea infection, allowing for a direct comparison between two infected conditions with

different treatments.

The top 5 up-regulated proteins were an uncharacterized protein (Q53U36, logFC 4.15
increase), a 4-coumarate-CoA ligase (AOA3Q7G3R4, logFC 4.14 increase), 60S ribosomal
protein (Q3SC85, logFC 4.05 increase), a non-symbiotic haemoglobin class 1 protein
(Q9AWADY, 3.61 logFC increase) and an aromatic amino acid beta-eliminating lyase/threonine
aldolase domain-containing protein (AOA3Q7FWXO0, logFC 3.11 increase). The top 5 down-
regulated proteins were an ABC transporter B family member 25 (AOA3Q7FSS8, logFC 4.66
decrease), an uncharacterized protein (AOA3Q7F3X3, logFC 4.43 decrease), a
dehydrocholesterol reductase (AOA3Q7E9H9, logFC 4.16 decrease), a cytochrome P450
(AOA3Q7H9WS3, logFC 4.04 decrease) and a PMR5N domain-containing protein (AOA3Q7F572,
logFC 3.40 decrease). From Table $4.2, all 3 up- and 4 down-regulated proteins were shared

between other group comparisons.

From Figure 4.8, the up-regulated proteins in the BP category were notably enriched for
‘translation’ (64 proteins). The down-regulated proteins in the BP category were notably
enriched for ‘regulation of intracellular pH 8 (G0:0051453, 8 proteins), ‘chitin catabolic
process’ (GO:0006032, 10 proteins), ‘photosynthetic electron transport in photosystem II’
(GO:0009772, 10 proteins), ‘oxylipin biosynthetic process’ (G0:0031408, 8 proteins), ‘defence
response to fungus’ (GO:0050832, 11 proteins), ‘proton transmembrane transport’
(G0O:1902600, 10 proteins), and ‘methylation’ (GO:0032259, 13 proteins); the MF category
was notably enriched for ‘chitinase activity’ (GO:0004568, 14 proteins), ‘oxidoreductase
activity, acting on single donors’ (GO:0016702, 8 proteins), and ‘chlorophyll binding’
(G0O:0016168, 27 proteins); and the CC category was significantly enriched for ‘photosystem’
(G0:0009521, 11 proteins), and ‘membrane’ (GO:0016020, 41 proteins).

The KEGG pathway significantly associated with the up-regulated proteins was ‘ribosome’ (45
proteins) and the KEGG pathway significantly associated with the down-regulated proteins

was ‘amino sugar and nucleotide sugar metabolism’ (23 proteins).

114



4.4.4 GO and KEGG enrichment analysis of aminochitosan treatment and B.

cinerea infection at 9 hpi

In contrast to 6 hpi, the 9 hpi time point yielded overall, fewer significant group comparisons

and DEPs were identified at 9 hpi.
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Figure 4.11: Functional analysis of the significantly up- and down-regulated proteins at 9 hpi. Classification of the
over- and under-represented GO terms included biological process, molecular function, and cellular component.
The dot size indicates the number of proteins associated with the term and the dot color indicates the statistical
significance (p < 0.05).

At 9 hpi, a total of 22 GO terms were identified; duplicate GO terms across the group
comparisons were removed resulting in a final total of 20 (Figures 4.6). Of the final 20 terms,
10 GO terms were categorized as down-regulated and 10 as up-regulated, with the GO terms
belonging to the InfPol_ConPol (15 terms) and ConPol ConWater (5 terms) group

comparisons (Figures 4.6 and 4.11).
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Figure 4.12: KEGG enrichment analysis of the differentially expressed proteins at 9 hpi. Size of each point
represents the number of genes enriched in a particular pathway.

4.4.4.1 The effects of aminochitosan at 9 hpi: ConPol_ConWater

From Table S4.2, 5 up- and 4 down-regulated proteins were shared with other group
comparisons. The top 5 up-regulated proteins were a 4-coumarate CoA ligase (AOA3Q7G3R4,
logFC 3.79 increase), a GTP-binding protein OBGC2 (AOA3Q7GBL9, logFC 3.46 increase), a
GUN4 domain-containing protein (AOA3Q7H247, logFC 3.30 increase), magnesium chelatase
(AOA3Q7GOW1, logFC 2.92 increase), and a NADPH-protochlorophyllide oxidoreductase
(AOA3Q7IBIO, logFC 2.60 increase). The top 5 down-regulated proteins were an inositol-3-
phosphate synthase (AOA3Q7GNMY9, logFC 4.33 decrease), an REF/SRPP-like protein
(AOA3Q7GG77, logFC 2.70 decrease), a mitochondrial phosphate transporter (AOA3Q7FQP4.
logFC 2.26 decrease), a PMR5N domain-containing protein (AOA3Q7F572, logFC 1.91
decrease) and a dirigent protein (AOA3Q7JCT2, logFC 1.79 decrease). From Table S4.2, 4 up-

and 4 down-regulated proteins are shared with the other group comparisons.

The up-regulated proteins in the BP, MF and CC category were notably enriched for
‘chlorophyll biosynthetic process’(G0:0015995 , 9 proteins), ‘protochlorophyllide reductase
activity’ (G0:0016630, 3 proteins), and ‘chloroplast’ (GO:0009507, 5 proteins) respectively.
The down-regulated proteins were enriched for ‘chitinase activity’ (GO:0004568, 5 proteins)
(Figure 4.11). From Figure 4.12, the KEGG pathways significantly associated with the up-

regulated proteins was porphyrin metabolism’ (7 proteins).
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4.4.4.2 The effects of aminochitosan at 9 hpi: InfPol_ConPol

The top 5 up-regulated proteins were an inositol-3-phosphate synthase (AOA3Q7GNM9, logFC
4.19 decrease), an REF/SRPP-like protein (AOA3Q7GG77, logFC 3.58 decrease), a
mitochondrial phosphate transporter (AOA3Q7FQP4. logFC 2.81 decrease), a subtilisin-like
protease SBT1.7 (AOA3Q7HVI4, logFC 2.41 increase), and a Glucan endo-1,3-beta-glucosidase
A (Q01412, logFC 2.30 increase). The top 5 down-regulated proteins were a GTP-binding
protein OBGC2 (AOA3Q7GBL9, logFC 4.32 decrease), a GUN4 domain-containing protein
(AOA3Q7H247, logFC 4.12 decrease), an uncharacterized protein (AOA3Q7F3X3, logFC 3.39
decrease), a superoxide dismutase [Cu-Zn] (P14831, logFC 3.20 decrease), and a magnesium
chelatase (AOA3Q7G0OW1, logFC 3.19 decrease). From Table $4.2, 3 up- and 4 down-regulated

proteins were shared with other group comparisons.

The up-regulated proteins (Figure 4.11) in the BP category were notably enriched for ‘chitin
catabolic process’ (GO:0006032, 8 proteins), ‘defence response to fungus’ (GO:0050832, 8
proteins) and ‘carbohydrate metabolic process’ (G0:0005975, 16 proteins); MF category was
notably enriched for ‘glutamate decarboxylase activity’ (GO:0004351, 5 proteins) and
‘chitinase activity’ (GO:0004568, 12 proteins); and the CC category was notably enriched for
‘extracellular space’ (GO:0005615, 6 proteins) and ‘extracellular region’” (GO:0005576, 18
proteins). The down-regulated proteins in the BP category were notably enriched for
‘chlorophyll biosynthetic process’ (GO:0015995, 14 proteins), and ‘cell wall modification’
(G0O:0042545, 12 proteins); the CC category was enriched for ‘ribosome’ (GO:0005840, 23
proteins) and ‘cell wall’ (GO:0005618, 9 proteins).

The KEGG pathways significantly associated with the up-regulated proteins was ‘butanoate
metabolism’ (7 proteins), ‘taurine and hypotaurine metabolism’ (4 proteins), ‘alpha-Linolenic
acid metabolism’ (5 proteins) and ‘alanine, aspartate and glutamate metabolism’ (6 proteins).
The KEGG pathway significantly associated with the down-regulated proteins was ‘porphyrin

metabolism’ (13 proteins) (Figure 4.12).
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4.4.5 GO and KEGG enrichment analysis of aminochitosan treatment and B.

cinerea infection: 9 hpi vs 6 hpi
The comparison of identical groups across the time points aimed at identifying temporal
changes. It isimportant to note, however, that the experiments at 6 and 9 hpi were conducted

on independent leaves within the same experiment.
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Figure 4.13: Functional analysis of the significantly up- and down-regulated proteins from the same groups at 9
hpi compared to 6 hpi. Classification of the over- and under-represented GO terms included biological process,
molecular function, and cellular component. The dot size indicates the number of proteins associated with the
term and the dot color indicates the statistical significance (p < 0.05).

When comparing the proteins at 9 hpi to 6 hpi for the same groups, a total of 45 GO terms
were identified; duplicate GO terms across the group comparisons were removed resulting in
a final total of 40 (Table 4.6). 25 GO terms were categorized as down-regulated and 15 as up-
regulated, with the GO terms belonging to the InfPol at 9 hpi vs InfPol at 6 hpi (19 terms) and
InfWater at 9 hpi vs InfWater at 6 hpi (14 terms) group comparisons (Figures 4.6 and 4.13).
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Figure 4.14: KEGG enrichment analysis of the differentially expressed proteins at 9 hpi compared to 6 hpi. Size
of each point represents the number of genes enriched in a particular pathway.

4.4.5.1 The effects of aminochitosan at 9 hpi compared to 6 hpi: InfWater_InfWater

This comparison serves as a baseline for understanding the temporal response to B. cinerea
without the effects of aminochitosan and may help in contextualizing the effects of
aminochitosan and distinguishing treatment-specific responses from the inherent changes

occurring during the course of infection.

From Table $4.3, only 1 up- and 3 down-regulated protein are shared with other groups. The
top 5 up-regulated proteins were two peroxidases (AOA3Q7E8T9 and AOA3Q7FFRS5, logFC 4.10
and 3.34 increase, respectively), REF/SRPP-like protein (AOA3Q7GG77, logFC 4.09 increase),
Snakin-2 (E5KBYO, logFC 3.57 increase), and an SCP domain-containing protein (AOA494GAA45,
logFC 3.39 increase). The top 5 down-regulated proteins were an acid phosphatase
(AOA3Q7GVG1, logFC 5.75 decrease), CHD3-type chromatin-remodelling factor PICKLE
(AOA3Q7IH67, logFC 525 decrease), GTP-binding protein OBGC2 (AOA3Q7GBL9, logFC 4.53
decrease), an uncharacterized protein (AOA3Q7F3X3, logFC 4.23 decrease) and a magnesium

chelatase (AOA3Q7G0OW, logFC 4.07 decrease).

The up-regulated proteins in the BP category were enriched for ‘hydrogen peroxide catabolic
process’ (GO:0042744, 26 proteins) and ‘response to oxidative stress’ (G0O:0006979, 25
proteins); the MF category was enriched for ‘chitinase activity’ (GO:0004568, 13 proteins),

and ‘peroxidase activity’ (GO:0004601, 28 proteins); and the CC category was enriched for the
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‘endomembrane system’ (GO:0012505, 7 proteins), ‘extracellular region’ (GO:0005576, 43
proteins) and ‘membrane’ (GO:0016020, 22 proteins). The down-regulated proteins in the BP
category were enriched for ‘chlorophyll biosynthetic process’ (GO:0015995, 16 proteins); the
MF category was enriched for ‘rRNA binding’ (G0:0019843, 28 proteins); and the CC category
was enriched for ‘ribosome’ (GO:0005840, 43 proteins) (Figure 4.13).

4.4.5.2 The effects of aminochitosan at 9 hpi compared to 6 hpi: InfPol_InfPol

This comparison evaluates how the proteomic profile changes over time during B. cinerea
infection with aminochitosan treatment. Proteins identified as differentially expressed
between these two time points indicate temporal dynamics in the host response to B. cinerea
in the presence of aminochitosan. It provides insights into how the treatment-induced

proteomic changes are modulated during the course of infection.

The DEPs for the InfPol group at 9 hpi was compared to the InfPol group at 6 hpi. As such, the
top 5 up-regulated proteins were a PMR5N domain-containing protein (AOA3Q7F572, logFC
5.75 increase), an SCP domain-containing protein (0A494GA45, logFC 5.69 increase), a
mitochondrial phosphate transporter (AOA3Q7FQP4, logFC 5.65 increase), an ABC transporter
B family member 25 (AOA3Q7FSS8, logFC 5.39 increase) and a 7-dehydrocholesterol reductase
(AOA3Q7HOBS6, logFC 5.23 increase). The top 5 down-regulated proteins were a GTP-binding
protein OBGC2 (AOA3Q7GBL9, logFC 6.29 decrease), a non-symbiotic hemoglobin class 1
(Q9AWA9, logFC 6.25 decrease), CHD3-type chromatin-remodeling factor PICKLE
(AOA3Q7IH67, logFC 5.29 decrease), an uncharacterized proteins (AOA3Q711Q1, logFC 4.41
decrease) and GUN4 domain-containing protein (AOA3Q7H247, logFC 4.19 decrease). From

Table S4.3, only 2 down-regulated protein are shared with other groups.

The up- and down regulated KEGG pathways are shown in Figure 4.14 where the up-regulated
proteins at 9 hpi compared to 6 hpi in the BP category were notably enriched for ‘defence
response to fungus’ (GO:0050832, 15 proteins), ‘regulation of intracellular pH’ (GO:0051453,
8 proteins), and proton transmembrane transport’ (GO:1902600, 14 proteins); the MF
category was enriched for ‘ATPase-coupled transmembrane transporter activity’
(G0O:0042626, 24 proteins), and ‘chlorophyll binding’ (G0O:0016168, 34 proteins); the CC
category was enriched for ‘extracellular space’ (GO:0005615, 18 proteins), and ‘Golgi
apparatus’ (GO:0005794, 27 proteins). The down-regulated regulated proteins at 9 hpi
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compared to 6 hpi in the BP, MF and CC category were notably enriched for ‘translation’
(GO:0006412, 129 proteins), ‘rRNA binding (G0:0019843, 43 proteins) and ‘ribosome’
(GO:0005840, 70 proteins) respectively.

4.5 Discussion

In Chapter 3, we deduced that foliar application of aminochitosan primed a significant
resistant phenotype that was mediated through a combination of enhanced and sustained
photosynthetic parameters namely, PSII activity (Fv/Fm) and Chlidx (chlorophyll content), at 4
and 6 dpi. We suggested that sustaining photosynthesis for as long as possible was a key
aspect of the plant's defence strategy. However, we observed that at 2.5 mg/mL,
aminochitosan may be cytotoxic when sprayed directly onto leaves. As such, we observed that
foliar anthocyanins were primed to avoid excess carbon and sugar accumulation that
mitigated possible “sugar-induced leaf senescence” caused by enhanced photosynthetic

activity after application of high concentrations of aminochitosan.

As stated in Martinez-Medina et al. (2016), the ideal method of assessing defence priming is
through both phenotypic and molecular analysis of the state of a plant before and after
challenge with the a/biotic stress. This would include 1) naive, 2) primed, 2) naive-and-
triggered, and 4) primed-and-triggered plants (Martinez-Medina et al., 2016). In this chapter,
we specifically focused on these 4 plant states and the application of 1 mg/mL of
aminochitosan; a concentration with significant efficacy and little to no in planta phytotoxicity

as previously observed in Chapter 3.

DEPs were identified by treatment, infection or time, and protein abundances compared using
limma and eBayes for each pairwise group comparison considering that three biological
replicates were to be used in the subsequent analyses. Due to the Limma uses a moderated
t-statistic and an Empirical Bayes framework, enabling a powerful statistical analysis by
borrowing information across proteins by using the full dataset to reduce the sample
variances towards a pooled estimate. This improves sensitivity to detecting true biological
differences, even when the number of replicates are limited (Schwammle, Ledn & Jensen,
2013; Kammers et al., 2015). This process yielded significantly more DEPs for aminochitosan
treated samples, for both control and infected samples at 6hpi, 9 hpi and 9 hpi vs 6 hpi.

Furthermore, the number of DEPs at 6 hpi were significantly greater than at 9 hpi. This
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suggests that pretreatment with aminochitosan or/and B. cinerea infection induced significant
changes to the proteome earlier after treatment with fewer significant changes occurring at 9

hpi.

This discussion will not be exhaustive and will instead highlight key observations for each time
point, and the effects of this specific concentration of aminochitosan with and without the
presence of B. cinerea. Moreover, some crossover between the sub-headings may occur due

to the interconnectedness of the observations and pathways.

4.5.1 Differential priming of plant defence in mock inoculated leaves at 6 and

9 hpi
4.5.1.1 Proteins related to DNA and chromatin

In Chapter 3, direct D1 and D2 treatment in mock inoculated leaves displayed significant
increases in the average F,/Fm, Chlldx and mArildx values at 1 mg/mL. Aminochitosan was also

shown to accumulate in the cell membranes, due to permeabilization of the cell membrane.

We have stated previously that aminochitosan is a polycationic polymer that when distributed
across or within cells, will bind to negatively-charged components, such as the negatively-
charged phosphates of DNA/nuclear proteins/histones, or generally within its vicinity by
virtue of this charge affinity resulting in relaxed chromatin structure and transcription (Isaac
et al., 2009; Hadwiger & Tanaka, 2018). CHT-treated pea tissue was shown to generate an
MRNA patterns similar to that of pea tissue treated with Fusarium solani f. sp. Phaseoli,

indicating this affinity(Loschke, Hadwiger & Wagoner, 1983).

As stated in Hadwiger (2013, 2017), the potential number of signaling routes are unlimited as
a result of the positive charges along the length of the polymer and negatively-charged
molecules within a cell (Hadwiger, 2013; Hadwiger & Tanaka, 2017). Moreover, the plant
plasma membrane and nuclear chromatin have been suggested as potential targets for CHT
and is proposed to induce gene activity through interacting directly with DNA by i) inserting
into the minor grooves of DNA or chromatin not bound by nuclear proteins, ii) by inducing the
removal of histones H2A and H2B, iii) by single strand cleavage, and iv), by competing “with
histones for sensitive DNA sites to allow stalled DNA polymerase complexes to continue to

transcribe through the open reading frames of PR genes” (Strand et al., 2005; Ma et al., 2009;
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Hadwiger, 2013; Hadwiger & Tanaka, 2017). For example, another study on pea endocarp
tissue treated with CHT demonstrated DNA fragmentation within 2.5 h of CHT treatment,
indicating that CHT indeed altered the DNA in planta (Hadwiger, 2015). Therefore, CHT
treatment results in the reduction of the compact nucleosome structure by competing with
histones (Hadwiger, 2015). Furthermore, the induction of PR genes is said to occur within
nucleosomes, especially in non-host resistance (a lack of co-evolutionary association between
the host and pathogen), to which aminochitosan treatment may be recognized as
elicitors/effectors of pathogen origin and can activate DNA-specific signals (Jones & Dangl,
2006; Isaac et al., 2009). As discussed in Hadwiger & Tanaka (2017), this resistance model
“with chromatin as a receptor offers flexibility to account for many of the multiple interactions
between plants and their pathogens”. They suggest that for their studies on peas, the “major
receptors targeted by effectors/elicitors released by these fungi may lie directly within the
DNA and proteins of pea chromatin” (Isaac et al., 2009; Hadwiger & Tanaka, 2018). Similar to
how effectors can initiate signaling pathways to engage transcription factors and promote
gene expression, DNA/chromatin-specific agents can enhance transcription through direct
conformational changes which are otherwise typically silent, stalled, or partially suppressed.
This suppressed state of DNA regions can be altered by various agents, including DNA
intercalators and histone modifications, transitioning them to a transcriptionally active state.
Among these agents are single-strand cleaving DNases, which are released by pathogens and
transferred to the host nucleus during the nonhost resistance response in peas (lsaac et al.,

2009; Ding & Wang, 2015).

The protruding histone tails, extending from the compact nucleosome core, undergo a variety
of post-translational modifications that play crucial roles in the modulation of chromatin
structure and gene expression by influencing nucleosome stability and positioning (Ding &
Wang, 2015; Kang et al., 2022). In this chapter, the ConPol_ConWater group comparison at 6
hpi showed a significant up-regulation of proteins related to the GO terms ‘nucleosome’ and
‘DNA binding’ proteins (Q42877/RPB2, Q2MIBO/rpoC2, P25469/HTA6, AOA3Q7HFWO) that
function in ‘DNA binding’, ‘histone binding’, ‘chromatin organization’ and the ‘regulation of
double-strand break repair’. Furthermore, ‘protein ubiquitination’ was also significantly up-
regulated at 6 hpi for the ConPol_ConWater group comparison. A study by Isaac et al., (2009),
found that when attempting to monitor the phosphorylation of nuclear proteins, including
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histones H2A/H2B, the proteins were undergoing elimination from chromatin through
ubiquitination, in addition to alterations in phosphorylation. This allowed for the removal of
these nuclear proteins and enabled the movement of transcription machinery and the
induction of signaling cascades through pathogenesis-related (PR) genes (lsaac et al., 2009;
Hadwiger & Tanaka, 2017). PR genes and proteins are induced shortly after pathogen attack,
concomitantly with the accumulation of phytohormones associated with plant defence and
have been shown to increase host resistant to a wide spectrum of pathogens (Ali et al., 2018
and the references therein). Furthermore, modifications to chromatin have been suggested
to result in PR gene activation of which CHT (1 mg/mL) has been shown to be an elicitor (Isaac

et al., 2009).

The proteins significantly up-regulated and associated with ‘protein ubiquitination’ in this
study were several ‘cullin family profile domain-containing proteins, (AOA3Q7EZLS,
AOA3Q7J197, AOA3Q7H324, AOA3Q7EFN8, AOA3Q7EGC2, AOA3Q7FGL5) whose functions are
associated with the ‘Cullin-RING ubiquitin ligase complex’ and ‘ubiquitin protein ligase
binding’ as well a ‘TATA-binding protein interacting (TIP20) domain-containing protein’
(AOA3Q7F9Q3) whose function is associated with ‘SCF complex assembly’ (AOA3Q7JMC9).
Both the multi-subunit family of Cullin-RING Ligases and SKP1/Cullin1/F- box (SCF) play
important roles in protein ubiquitination by acting as a scaffold and adaptor for the target
protein, respectively. These proteins have also been suggested as predominant mediators of
plant immune signaling in both rice and peas (Furniss & Spoel, 2015; Hadwiger & Tanaka,
2017). Thus, early regulation of the defence response in mock inoculated leaves may be
regulated through DNA and chromatin binding and the removal of histones through
ubiquitination at 6 hpi. Noteworthy, post-translational modification of H2B has been shown
to play a pivotal role in non-host resistance. Through ubiquitination, H2B contributes to
resistance against pathogens such as B. cinerea and Alternaria brassicola by modulating SA-

mediated responses in Arabidopsis (Dhawan et al., 2009).

However, for ConPol at 9 hpi compared to ConPol at 6 hpi, the GO terms relating to
‘nucleosome’, ‘regulation of DNA-templated transcription” and ‘DNA binding’ were
significantly down-regulated. This suggests that the interaction between aminochitosan with
chromatin/DNA is tightly regulated in a relatively short timeframe. Isaac et al. (2009) explored

the non-host disease resistance response in peas by investigating both host and non-host
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pathogens response to 1 mg/mL of chitosan and as mentioned earlier highlighted noteworthy
changes in the phosphorylation patterns of nuclear proteins, including histones H2A/H2B,
thus emphasizing the crucial role of ubiquitination in the removal of these proteins from
chromatin during the non-host disease resistance mechanism in peas. As stated in Isaac et al.
(2009), the normal recycling of cellular proteins eventually leads to a decline in these proteins,
disrupting regular nucleosome organization. However, the study also notes that infection with
non-host pathogens accelerates this process, causing a deficit in histone proteins within a
shorter period of 6 h. This accelerated depletion contributes to a faster immune response
against non-host pathogens, leading to a more rapid termination of their growth. In contrast,
the immune response to host pathogens, despite a slower initiation, allows for more extensive
penetration and generates a total tissue PR gene response with elevated phytoalexin

accumulation (Isaac et al., 2009).

Therefore, the disparity in the temporal and negative regulation of the
DNA/chromatin/ubiquitination response at 9 hpi may be attributed to a similar occurrence as
seen with the non-host pathogen in peas where the modifications to chromatin/DNA by
aminochitosan (e.g., ubiquitination) mimics the gene activating actions of a non-host
pathogenic fungus. However, a key difference in this activation is that aminochitosan results
in a more intense induction in the early hours of infection than infection with B. cinerea, thus
resulting in an early cessation due to the depletion of histones and nucleosomes generally

necessary for normal/baseline functionality.

Similar to the aforementioned studies, PR proteins relating to the GO term ‘defence response
(G0O:0006952)" were significantly up-regulated for the ConPol_ConWater group comparison at
6 hpi. The significantly up-regulated PR proteins were PR4 (Q04108), PR5 (AOA3Q7HTH3),
PR1a2 (AOA3Q7HXW1) and Bet vl domain containing proteins (AOA3Q7FGW4, AOA3Q7FV86,
AOA3Q7FYR5) which are associated with PR10. The “global changes in chromatin” are posited
as a more comprehensive explanation for triggering the diverse transcription of PR genes
compared to modifications in specific transcription factors targeting individual PR gene

promoters (Isaac et al., 2009 and the references therein).
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4.5.1.2 Proteins related to cell wall and membrane modifications

The plant cell wall structure is complex and is composed of various proteins and
polysaccharides including cellulose, lignin, hemicellulose and pectin, whose composition
ratios change as needed during growth and development for dynamic support (Ziv et al.,
2018). They also serve as a control point for the exchange of molecules and the relay of signals
and signaling molecules, as well as primary chemical and physical barriers to biotic and abiotic
stresses (Ziv et al., 2018). As such, plants are capable of sensing pathogens and cell wall
integrity upon which the cell wall undergoes dynamic changes during plant-pathogen
interactions, when necessary, to prevent pathogen invasion and disease (Bellincampi, Cervone
& Lionetti, 2014). Studies have shown that CHT adheres to the plant cell wall and interacts
with the plant cell membrane to exert its biological activity (Xing et al., 2015). This is due to
its polycationic properties as CHT is likely to interact readily with negatively-charged residues
exposed on the cell surface, leading to significant alterations in membrane composition (El-

Ghaouth et al., 1992).

One mechanism regulating the membrane composition is that of pectin methylesterases
(PMEs). They catalyze the demethyesterification of pectin in the plant cell wall and are
regulated by PME inhibitors (PMElIs, invertase inhibitors). PMEIs function by inhibiting PMEs,
resulting in an elevated degree of methylesterification in pectin. This increase in
methylesterification enhances resistance to invading pathogens such as B. cinerea (Lionetti et
al., 2007). PMEIs have also inhibited invading pathogens that secrete pectinases (cell wall
hydrolases) as a means of aiding their entry into plants during the early stages of infection
(Marzin et al., 2016; Liu et al.,, 2018; Gu et al.,, 2021). The overexpression of PMElIs in
Arabidopsis results in lower levels of PME activity, higher degrees of pectin esterification and
an overall reduced susceptibility to B. cinerea and Pectobacterium carotovorum (Lionetti et
al., 2007). Similarly, a study on strawberries infected with R. mucilaginosa cultured in a
medium amended with 0.5% (w/v) CHT (90% DDA) observed enhanced resistance to pectinase
activity with the concomitant increase in the expression of a pectinesterase inhibitor (Gu et

al., 2021).

In this study, the GO terms relating to ‘pectinesterase inhibitor activity’ and the proteins

P14280 (PME1.9), P09607 (PME2.1), Q96575(PME2.2), Q96576 (PME3) were significantly up-
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regulated for ConPol_ConWater at 6 hpi. When considering the aforementioned studies, it
appears that aminochitosan primes plant defence by significantly increasing PMEls (as seen
by the above up-regulated proteins) which act to reduce PME activity. This contributes to
elevated esterification of plant cell walls, thus increasing the cell wall integrity and reducing
the probability of being degraded by pectinases released by invading pathogens. Alternatively,
partial degradation of cell walls prior to PMEI activity may act as DAMPs and subsequently,
elicitors of plant defence (Marzin et al., 2016). One such example is that, the majority of plant-
derived methanol is a product of PME activity and serve as DAMPs, a signaling mechanism for
plant resistance during cell wall damage or other stresses, as well as priming agents for
increased plant immunity in neighbouring uninfected leaves or plants (Dorokhov, Sheshukova

& Komarova, 2018; Hou et al., 2019).

However, proteins that were related ‘cell wall macromolecule catabolic process’ and the GO
terms ‘defence response, GO:0050832’, ‘chitinase activity’, ‘chitin catabolic activity’ were
significantly down-regulated for the group comparison of ConPol_ConWater at 6 hpi and
included CHI3 (Q05539), CHI14 (Q05537), K4D1G8, KAD1M8, AOA3Q7IIY2, and AOA3Q7JDH4).
At 9 hpi, the proteins related to the GO term, ‘chitinase activity’, were still significantly down-
regulated. Chitinases, enzymes that break down chitin and related compounds, are essential
components of plants' defence systems against fungal pathogens. They are strongly induced
in response to pathogen stress and play different roles. Apoplastic chitinases directly inhibit
hyphal growth while cellular chitinases are released upon hyphal penetration, affecting cell
integrity and possibly triggering downstream defence pathways by releasing fungal elicitors
(Ding & Wang, 2015). The aforementioned results are in contrast to a study by Samarah et al.,
(2020) where seed treatment of bell peppers with CHT (0.01, 0.05, 0.1, 0.3, and 0.5 %) resulted
in the increase of chitinase activity in both seeds and seedlings compared to untreated seeds
(Samarah et al., 2020). Another study by Roby, Gadelle & Toppan, (1987) also demonstrated
increased local and systemic chitinase activity within 6 h of CHT treatment in melon plants
that were maximal between 12-24 h (Roby, Gadelle & Toppan, 1987). In this study, both CHI3
and CHI14 exhibit glycoside hydrolase activity as endochitinases, effectively breaking down
cell wall polysaccharides such as chitin and CHT, cellulose, pectin, and other proteins. Their
function involves catalyzing the hydrolysis of B-1,4-glycoside bonds within these compounds.
(Minic & Jouanin, 2006; Grover, 2012). As such, the down-regulation of these proteins
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indicates reduced cell wall biodegradability and therefore, a cell wall primed for pathogen
attack. This in combination with the increase in the PMEI activity suggests that aminochitosan
in uninfected leaves acts to increase the integrity of the cell wall, the physical barrier on the

frontline of defence.

4.5.1.3 Proteins related to defence response

Terpenoids are secondary metabolites derived from isoprenoids (5 carbon molecules) and
may exist as volatile or non-volatile antimicrobial compounds. Terpenoid phytoalexins are
defined as “low molecular weight, antimicrobial compounds that are both synthesized and
accumulated in plants after exposure to micro-organisms or abiotic agents” (VanEtten et al.,
1994). The pathways that synthesize these terpenoids occur in distinct cellular compartments
and are the mevalonate (MVA) pathway in the cytoplasm and the 2-C-methyl-D-erythritol 4-
phosphate (MEP) pathway in plastids. The products of these pathways include quinones and
sterols and the isoprenoid based phytohormones cytokinin, gibberellins, brassinosteroids,

strigolactones, and abscisic acid (Block et al., 2018).

We found that proteins related to the GO term ‘defence response, GO:0006952’ and KEGG
term ‘terpenoid backbone biosynthesis’ were significantly up-regulated at 6 hpi in
ConPol_ConWater. In this study, the up-regulated terpenoid proteins (Q8GZR6, AOA3Q7FSD7,
AOA3Q71B68, 065004, and AOA3Q7FSH7) are associated with the MEP sub-pathways,
including monoterpenoid, diterpenoid, carotenoid, indole diterpene alkaloid, and
ubiquinone/quinone. Aminochitosan may therefore prime terpenoid-related compounds with
antimicrobial and defence related properties, despite not actually being exposed to a
pathogen. One plausible explanation is that the leaves initially recognize aminochitosan as a
biotic stress given that chitin is found in the cell walls of several fungal species (Terkula Iber et

al., 2022).

As mentioned in 4.5.1.1, the GO term ‘defence response’ was significantly up-regulated for
the ConPol_ConWater group comparison at 6 hpi and included ‘thaumatin-like’
(AOA3Q7JWYO0, AOA3Q7HVV2) and ‘osmotin-like’ (AOA3Q7HVVO, Q41350, Q01591) proteins
in addition to the PR proteins (PR1a2 and PR4). Both osmotin- and thaumatin-like proteins
belong to the PR5 family which have been shown to be SA-dependent and a contributor to

disease resistance in wheat and tobacco overexpressing lines in response to broad range of
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pathogens (Liu et al., 2012; Zhang et al., 2017; Ali et al., 2018; Hakim et al., 2018). Additionally,
osmotin has exhibited antifungal properties by inhibiting spore germination, hyphal growth,
spore lysis and spore viability by increasing the cell wall permeability of pathogens
(Chowdhury, Basu & Kundu, 2015; Hakim et al., 2018). In contrast to the above, PR4 however
has been shown to be associated with the JA pathway (Ali et al., 2017, 2018). A study by Jia et
al., (2018) has however demonstrated that both JA and SA pathways are effective, required
and up-regulated for resistance in the Arabidopsis/P. syringae pathosystem pretreated with
CHT oligosaccharides (Jia et al., 2018). As highlighted in Ramirez-Prado et al. (2018), the
interplay among hormonal pathways, particularly JA/ET and SA, is influenced by the levels and
signalling of additional hormones such as gibberellins, auxin, cytokinins, and brassinosteroids.
This intricate balance leads to situations where the antagonism between SA and JA/ET is not

absolute, enabling a precise and pathogen-specific adjustment of responses.

Other defence related proteins related to the GO term ‘defence response, GO:0050832’,
different to the aforementioned ‘defence response, GO:0006952’, were significantly down-
regulated for ConPol_ConWater at 6 hpi. These proteins included ‘chitinases’ as mentioned in
Section 4.5.1.2 as well as PR2 and an allene-oxide cyclase (Q9LEG5/aoc). PR2 is a B-1,3-
glucanase and catalyzes the cleavage of B-1,3-glucosidic bonds in B-1,3-glucans (cellulose)
(Jain & Khurana, 2018). Therefore, the down-regulation of PR2 at 6 hpi corresponds with the
regulation of PMEIs at 6 hpi towards the reinforcement of the cell wall integrity in the ConPol
group. Allene oxide cyclase (EC 5.3.99.6) catalyzes the precursor of JA and has been shown to
be induced after wounding of tomato leaves with a concomitant increase in JA levels (Ziegler
et al., 2000). Therefore, the significant down-regulation of aoc in this study for ConPol may
indicate that certain elements of the JA pathway are down-regulated at 6 hpi while others are
up-regulated (PR4 and thaumatin-like proteins), like the aforementioned study by Jia et al.,

(2018).

4.5.1.4 Proteins related to photosynthesis and carbon metabolism

The decline of photosynthesis after pathogen and insect attack is well researched and
evidenced in several reviews including that of Bilgin et al. (2010) and the references therein.
As stated therein, “Strong convergence in the response of transcription suggests that the

universal downregulation of photosynthesis-related gene expression is an adaptive response
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to biotic attack.” They hypothesize that “slow turnover of many photosynthetic proteins allows
plants to invest resources in immediate defence needs without debilitating near term losses
in photosynthetic capacity” (Bilgin et al., 2010). However, studies demonstrating the

compensatory stimulations of photosynthesis have been published (Bilgin et al., 2010).

Proteins related to the GO terms, ‘respiratory chain,’ ‘chloroplast thylakoid membrane, and
‘carbohydrate metabolic process’ as well as the KEGG terms, ‘Photosynthesis - antenna
proteins, ‘Photosynthesis, ‘Carbon fixation in photosynthetic organisms’ and ‘Carbon
metabolism’ were significantly down-regulated in the ConPol_ConWater group comparison at
6 hpi. Some of the down-regulated proteins involved in the above terms were ‘Chlorophyll a-
b binding’ proteins, P12360 (CAB6A), P27489 (CAB13), P14279 (CAB5); ‘Oxygen-evolving
enhancer’ proteins P29795 (PSBP) and P23322 (PSBO); ‘Photosystem Il reaction center protein
H’, Q2MI72 (psbH); ‘Cytochrome b6’, Q2MI71 (petB); “Photosystem | iron-sulfur center’,
Q2MI49 (psaC); Catalase isozyme 1’, P30264 (CAT1); and ‘Ferredoxin’, AOA3Q71IT3. With the
down-regulation of photosynthesis, a corresponding reallocation of resources and
reorientation of metabolism towards the mounting of defence repones is expected (Bilgin et

al., 2010) and was demonstrated in Sections 4.5.1.1 —4.5.1.3.

In an analogous manner to the published consensus of Bilgin et al., (2010), it appears that at
6 hpi, tomato pre-emptively down-regulates photosynthesis and carbon metabolism as an
adaptive response to aminochitosan treatment while up-regulating defence systems. This
suggests that in the early hours of treatment, aminochitosan is perceived as a biotic stress and
resources are allocated to defence instead of growth as photosynthesis represents a hidden
cost (Bilgin et al., 2010). However, at 9 hpi, the GO terms ‘protochlorophyllide reductase
activity’, ‘chlorophyll biosynthetic process’ and ‘chloroplast’ were significantly up-regulated
for the ConPol_ConWater group comparison, suggesting a stimulatory effect of aminochitosan

at later time points when the polymer is no longer recognized as a threat or biotic stress.

When comparing ConPol at 9 hpi to ConPol at 6 hpi, the GO terms ‘glutamate decarboxylase
activity’ and ‘glutamate catabolic process’ as well as the KEGG term ‘Alanine, aspartate and
glutamate metabolism’ were significantly up-regulated. Glutamate metabolism plays a role in
nitrogen transportation, cellular redox regulation, and tricarboxylic acid cycle-dependent

energy reprogramming (Seifi et al., 2013). Glutamate decarboxylase (GAD) catalyzes the
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conversion of glutamate to gamma-aminobutyric acid (GABA) which is an enzyme in plants
involved in stress responses (redox buffer or signaling molecule), nitrogen storage, and in the
regulation of carbon and nitrogen (C/N) metabolism via the GABA shunt (Seifi et al., 2013).
The GABA shunt controls the ratio of C:N in order to replenish the tricarboxylic acid (TCA) cycle
with carbon through source/sink remobilization (Fagard et al., 2014). This process would allow
for excess carbon to be recycled in the ConPol leaves at 9 hpi, given the increase in
photosynthesis as mentioned above. Alternatively, as suggested in Janse van Rensburg,
Limami & Van den Ende (2021), GABA may be produced directly from the foliar application of
aminochitosan or polyamines through intracellular oxidation, resulting in positve feedback
loop that promotes endogenous GABA production through the up-regulation of GAD (Janse
van Rensburg, Limami & Van den Ende, 2021). The increase in GABA may therefore also serve
as a preemptive scavenger for reactive oxygen species; reducing the likelihood of oxidative
stress at later time points, as seen in Chapter 3, by the low to absent levels of H;0,.
Furthermore, glutamate metabolism during pathogen interactions is regulated in a manner
that results in a metabolic state known as ‘endurance’ where cell viability is preserved, or an
opposing state called "evasion," which facilitates cell death is avoided. Regulations associated
with endurance confers resistance to necrotrophic pathogens but increase susceptibility to
biotrophs. On the other hand, alterations linked to evasion provide resistance to biotrophic
pathogens but enhance susceptibility to necrotrophs (Seifi et al., 2013). Overall, variations in
host glutamate metabolism in response to different pathogenic scenarios play dual roles:
supporting the ongoing defence strategy to establish an effective resistance response or being
exploited by the pathogen to promote and facilitate infection (Seifi et al., 2013). Thus,
aminochitosan in untreated tomato leaves may be regulating the glutamate metabolism in

favour of an ‘endurance’ metabolic state.

4.5.1.5 Proteins related to ROS homeostasis

H,0, and other ROS serve as critical regulators of programmed cell death (PCD), growth,
development, and stress adaptation. Oxidative stress arises from the imbalance between ROS
production and the cell's antioxidant defence mechanisms, with key antioxidants like catalase
(CAT) playing crucial roles in mitigating oxidative damage (Tran & Jung, 2020). Pathogen
perception typically leads to transient increases in ROS production, which function as

secondary messengers and may induce hypersensitive response (HR) in infected tissues. The
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specificity of ROS signals depends on factors such as their localization, chemical identity, and
abundance, with interactions between organelle-derived ROS and defence gene expression
being complex and pathogen-dependent. Peroxisomes, particularly, are significant sources of
oxidative signals and are implicated in biotic interactions, and can interact with NADPH
oxidases to induce SA-mediated defence and resistance (Kangasjarvi et al., 2012). Despite
generally facilitating necrotrophic colonization, the timely induction of H,0.-dependent
defences in the epidermal cell wall have been shown to effectively impede the development

of B. cinerea (Asselbergh et al., 2007).

Increasing focus has been given to exploring the antioxidant properties of CHT. Sun et al.
(2008) evaluated the antioxidant capacities of N-carboxymethyl chitosan oligosaccharides
with different degrees of substitution (NA: 0.28, NB: 0.41, and NC: 0.54), finding that
antioxidant activity increased with higher substitution levels but was still dependent on the
charge properties of substituting groups. Another study reported that CHT oligomers (DDA
92.7%) of lower MW (2.3-6.12 kDa) displayed superior antioxidant activity against hydroxyl
radicals and superoxide anions compared to the oligomer with the highest MW (15.25 kDa)
(Sun et al., 2007). The molecular mechanisms underlying CHT's scavenging capacity are not
fully elucidated, but it is proposed that the amino groups react with free radicals to form stable
radicals (Liagat & Eltem, 2018). Moreover, the antioxidant capacity is influenced by the DDA
and MW, exhibiting increased activity at lower MW (Liagat & Eltem, 2018).

In this study, at 6 hpi, the GO terms associated with oxidative stress namely, ‘hydrogen
peroxide catabolic process’, ‘glutathione metabolic process’, ‘NADP binding’ and ‘peroxidase
activity’ were down-regulated for the ConPol_ConWater group comparison. This implies that
within the initial 6 hpi, aminochitosan treatment may initiate the defence response
independently of ROS accumulation (as demonstrated at later time points in Chapter 3) and/or
aminochitosan itself may function as an antioxidant. Considering diamino 3’s degree of
substitution of 0.63 and its heightened positive charge, it is conceivable that it exhibits robust
antioxidant properties similar to those demonstrated by Sun et al. (2008). However, when
comparing the regulation of proteins for ConPol at 9 hpi to ConPol at 6 hpi, the GO terms
‘catalase activity’ and ‘serine-type endopeptidase’ and ‘catechol activity’ were up-, up- and
down-regulated, respectively. Catalase, primarily located in peroxisomes but also present in

mitochondria and the cytoplasm, serves as a key scavenger of H,O, generated during
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photorespiration, mitochondrial electron transport, and the oxidation of fatty acids,
respectively. (Sharma & Ahmad, 2014). In photorespiration, it is responsible for scavenging
H.0;, the byproduct of glycolate oxidation, in an attempt at preventing carbon loss in plants
by recycling carbon (Kangasjarvi et al., 2012). Additionally, the changes in redox-cycling linked
to photorespiration may alter the rate of ROS production in the mitochondrion and chloroplast
through altered NAD(P) redox states. Therefore, the up-regulation of catalase may be as a
result of the enhanced photosynthesis at 9 hpi (also in Section 4.5.1.4 and Chapter 3) and may
serve as sink/means for dissipating the excess energy, preventing any damage to
photosynthetic machinery. Alternatively, changes to the C/N ratio and metabolism results in
oxidative stress in the peroxisomes (Willekens, 1997). Numerous studies have demonstrated
that the down-regulation of catalase contributes to the general increase in ROS and the
activation of the SA-related defence cascade, including PCD, that is induced during biotrophic
interactions (Kangasjarvi et al., 2012 and the references therein). Although B. cinerea has been
defined quite clearly as a necrotrophic pathogen in tomato, the lifestyle in the early stages of
disease establishment remains unclear; whether it includes the suppression of autophagy and
a brief ‘biotrophic’ or rather, a non-destructive phase before the transition to necrotrophy, or
whether an immediate induction of regulated cell death is induced (Bi et al., 2022). In this
chapter, we assessed the early non-destructive stages of infection before the phase of
necrotrophy where according to the chlorophyll fluorescence and phenotyping data,

aminochitosan delays or prevents both senescence and necrosis.

Furthermore, the down-regulation of ‘catechol oxidase activity’ and the proteins ‘polyphenol
oxidase F, and E, chloroplastic’ and ‘catechol oxidase’ were observed for ConPol at 9 hpi
compared to ConPol at 6 hpi. Polyphenol oxidases (PPOs) are enzymes located in both
chloroplasts and mitochondria that catalyzes the oxidation of phenolics to quinones, which
through redox cycling, may result in the production of ROS (Mayer, 2006). Therefore, the
down-regulation of PPO E and F after aminochitosan treatment may be used as a means of
maintaining lower levels of ROS by reducing the pathways that result in ROS production. In
the study conducted by Thipyapong et al. (2004), the impact of varied PPO expression levels
on tomato plants under drought stress was investigated. Transgenic plants with suppressed
PPO exhibited improved drought tolerance, as evidenced by higher F,/Fm values and total
chlorophyll content. This contrasted with the responses observed in both overexpressing and
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non-transformed plants within the experimental conditions (Thipyapong et al., 2004). The
transgenic plants with suppressed PPO also displayed greater photosynthesis which they
suggested as a reason for the lower rate of ROS production. A comparison can be drawn
between this study and our study on aminochitosan treatment specifically with the relevance
of Chapter 3 where photosynthetic parameters such as F,/Fm and chlorophyll content were
elevated along with an absence of H,0,accumulation. Additionally, despite Thipyapong et al.'s
(2004) focus on abiotic stress, other similarities emerge with the significant reduction in PPO

activity noted in this chapter.

Finally, the significant up-regulation of ‘serine-type endopeptidase activity’ and its proteins
namely the ‘Subtilisin-like protease’ (AOA3Q7F322, AOA3Q7F302 and AOA3Q7HKM1) for
ConPol at 9 hpi compared to ConPol at 6 hpi was observed. Subtilisin-like proteases (SBTs) are
extracellular plant serine proteases which have been shown to be induced by both exogenous
SA treatment and biotic stress in tomato (Hou et al., 2019 and the references therein).
Similarly, a study by van Aubel et al. (2016) demonstrated through leaf proteomic and RT-gPCR
analysis that COS-OGA, an elicitor comprising cationic chitosan oligomers (COS) and anionic
pectin oligomers (OGA), protected tomato against Leveillula taurica (powdery mildew). They
showed significant accumulation of subtilisin-like proteases in addition to PR proteins and
genes associated with SA-related genes, while genes linked to JA/ET exhibited no significant
expression. They suggested that the induction of subtilisin following COS-OGA indicates a SA-
dependent MoA and are also likely to involve epigenetic control given the increase in other
related proteins including DNA/RNA remodeling enzymes. Furthermore, subtilisin-like
proteases are frequently associated with SA, and chitinases (PR3 or CHI3 and CHI9) to JA as
according to Wu & Bradford (2003), the expression of CHI9 and PR2a in leaves is significantly
increased with ET and methyl jasmonate but not with SA treatment (Wu & Bradford, 2003;
Ahmad, Shafique & Shafique, 2014; van Aubel et al., 2016). Lastly, the Arabidopsis subtilisin
orthologue, SBT3.3, is associated with priming and induced resistance through a rapid
response to H;0,, without an HR response or high accumulation (Ramirez et al., 2013).
Similarly in Chapter 3 of this dissertation, little to no H.0; or HR response was visible with 1
mg/mL of aminochitosan treatment. Given the modulation of DNA/chromatin in Section

4.5.1.1 and the above subtilisin activity combined with the lack of H,O, accumulation, it
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appears that the biological activity of aminochitosan is potentially mediated through SA

pathways at 6 hpi.

4.5.2 Differential priming of plant defence in B. cinerea inoculated leaves at 6

and 9 hpi

4.5.2.1 Proteins related to RNA, DNA, and chromatin

As discussed in length by Kang et al., (2022) and Ding & Wang (2015), several studies have
demonstrated the significant involvement of chromatin regulation in the activation of
defence-related genes for rapid and suitable physiological immune reaction (Ding & Wang,

2015; Kang et al., 2022).

The GO terms ‘DNA binding’, ‘protein heterodimerization’, and ‘methylation” were significantly
down-regulated in the ‘nucleosome’, for the group comparisons of InfPol to ConPol at 6 hpi,
and ‘methylation’ for the group comparison of InfPol to InfWater at 6 hpi. The proteins
associated with these GO terms were ‘methyl-CpG-binding domain-containing protein 11
(AOA3Q7GWR6)’, ‘BED-type domain-containing protein (AOA3Q7J3N8) and several ‘S-
adenosylmethionine-dependent methyltransferase (AOA3Q7FF29)’ proteins which were
collectively associated with the histones, H2A.1, H2B and H3. In various contexts, histone
methylation can serve as either an activator or inhibitor of transcription, depending on the

specific targets involved (Ramirez-Prado et al., 2018).

Methyl-CpG-binding domain-containing (MBD) proteins have been suggested as the proteins
responsible for CpG methylation-induced formation of compact chromatin as they recognize
methylated CpG sites and recruit chromatin-modifying enzymes to regulate the chromatin
structure. The Arabidopsis model is proposed to be induced by AtMBD7 which is methylated
by a histone arginine methyltransferase at relevant arginine sites, thereby increasing AtMBD7
affinity for methylated CpG sites. Subsequently, transcriptional co-repressor and/or histone
deacetylases that induce/maintain compact chromatin are sequestered (Grafi, Zemach &
Pitto, 2007). Therefore, in this study for aminochitosan pretreated and infected leaves, S-
adenosylmethionine transferase (SAMT) may play a crucial role in histone methylation as
SAMT activity is downregulated along with MBD proteins and the subsequent recruitment of

histone modifying enzymes. The alterations thereafter in histone methylation patterns could
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allow for a more open chromatin configuration and increased accessibility for an increase in
gene expression. Furthermore, the downregulation of H2B in N. benthamiana infected with
potato virus has been shown to reduce the time and titer of infection as well as induce the

accumulation of SA (Yang et al., 2019).

Lastly, as highlighted earlier, a BED-type domain-containing protein was significantly down-
regulated for InfPol to ConPol and InfPol to InfWater at 6 hpi. Methyl-CpG-binding domain-
containing (Zuluaga et al. 2020 and the references therein). Zuluaga et al.,, (2020)
demonstrated that transiently overexpressed Zn-finger BED domains in N. benthamiana was
capable of inducing ROS and a cell death phenotype after 4-5 days (Zuluaga et al., 2020).
Therefore, the down-regulation of the BED-type domain-containing protein may be another

attempt at evading excessive ROS accumulation.

4.5.2.1 Proteins related to protein homeostasis

Proteins related to ribosomal structure, translation, protein turn-over, post-translational
modification and biogenesis pathways were found to be differentially regulated. For the group
comparison of InfPol compared to ConPol at 6 hpi, the GO terms ‘rRNA binding’, ‘ribosome’,
‘translation’ and ‘structural constituent of ribosome’ were significantly up-regulated and
‘intracellular protein transport’ were significantly down-regulated. Similarly, the GO terms
relating to ‘rRNA binding’, ‘small ribosomal subunit’, ‘ribosome’, ‘cytosolic large ribosomal
subunit’, ‘structural constituent of ribosome’, ‘translation’, ‘cytoplasmic translation’, ‘cytosolic
small ribosomal subunit” were significantly up-regulated for the InfPol compared to ConWater
at 6 hpi group comparisons. However, at 9 hpi for InfPol compared to ConPol, the GO terms
that were significantly up-regulated were now significantly down-regulated and also included
‘ribosomal small subunit assembly’ and ‘translation’ with ‘vacuole’ and proteins associated
with vacuole protein processing being significantly up-regulated. At 6 hpi for InfPol, it appears
that protein biogenesis is favoured over transport with transport being more important at 9
hpi, specifically in the vacuole. This is furthered by the group comparison for InfPol at 9 hpi
compared to 6 hpi, where the GO terms ‘protein autophosphorylation’, and ‘Golgi apparatus’
were significantly up-regulated and ‘endopeptidase Clp complex’ significantly down-
regulated. Here, proteins related to transport and modifications were up-regulated and

proteins related to protein turnover, down-regulated. Self-compartmentalizing proteases like
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ATP-dependent Clp proteases and proteasomes play a crucial role in degrading misfolded or
damaged proteins. Under various stress conditions, the levels of misfolded proteins degraded
rise, enabling cells to maintain feedback regulations in response to cellular signals and adapt
to changing environmental conditions (Ali & Baek, 2020). Comparatively, for the group
comparison of InfPol to InfWater at 6 hpi, the terms relating to ‘translation’, ‘ribosome’,
‘structural constituent of ribosome’ and ‘rRNA binding’ were significantly up regulated. This
was sustained at 9 hpi as these GO terms, and the associated proteins were down-regulated

for InfWater at 9 hpi compared to InfWater 6 hpi.

Given that a broad activation of defence has been suggested in Section 4.5.1, it is to be
expected that the priming of the defence response by pretreatment with aminochitosan
requires an enhancement of proteins related to protein homeostasis which include
biosynthesis, translation, modification, degradation, and transport. Similarly seen in Jia et al.,
(2020), 68 proteins related to protein homeostasis were differently expressed in Arabidopsis
pretreated with COS and/or Pst DC3000 infection. They suggested that this significant
regulation of proteins related to protein homeostasis with COS and/or Pst DC3000 infection
are capable of reprogramming protein homeostasis processes which may contribute to an
enhanced defence response and increased survival during infection (Jia et al.,, 2020).
Therefore, it stands to reason that a similar observation may be true for aminochitosan as the
up-regulation of proteins related to ‘translation’ and general protein homeostasis indicates
that translation processes were primed by aminochitosan treatment in the priming interval
before the infection and up to 6 hpi, unlike in the InfWater treatment where proteins and GO
terms associated with protein homeostasis were significantly down-regulated at both 6 and 9

hpi.
4.5.2.2 Proteins related to cell wall and membrane modifications

In response to pathogen attack or elicitors, one of the earliest responses involves changes in
membrane permeability and activation of ion channels, allowing the influx of Ca2* and H* and
the efflux of K*. This triggers rapid shifts in transmembrane potential, often causing membrane
depolarization. Following this, plants undergo an oxidative burst, produce phytoalexins, and
activate defence genes (Rossard et al., 2006 and the references therein). The down-regulation

of the GO terms ‘membrane’, ‘regulation of intracellular pH’, ‘proton transmembrane
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transport’ and ‘ATPase-coupled transmembrane transporter activity’ and the proteins ‘Cation-
transporting P-type ATPase N-terminal domain-containing protein’, ‘P-type H(+)-exporting
transporter’ and ‘Plasma membrane ATPase (‘LHA1’ and ‘LHA2’) were observed for

InfPol_ConWater at 6 hpi, InfPol_ConPol at 6 hpi, and InfPol_InfWater at 6 hpi.

Stomatal closure represents one of the earliest reactions initiated upon the identification of
pathogens or elicitor molecules and can be observed even within minutes (Czékus et al.,
2021). Plant H*-ATPases are the primary proton pumps in the plant plasma membrane and are
responsible for establishing a membrane potential. They do this by pumping protons from the
cytosol to the extracellular space (extracellular acidification and intracellular alkalinization),
resulting in a H* potential gradient that facilitates ion/solute exchange across the membrane.
As H*-ATPases are not significantly altered at the transcript level in response to biotic/abiotic
stresses, their change in activity is suggested to be under post-translational control (Elmore
& Coaker, 2011). The down-regulation of plasma membrane H*-ATPase activity during PTI has
been shown to be necessary for certain immune responses. Keinath et al. (2010)
demonstrated that Arabidopsis with a mutation in the plasma membrane H*-ATPase, AHAL,
treated with flg22 resulted in a reduction of ROS, consistent with the notion that H*-ATPases
function in early immune signaling (Keinath et al., 2010). Furthermore, the inhibition of H*-
ATPases have been shown to be important for ABA-mediated stomatal closure in plant-
pathogen interactions (Merlot et al.,, 2007). Therefore, the reduced H*-ATPase activity
contributes to the hypothesis that aminochitosan primes a defence response predominantly
in a ROS-independent manner that is sustained up to 72 hpi and that other defence response
systems are key contributors to the priming and resistance phenotype observed in Chapter 3.
Moreover, this phenomenon can be interpreted as priming, given its substantial down-
regulation in comparison to both ConPol and InfWater. This suggests that following the second
trigger (B. cinerea), a more pronounced and rapid down-regulation occurred. This hypothesis
was partially validated by Gonugunta, Srivastava & Raghavendra, (2009) who showed that
cytosolic alkalinization is a common and early component of stomatal closure that is induced
by ABA, methyl jasmonate and CHT (5 pg/mL). This was also shown to precede the production
of the signaling molecules ROS and nitric oxide during induced stomatal closure but was
followed by the positive regulation of the secondary messenger, Ca2* (Gonugunta, Srivastava
& Raghavendra, 2009).
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However, for InfPol at 9hpi compared to InfPol at 6 hpi, ’'membrane’, ‘regulation of intracellular
pH’, ‘proton transmembrane transport’ ‘extracellular region’ and ‘ATPase-coupled
transmembrane transporter activity’ were significantly up-regulated. The proteins related to
these termsincluded PR2 (P32045), PR4 (Q04108), PR-5x (Q8LPU1), PR23 (P12670), and CHI14
(Q05537). As seen with aminochitosan treatment, Schaller & Oecking (1999) reported that
the up-regulation of H*-ATPase was coupled with the activation of pathogen defence signaling
pathways with the accumulation of SA and PR gene expression in tomato plants. Conversely,
the accumulation of defence proteins (defined here as “proteases, inhibitors of serine,
cysteine, and aspartic proteases, and components of the wound signaling pathway”) was
coupled with the inhibition of H*-ATPase activity. Therefore, it was suggested that the
regulation of plasma membrane H*-ATPase activity serves as a switch between elicitor
recognition/response to wounding and pathogen defence signaling pathways (Schaller &
Oecking, 1999). This observation was also noted by Amborabe et al., (2008) who deduced that
early in the interaction between CHT and Mimosa pudica motor cell, CHT directly induced
membrane depolarization (much like other fungal elicitors) by inhibition of H*-ATPase and
subsequent influx of H*. They concluded that CHT curative treatments requires careful
consideration due to its potential to increase cell permeability, which could facilitate fungal
entry and infection. However, for elicitation purposes (preventative treatment), this concern
regarding cell permeability and fungal entry was not applicable (Amborabe et al., 2008). Other
studies in Arabidopsis, Commelina communis and Pisum sativum have demonstrated that CHT,
by SHAM-sensitive peroxidases, ABA and methyl jasmonate, induced ROS and nitric oxide

production in guard cells, resulting in stomatal closure (Khokon et al., 2010).

Furthering the H*-ATPase hypothesis, the GO terms ‘chitinase activity’ and ‘chitin catabolic
activity’ were significantly down-regulated for the group comparisons for InfPol_ConWater
and InfPol_InfWater at 6 hpi and included the proteins PR2 (P32045), PR4 (Q04108), PR-5x
(Q8LPU1) and CHI3 (Q05539), CHI17 (Q05540), CHI14 (Q05537). This observation is congruent
with the aforementioned theory where the down-regulation of H*-ATPase activity is related
to the reduction in PR activity and given that chitinases are a class of PR proteins, it stands to
reason that these two observations are related. Interestingly, throughout all of the group
comparisons in both infected and control leaves, ‘chitinase activity’ has consistently been
down-regulated for all aminochitosan treatments except for InfPol_ConPol at 9 hpi and
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InfWater at 9 hpi compared to InfWater at 6 hpi where it was significantly up-regulated. It can
be argued that ‘chitinase activity’ is not a defence mechanism commonly induced by
aminochitosan early in the defence response to B. cinerea. Moreover, between 6 and 9 hpi,
the defence response appears to switch from ‘elicitor recognition and response to wounding’

and ‘defence signaling pathways’ (Schaller & Oecking, 1999; Amborabe et al., 2008).

As stated by Amborabe et al., (2008), given the inhibitory nature on the plasma membrane
H*-ATPase activity, downstream process regulated by this activity are expected to be disturbed
after aminochitosan treatment. Other proteins and GO terms related to cell wall were ‘cell
wall modification’, ‘pectin catabolic process’, ‘aspartyl esterase activity’, ‘pectinesterase
inhibitor activity’, ‘extracellular region’, ‘cell wall’, ‘membrane’ and ‘fruit ripening’ which were
down-regulated for InfPol_ConPol at both 6 and 9 hpi. The above observation may indicate a
shift in the expense of resources from modulating both the cell wall and cell membrane
towards other defence response systems, specifically after the permeabilization of the cell
membrane by aminochitosan. Young, Kohle & Kauss, (1982) stated that the treatment of
suspension-cultured Glycine max cv Harosoy 63 cells with a soluble CHT resulted in an increase
in the membrane permeability of the host cell in the presence of CHT when contact with the
cell wall was made but that this increase permeability could facilitate and enhance infection

(Young, Koéhle & Kauss, 1982).

4.5.2.3 Proteins related to defence response

CHT as an elicitor induces typical PTI responses that include the up-regulation of SA and JA-
mediated signaling pathways (Jia et al., 2020). In this study, the GO term ‘oxylipin biosynthetic
process’ and the related GO terms ‘lipid oxidation’, ‘response to wounding’ and ‘jasmonic acid
biosynthetic process’ were significantly down-regulated for InfPol_ConWater and
InfPol_InfWater at 6 hpi. The proteins associated with oxylipin biosynthesis were ‘fatty acid
hydroperoxide lyase, chloroplastic (K4CF70, LeHPL/Cytochrome P450 of the CYP74B
subfamily)’, ‘LoxF’ (AOA3Q7E8Z0), ‘“TomloxC (AOA3Q7ERAS8)’, '12-OPDA-reductase 3 (Q9FEWS9,
LeOPR3)’, ‘allene oxide synthase 2, chloroplastic (Q9LLBO, LeAOS2)’ and ‘allene oxide synthase
1, chloroplastic (K4BV52, LeAOS1). Plant oxylipins form part of alpha linolenic acid
metabolism and are biologically active lipid metabolites derived from the oxidation of

polyunsaturated fatty acids by lipoxygenases, lipases and a subfamily of cytochrome (Howe &
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Schilmiller, 2002; Mosblech, Feussner & Heilmann, 2009). The most researched molecules
synthesized by this pathway include JA, methyl jasmonate and methyl ester but also include
the precursors to these molecules, some of which have been reported to be biologically active
signals important for wound signaling induced defence (Howe & Schilmiller, 2002). Oxylipins
are not generally pre-formed and instead are produced de novo in response to biotic stress
such as pathogen attack or herbivory. Of the proteins mentioned above, AOS results in JA
signaling and hydroperoxide lyase in pathogen defensive volatiles and divinyl ether synthases
(Griffiths, 2015). Therefore, the significant down-regulation of proteins involved in oxylipin
biosynthesis is further evidence that the priming mechanisms are potentiated through SA-

mediated pathways at 6 hpi.

As mentioned in Section 4.5.2.2, JA has been implicated in signaling and defence pathways
after CHT treatment in Arabidopsis, rice, tomato, strawberry, grape, and oilseed rape to name
a few which makes the aminochitosan inhibition of JA related pathways and proteins at 6 hpi
noteworthy (Rakwal et al., 2002; Yin et al., 2006; Suarez-Fernandez et al., 2020; Peian et al.,
2021). Additionally, this down-regulation is only noted for the group comparisons against the
water treatments with/without an infection. However, it is important to acknowledge that the
types of CHT applied and the timing of measurements after application and infection across
different studies vary. This variability contributes to a range of results, making comparisons

challenging.

Additional defence related proteins that were differentially regulated were related to the GO
term ‘defence response to fungus (GO:0050832)". Proteins that were significantly upregulated
for InfPol_ConPol at 9 hpi, InfPol_ConPol at 9 hpi and InfPol at 9 hpi compared to 6 hpi while
down-regulated for InfPol_InfWater at 6 hpi were ‘chitinase (EC 3.2.1.14) (AOA3Q7JDH4),
‘Glycoside hydrolase family 19 catalytic domain-containing protein (K4D1G8)’, ‘Basic
endochitinase (EC 3.2.1.14) (Q05537/CHI14)’, ‘Acidic 26 kDa endochitinase (EC 3.2.1.14)
(Q05539/CHI3)’ and ‘allene-oxide cyclase (EC 5.3.99.6) (Q9LEG5/aoc)’. These proteins suggest
that at 9 hpi, chitinase activity and proteins associated with the JA-mediated response are up-
regulated while from the previous sections, it appears that at 6 hpi, the defence response is
associated with an SA-mediated response. However, a further 2 proteins were only up-
regulated for the two 9 hpi group comparisons and included SA-mediated defence proteins

namely, ‘Pathogenesis-related leaf protein 6 (P6) (P04284/PR1B1) and ‘Pathogenesis-related
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protein P2 (P32045)". Therefore, although it appears that SA-mediated pathways are up-
regulated at 6 hpi and JA-mediated pathways at 9 hpi, the involvement and crosstalk with
other hormones as proteins responsive to both SA and JA have been shown to accumulate at
9 hpi. Instead, ‘SA and JA antagonism is in fact dose-dependent and synergy between the two
hormones can appear especially at low concentrations’ (Tornero et al., 1997; van Aubel et al.,
2016). It is important to highlight that the complex interplay among different hormonal
pathways poses significant challenges in understanding the specific roles of individual

hormones in precisely regulating the expression of genes (Gururani, Mohanta & Bae, 2015).

4.5.2.4 Proteins related to ROS homeostasis

As a signaling molecule for oxidative stress and signaling cascades and a byproduct of other
aerobic metabolism, ROS, H,0; in particular, has been shown to be induced by CHT in several
plants species as an early defence response to both biotic and abiotic stress (Mejia-Teniente
et al.,, 2013; Malerba & Cerana, 2016). An imbalance between ROS generation and
enzymatic/nonenzymatic detoxification generates oxidative stress and is well characterized
being detrimental to plants. H,0, accumulation has been shown to accumulate within 1-24 h
after various concentrations of CHT application and with/without biotic and abiotic stress in
Arabidopsis cell suspension cultures, sycamore cultured cells, sweet peppers and tomatoes
(Ndimba et al., 2003; Jabeen & Ahmad, 2013; Mejia-Teniente et al., 2013; Lopez-Moya et al.,
2017).

In Chapter 3, little to no H20; accumulation was visible at between 4-72 hpi for 1 mg/mL of
aminochitosan treatment. In this chapter, the GO term ‘cellular response to oxidative stress’
was significantly up-regulated for InfPol_ConPol at 6 hpi while ‘response to oxidative stress’
and ‘oxidoreductase activity, acting on single donors’ were significantly down-regulated for
InfPol_ConWater and InfPol_InfWater at 6 hpi, respectively. The up-regulated proteins for
InfPol_ConPol at 6 hpi were also distinct from the down-regulated proteins associated with
InfPol_ConWater and InfPol_InfWater at 6 hpi. The significantly up-regulated proteins for
InfPol_ConPol at 6 hpi were localized in the chloroplast and cytoplasm were ‘peptide-
methionine (S)-S-oxide reductase (G3K2M3 and G3K2M4)’, ‘Plant heme peroxidase family
profile domain-containing protein (AOA3Q7GX85)’, ‘Peroxiredoxin Q, chloroplastic
(AOA3Q7H8S0), and ‘Glutaredoxin-dependent peroxiredoxin (Q7Y240/TPx1)’. H,0; produced
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in a specific organelle may either integrate signals that are independent of the H.0;
production site or that are dependent on the production site. As such, H,0O, generated in
chloroplasts promotes the induction of genes linked to responses to pathogen attack and
wounding. These genes encompass early signaling responses, such as transcription factors and

the biosynthesis of secondary messengers (Sewelam et al., 2014).

Once reactive oxygen species bypass cellular scavenging mechanisms, specific damaged
proteins may undergo repair. Methionine (Met) is particularly susceptible to oxidative damage
by free radicals that escape the scavenging mechanisms. As such, Met residues that are
oxidized may be reduced back to Met sulfoxide by peptide methionine sulfoxide reductase
(PMSR). This reversible oxidation/reduction poses an attractive alternative repair or
scavenging mechanism for oxidative damage before the onset of damage. It has been
hypothesized that the Met residues therefore act as additional ROS sinks and that the
reduction back to its original state allows for these residues to be used as scavengers for ROS,
all at the expense of NADPH; “a novel antioxidant role for proteins containing surface ex-
posed Met residues” (Weissbach et al., 2002). Interestingly, after exposure to different biotic
and abiotic stresses, an Arabidopsis cytosolic PMSR gene was found to display low expression.
However, after leaves were exposed for an extended period of 2-3 weeks to cauliflower mosaic
virus, there was a strong induction of PMSR expression levels. Hence, the upregulation of
PMSR observed at 6 hpi suggests an aminochitosan primed response which exhibits an

antioxidant effect and an overall appearance of low levels of ROS accumulation.

CHT treatment has been shown to enhance antioxidant enzyme activities in various fruits and
vegetables, including strawberries (catalase, glutathione-peroxidase, guaiacol peroxidase,
dehydroascorbate reductase, monodehydroascorbate reductase), pears (ascorbate
peroxidase, glutathione reductase), sweet peppers (superoxide dismutase, catalase,
peroxidase), guavas (superoxide dismutase, catalase, peroxidase), table grapes (peroxidase),
sweet cherries (peroxidase), oranges (peroxidase, superoxide dismutase, ascorbate
peroxidase, catalase), tomatoes (peroxidase), and potatoes (peroxidase) (Romanazzi et al.,
2017 and the references therein). However, the effects of CHT on litchi fruit and table grape
tissues were mixed, with some studies reporting decreased activity and others reporting

increased activity when combined with certain treatments (Romanazzi et al., 2017).
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In contrast, the proteins down-regulated by InfPol_ConWater and InfPol_InfWater at 6 hpi
were localized to the extracellular region, ‘membrane’, cytosol, and peroxisome. These
proteins included ‘peroxidase (EC 1.11.1.7) (AOA3Q71JN4)’, ‘Catalase isozyme 1 (EC 1.11.1.6)
(CAT1),, ‘Catalase core domain-containing protein (AOA3Q7EP36), and ‘Glutathione
peroxidase (AOA3Q7H2Q7)". As H,0, produced in peroxisomes has been demonstrated to
elevate transcripts associated with protein refolding, repair, and degradation, it implies that
H20, production in peroxisomes induces stress acclimation and/or tolerance responses
(Sewelam et al., 2014). Therefore, the reduced levels of antioxidant-related proteins observed
in both InfPol_ConWater and InfPol_InfWater at 6 hpi may be attributed to the potent direct
antifungal effects of 1 mg/mL of aminochitosan, the overall diminished eliciting nature of B.
cinerea infection, and as a result, the decreased demand for ROS scavenging systems.
Moreover, as highlighted in Chapter 3, aminochitosan bears similarity to the effects of
polyamines (PA) such as spermidine and putrescine. PAs modulate ROS homeostasis by
scavenging free radicals thereby promoting the degradation of ROS as well as enhancing
antioxidant enzymes (Gupta et al.,, 2016). Furthermore, free PAs are associated with
neutralizing both superoxide anions and H,0; while conjugated PAs likely assist in scavenging
other ROS (Gupta et al., 2016 and the references therein). However, PAs also facilitate ROS

production through PA catabolism in the apoplast.

Therefore, given the reduced chitinase activity observed in Sections 4.5.2.2-4.5.2.3 and
reduced antioxidant enzymes in this section, it is possible that aminochitosan present in the
apoplast (Chapter 3) is not degraded by chitinases and does not contribute significantly to the
overall increase in ROS and shows little to no visible accumulation (Chapter 3). Additionally,
this observation appears to be sustained up to 9 hpi as no significant ROS homeostasis related
proteins or GO terms were identified at 9 hpi. Lucini et al. (2018) reported a reduced
accumulation of peroxidases in their proteomic analysis of foliar CHT application on grapes.
As plant peroxidases rely on H;0; for the formation of apoplastic structural protein bonds and
lignin polymerization, they are necessary for restoring the cell wall after mechanical damage
and fortifying it against microbial attacks (Daou & Faulds, 2017). This in turn correlates well
with the reduced cell wall modifications observed at 6 hp for InfPol. However, the InfWater at
9 hpi compared to InfWater at 6 hpi displayed a strong and significant up-regulation of the GO
terms ‘hydrogen peroxide catabolic process’, ‘response to oxidative stress’, ‘peroxidase
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activity’ and ‘heme binding’ and included the proteins ‘Catalase isozyme 1 (EC 1.11.1.6)
(P30264/CAT1), ‘Catalase (EC 1.11.1.6) (AOA3Q7JD73)’, ‘Ascorbate peroxidase (EC 1.11.1.11)
(Q52QQ4)’, ‘Peroxidase (EC1.11.1.7) (AOA3Q7F0H1)’, ‘Glutathione peroxidase (AOA3Q7HK83)’
and ‘Thylakoid lumenal 29 kDa protein, chloroplastic (Q9THX6/CLEB3J9)’".

The lower levels of ROS observed have not consistently correlated well with an increase in
antioxidant enzymes as would be expected from the literature on CHT and plant-pathogen
interactions. One would expect to see comparable results to Turk et al. (2019) who observed
lower levels of ROS with a concomitant increase in CHT-induced GPX, CAT, and APX activity.
However, they too concluded that CHT improves plant defence by maintaining reducing ROS
levels via the inhibition of the production of the 0%, alternative respiration and antioxidant
scavenging mechanisms (Turk, 2019). Lastly, similar to ConPol at 9 hpi vs 6 hpi in Section
4.5.1.2, the InfPol at 9 hpi vs 6 hpi also displayed a significant up-regulation of the GO term
‘glutamate decarboxylase activity’. This supports the hypothesis that foliar application of
1mg/mL of aminochitosan induces a state of ‘endurance’, preserving cell viability by limiting

the production of ROS.

4.5.2.5 Proteins related to photosynthesis and carbon metabolism

Chloroplasts play a crucial role in orchestrating cellular functions during stress responses,
aiding in the plant's survival against environmental challenges (Gururani, Mohanta & Bae,
2015). They are also recognized for their role in initiating signaling processes that suppress
the expression of nuclear genes via retrograde signaling. Retrograde signaling constitutes a
complex network of signals categorized into "biogenic control" from plastid development and
"operational control" in response to environmental changes. Acting as an environmental
sensor, the chloroplast communicates with the nucleus/other organelles during both
biogenesis and normal operation, altering the expression of numerous pathways including
ROS, tetrapyrroles, heme, and proteins to modulates gene expression and RNA turnover (Chan
et al.,, 2016; Hernadndez-Verdeja & Strand, 2018). This adaptive behavior also serves as a
defence mechanism, influencing carbohydrate metabolism in stressed plant tissues. By
adapting to biotic and abiotic stresses, plants can allocate resources to necessary defence
responses without detrimentally impacting overall plant health (Gururani, Mohanta & Bae,

2015; Landi et al., 2017).
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The biosynthesis of tetrapyrroles, which take place almost exclusively in plastids, is essential
for the biosynthesis of chlorophyll (Chl), heme and siroheme. The process starts with 5-
aminolevulinic acid (ALA), the precursor of all tetrapyrroles which is converted into a into a
cyclic porphyrin, protoporphyrin IX and finally, chlorophyll (a or b) or heme. The Chl branch of
the pathway consists of the insertion of Mg2* into Proto IX for Chl a biosynthesis, or the
interconversion between Chl a and Chl b (Tanaka, Kobayashi & Masuda, 2011). These
tetrapyrrole intermediates, being photosensitizers, pose a risk of generating radicals and ROS,
especially in light, despite the biosynthetic process requiring light. Therefore, plants regulate
tetrapyrrole biosynthesis and degradation pathways to manage ROS, focusing on the rate-
limiting step, ALA synthesis. Excess energy in photosynthesis can be transferred to molecular
oxygen, causing harm if protective components such as antioxidant enzymes fail to detoxify
the ROS generated (Inzé & Montagu, 1995; Papenbrock et al., 2000; Tripathy & Oelmidiller,
2012).

For the group comparisons of InfPol_ConWater at 6 hpi, the GO terms ‘protoporphyrinogen
IX biosynthetic process’, ‘chlorophyll biosynthetic process’, ‘chloroplast stroma’ and
‘chloroplast’” were significantly up-regulated with the associated proteins ‘NADPH-
protochlorophyllide oxidoreductase (AOA3Q7IBIO)’, ‘Mg-protoporphyrin IX chelatase
(AOA3Q7FY87), ‘Glutamate-1-semialdehyde 2,1-aminomutase (Q40147/GSA-AT),
‘Uroporphyrinogen-Ill synthase (AOA3Q7GAE5), ‘Protoporphyrinogen oxidase
(AOA3Q7EHA7)’, ‘Uroporphyrinogen decarboxylase (AOA3Q7GR78)’, ‘Delta-aminolevulinic
acid dehydratase (AOA3Q7ILF6)’, ‘coproporphyrinogen oxidase (AOA3Q7I9A2), ‘Mg
protoporphyrin  IX methylester (AOA3Q71JU8) and ‘hydroxymethylbilane synthase
(AOA3Q7HGD7)". These proteins are enzymes involved in tetrapyrrole metabolism, specifically
in Chl biosynthesis. Notably, while heme, specifically protoporphyrin IX, serves as the common
precursor for both heme and Chl, it undergoes magnesium chelation by Mg chelatase during
Chl synthesis, a process that was up-regulated. Alongside this, uroporphyrinogen lll, when
oxidized, can lead to phototoxic reactions, highlighting the intricate processes of tetrapyrrole

metabolism. (Inzé & Montagu, 1995; Mochizuki et al., 2010; Tripathy & Oelmdiiller, 2012).

High-pH conditions can drastically reduce leaf chlorophyll content, impacting photosynthetic
rates and plant tolerance to stress. Given the potential of cytosolic alkalinization due to the

inhibition of H*-ATPase activity described in Section 4.5.2.2, such conditions may decrease
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enzymatic activity in chlorophyll biosynthesis and enhance oxidative stress, leading to
chloroplast injury (Khan et al., 2019). Therefore, the increase in chlorophyll biosynthesis may
be a counteractive measure to prevent the loss of chlorophyll. The significant accumulation of
porphyrin intermediate proteins may be due to a temporary dysregulation in chlorophyll
metabolism which could lead to PCD. However, At 9 hpi, the 'chlorophyll biosynthetic process'
was significantly down-regulated. This suggests that tetrapyrrole intermediates were
regulated in a timely manner, enabling them to function not as toxic intermediates but as
chloroplast-derived signaling molecules, ROS and Mg-Proto IX participate in chloroplast-to-
nucleus retrograde signaling, stress responses, and PCD, conveying the porphyrin pathway's
status to the nucleus, regulating levels of light-harvesting chlorophyll-binding proteins (Tran &
Jung, 2020). Tran & Jung et al. (2020) reported that Pseudomonas syringae pv. tomato
infection in tobacco leaves resulted in a decrease in chlorophyll at 48 hpi while Proto IX, Mg-
Proto IX, Mg-Proto methylester, and protochlorophyllide were strongly reduced as early as 24
hpi. They suggested that the rapid degradation of photosensitizing porphyrin intermediates
contributed to the reduction in cellular damage at the initial stages of Pseudomonas syringae
pv. tomato induced PCD. However, a regulatory role for tetrapyrroles in higher plants is

currently ambiguous.

Understanding the regulation and dynamics of tetrapyrrole pathways sheds light on plant
responses to biotic and abiotic stresses, emphasizing the importance of coordinated
metabolic processes in plant survival and adaptation (Tripathy, Mohapatra & Gupta, 2007).
Despite the up-regulation of chlorophyll biosynthesis, ‘photosynthetic electron transport in
photosystem II’ and ‘chlorophyll binding’” were significantly down-regulated for
InfPol_ConWater and InfPol_InfWater at 6 hpi. The proteins associated with these terms were
‘Chlorophyll a-b binding protein CP24 10A (P27524/LHCP)’, ‘Chlorophyll a-b binding protein 8
(P27522/LHCI type M), ‘Chlorophyll a-b binding protein 13 (P27489/LHCIl type llI),
‘Photosystem 1l CP47 reaction center protein (Q2MI75/psbB)’, ‘Photosystem Il D2 protein
(Q2MIA5/psbD)’, ‘Photosystem Il CP43 reaction center protein (Q2MIA4/psbC)’, ‘Photosystem
| P700 chlorophyll a apoprotein A2 (Q2MIA1/psaB)’,, ‘Photosystem | P700 chlorophyll a
apoprotein Al (Q2MIAO0/psaA)’‘Photosystem Il protein D1 (Q2MICO/psbA)’, and ‘Chlorophyll
a-b binding protein 7 (P10708/LHCI type I1)".
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The aforementioned light harvesting proteins are key components of the light harvesting
antennae PSI and PSIl. Therefore, in response to infection and foliar application of
aminochitosan, the observed significant reduction at 6hpi in the light harvesting components
indicates a down-regulation of photosynthesis. The up-regulation of genes related to
protoporphyrinogen IX, and chlorophyll biosynthetic processes suggests a defensive strategy,
as chlorophyll not only facilitates photosynthesis but also may participate in plant defence
mechanisms by retrograde signaling. Concurrently, the down-regulation of proteins
associated with photosynthetic electron transport in PSIl, and chlorophyll binding may signify
the plant's reallocation of resources to activate defence-related compounds, temporarily
reducing photosynthetic efficiency (trade-off). Contrastingly, InfPol at 9 hpi compared to 6 hpi
displayed significant up-regulation of ‘chlorophyll binding” with the aforementioned
associated proteins. This indicates a potential swift shift from defence to recovery as the plant
adapts to the infection more rapidly after aminochitosan application, aiming to restore normal
physiological functions, including photosynthesis. From Chapter 3, we know that the increase
in chlorophyll content is sustained up to 4 dpi. This is in contrast to Tran & Jung (2020) who
found that the decline in photosynthetic efficiency was indicated by the reduction in ethylene,
Fv/Fm, and chlorophyll and a complete disappearance of porphyrin intermediates. However,
the relationship between the accumulation of tetrapyrrole intermediates, which often leads
to ROS production, and alterations in protein expression following aminochitosan treatment
is not straightforward. Any potential involvement of ROS is likely to be influenced by nuanced
temporal and spatial signals. The disruption of tetrapyrrole synthesis may also influence other
recognized plastid signaling pathways. For instance, the redox state of plastids plays a role in
regulating nuclear gene expression, and changes in tetrapyrrole metabolism are expected to
impact the redox status as well. Lastly, in contrast to InfPol at 9 hpi vs6 hpi, InfWater at 9 hpi
vs 6 hpi, displayed significant down-regulation of ‘chlorophyll biosynthetic process’ with the

same aforementioned associated proteins.

4.6 Conclusions

Chapter 4 used a label-free proteomics approach to characterize the molecular mechanisms
of priming observed in Chapter 3, with a specific focus on the effects at earlier time points

after the application of diamino 3 at a concentration of 1 mg/mL. Furthermore, we analyzed
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four plant states namely, naive, primed, naive-and-triggered, and primed-and-triggered. As
defence priming results in positive cost benefit, we assessed the consequences of both
activating (6 hpi) and maintaining a primed state (9 hpi). To our knowledge, this represents
the first proteomic study on aminochitosan in the tomato/B. cinerea pathosystem. We
identified differential regulation of the proteome that could be separated into five categories
namely, DNA and chromatin, cell wall and membrane, defence response, photosynthesis and

carbon metabolism, and ROS homeostasis.
ConPol: A look at the aminochitosan primed and non-triggered state

In the ConPol leaves at 6 hpi, it appears that early regulation of the defence response may be
regulated through DNA and chromatin binding and the removal of histones through
ubiquitination, a mechanism of action that has been shown to play a pivotal role in non-host
resistance. However, the interaction between chromatin/DNA is tightly regulated in a
relatively short timeframe as it is negatively regulated at 9 hpi; another phenomenon that is
indicative of non-host resistance as this accelerated depletion contributes to a faster immune
response against non-host pathogens, leading to a more rapid termination of their growth.
However, a key difference in this activation is that aminochitosan results in a more intense
induction in the early hours of infection than infection with B. cinerea, thus resulting in an
early cessation due to the depletion of histones and nucleosomes generally necessary for
normal functioning. Changes to physical barriers, the cell wall and membrane, were also
observed for ConPol at 6 and 9 hpi where aminochitosan appeared to significantly increase
the esterification and decrease the chitinase activity of plant cell walls, thus increasing the cell

wall integrity and reducing the probability of being degraded by invading pathogens.

Defence related proteins including terpenoid-related compounds with antimicrobial and
defence related properties were positively regulated despite not actually being exposed to a
pathogen indicating that the leaves initially recognize aminochitosan as a biotic stress,
another extension of non-host resistance. A positive and negative regulation of both JA- and
SA-associated PR proteins was also observed which in turn validates the modifications to
chromatin conclusion as global changes to chromatin are posited as a more comprehensive
explanation for triggering the diverse transcription of PR genes (Isaac et al., 2009). The

significant down-regulation of allene oxide at 6 hpi may indicate that certain elements of the
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JA pathway are down-regulated at 6 hpi while others are up-regulated (PR4 and thaumatin-
like proteins). Similarly, the up-regulation of PR1a2 and subtilisin-like proteases and down-
regulation of PR2 indicate an intricate balance where the antagonism between SA and JA/ET

is not absolute, enabling a precise and pathogen-specific adjustment of responses.

From the little to no accumulation of H,0; in Chapter 3, we expected to see a similar
occurrence in Chapter 4. At 6 hpi for ConPol, it appeared that aminochitosan treatment indeed
initiated the defence response independently of ROS accumulation and/or aminochitosan
itself functioned as an antioxidant. Considering diamino 3’s degree of substitution of 0.63
(Chapter 3) and its heightened positive charge, it is possible that it exhibited robust
antioxidant properties. Additionally, the down-regulation of catechol oxidase activity (PPO)
may be used as a means of maintaining lower levels of ROS by negatively regulating the
pathways that result in ROS production. Therefore, as the negative regulation of PPO activity
has been shown to occur concurrently with an increase in F,/Fm and increase in chlorophyll
content and an absence of H,0; accumulation, the work in Chapter 3 is simultaneously

validated.

The down-regulation of photosynthesis at 6 hpi, and corresponding reallocation of resources
and reorientation of metabolism towards the mounting of defence repones was expected. It
appears that at 6 hpi, tomato pre-emptively down-regulates photosynthesis and carbon
metabolism as an adaptive response to aminochitosan treatment while up-regulating defence
systems. This suggests that in the early hours of treatment, aminochitosan is perceived as a
biotic stress and resources are allocated to defence instead of growth as photosynthesis
represents a hidden cost. However, at 9 hpi, the up-regulation of catalase coupled with
chlorophyll biosynthesis may serve as sink/means for dissipating the excess energy of
enhances photosynthesis, preventing any damage to photosynthetic machinery. This suggests
a stimulatory effect of aminochitosan at later time points when the polymer is no longer

recognized as a threat or biotic stress.

Glutamate decarboxylase activity was also positively regulated at 9 hpi, allowing for excess
carbon to be recycled in the ConPol leaves given the increase in photosynthesis as mentioned
above. Alternativelyy, GABA may be produced directly from the foliar application of

aminochitosan (as aminochisoan is a polyamine) through intracellular oxidation, resulting in
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positve feedback loop that promotes endogenous GABA production through the up-
regulation of GAD. The increase in GABA may therefore also serve as a preemptive scavenger
for reactive oxygen species; reducing the likelihood of oxidative stress at later time points, as
seen in Chapter 3, by the low to absent levels of H,0,. Furthermore, glutamate metabolism
was regulated in a manner that resulted in the ‘endurance’ metabolic state where cell viability
is preserved. Regulations associated with endurance confer resistance to necrotrophic
pathogens but increase susceptibility to biotrophs. Thus, aminochitosan in untreated tomato
leaves may be regulating the glutamate metabolism in favour of an ‘endurance’ metabolic

state at 9 hpi.
InfPol: A look at the aminochitosan primed and B. cinerea-triggered state

Similar to ConPol at 6 hpi, modification to histones were observed for InfPol at 6 hpi as the
activity S-adenosylmethionine transferase (SAMT) was significantly and methyl-CpG-binding
domain-containing proteins were significantly down-regulated. The coupled potential
downregulation of histone methylation and recruitment of histone modifying enzymes could
allow for a more open chromatin configuration and increased accessibility for the modulation

of gene expression.

It was suggested that the regulation of plasma membrane H*-ATPase activity serves as a switch
between elicitor recognition/response to wounding and pathogen defence signaling
pathways. At 6 hpi, the negative regulation of H*-ATPase activity and chitinase activity (PR2,
PR4, PR5x, CHI3, CHI14, CHI17) contributes to the hypothesis that aminochitosan primes a
defence response predominantly in a ROS-independent manner and that other defence
response systems are key contributors to the priming and resistance phenotype observed in
Chapter 3. However, at 9 hpi, the up-regulation of H*-ATPase was coupled with the activation
of pathogen defence signaling pathways (PR2, PR4, PR5x, PR23 and CHI14). Therefore,
between 6 and 9 hpi, the defence response appears to switch from ‘elicitor recognition and
response to wounding’ and ‘defence signaling pathways’. Given the inhibitory nature on the
plasma membrane H*-ATPase activity, downstream process regulated by this activity are
expected to be disturbed after aminochitosan treatment which included cell wall

modifications which may indicate a shift in the expense of resources from modulating both
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the cell wall and cell membrane towards other defence response systems, specifically after

the permeabilization of the cell membrane by aminochitosan.

At 6 hpi, the significant down-regulation of proteins involved in oxylipin biosynthesis is further
evidence that the priming mechanisms are potentiated through SA-mediated pathways.
Additionally, this down-regulation is only noted for the group comparisons against the water
treatments with/without an infection. Contrastingly at 9 hpi, chitinase activity and proteins
associated with the JA-mediated response are up-regulated. However, a further 2 proteins
were up-regulated and included SA-mediated defence proteins. Therefore, although it
appears that SA-mediated pathways are up-regulated at 6 hpi and JA-mediated pathways at 9
hpi, the involvement and crosstalk with other hormones as proteins responsive to both SA
and JA have been shown to accumulate at 9 hpi. Instead, ‘SA and JA antagonism’ is in fact
dose-dependent and crosstalk between the two hormones can appear especially at low

concentrations of elicitors.

The upregulation of peptide methionine sulfoxide reductase observed at 6 hpi suggests a
primed response triggered by aminochitosan which exhibits an antioxidant effect.
Additionally, the reduced levels of antioxidant-related proteins observed at 6 hpi may be
attributed to the potent direct antifungal effects of 1 mg/mL of aminochitosan, the overall
diminished eliciting nature of B. cinerea infection, and as a result, the decreased demand for

ROS scavenging systems. Thus, the overall and apparent low levels of ROS accumulation.

Given the reduced chitinase activity and antioxidant enzymes, it is possible that
aminochitosan present in the apoplast (Chapter 3) is not degraded and does not contribute
significantly to the overall increase in ROS as seen by the little to no visible accumulation of
H,0; (Chapter 3). Additionally, this observation appears to be sustained up to 9 hpi as no
significant ROS homeostasis related proteins or GO terms were identified at 9 hpi. Lastly,
similar to ConPol at 9, the InfPol at 9 hpi also displayed a significant up-regulation of glutamate
decarboxylase activity. This furthers the hypothesis that foliar application of 1mg/mL of
aminochitosan induces a state of ‘endurance’, preserving cell viability by limiting the
production of ROS. The lower levels of ROS observed have not consistently correlated with an
increase in antioxidant enzymes as would be expected from the literature on CHT and plant-

pathogen interactions. However, aminochitosan may improve plant defence by maintaining
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reduced ROS levels via the inhibition of the production of the 0%, alternative respiration and

it acting as an antioxidant.

Given the potential of cytosolic alkalinization due to the inhibition of H*-ATPase activity at 6
hpi, such conditions may decrease enzymatic activity in chlorophyll biosynthesis and enhance
oxidative stress, leading to chloroplast injury. Therefore, the increase in chlorophyll
biosynthesis at 6 hpi may be a counteractive measure to prevent the loss of chlorophyl and
suggests a defensive strategy, as chlorophyll not only facilitates photosynthesis but also may
participate in plant defence mechanisms by retrograde signaling. The significant accumulation
of porphyrin intermediate proteins may be due to a temporary dysregulation in chlorophyll
metabolism. Concurrently, the down-regulation of proteins associated with photosynthetic
electron transport in PSIl, and chlorophyll binding may signify the plant's reallocation of
resources to activate defence-related compounds, temporarily reducing photosynthetic
efficiency (trade-off). However, at 9 hpi, ‘chlorophyll biosynthetic process’ was significantly
down-regulated indicating that the tetrapyrroles intermediates were regulated in a timely
manner so that instead of being toxic intermediates, function as chloroplast-derived signaling
molecules. The up-regulation of chlorophyll binding at 9 hpi indicates a potential swift shift
from defence to recovery as the plant adapts to the infection more rapidly after aminochitosan
application, aiming to restore normal physiological functions, including photosynthesis. From

Chapter 3, we know that the increase in chlorophyll content is sustained up to 4 dpi.

Lastly, proteins related to ribosomal structure, translation, protein turn-over, post-
translational modification and biogenesis pathways were found to be differentially regulated.
Given that a broad activation of defence, it is to be expected that the priming of the defence
response by pretreatment with aminochitosan requires an enhancement of proteins related
to protein homeostasis which include biosynthesis, translation, modification, degradation,
and transport. Therefore, it stands to reason that a similar observation may be true for
aminochitosan as the up-regulation of proteins related to ‘translation’ and general protein
homeostasis indicates that translation processes were primed by aminochitosan treatment in
the priming interval before the infection and up to 6 hpi unlike in the InfWater treatment
where proteins and GO terms associated with protein homeostasis was significantly down-

regulated at both 6 and 9 hpi.
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Overall, the present data highlights that aminochitosan affects the DNA and chromatin, cell
wall, membrane, and H*-ATPase activity, chloroplasts and consequently the redox/ROS status
as early as 6 hpi with some of the induced responses being sustained up to 9 hpi. This resulting
regulation of transcription in the nuclear genome, which includes up-regulation of defence-
related proteins and down-regulation of chitinases, occurs in a ROS-independent manner.
Finally, several of the proteins were oppositely regulated between aminochitosan
pretreatment and B. cinerea infection, indicating different regulation patterns between the
“primed state” and the “triggered state”. In conclusion, our proteomic data validated the
‘priming’ capacity of aminochitosan in 5-week-old tomato leaves, specifically diamino 3 at a
concentration of 1 mg/mL, allowing us to identify key molecular mechanisms underpinning

the primed states both with and without B. cinerea infection at 6 and 9 hpi

4.8 Addendum: Supplementary data

Table S4.1: The number of DEPs identified using limma and varying parameters. FDR adj. p-val and biological
replicates were adjusted between 0.01 and 0.05 and 5,4,3 respectively. DEPs were selected using the parameters
of 3 biological replicates and FDR adj. p-val < 0.05.

Biological replicates 3 3 4 3 5
Comparisons <0.05 &
FDR adj. p-val <0.05 <0.01 <0.05 <0.05
I-P LFC> 1.5
ConPol vs ConWater 674 240 166 104 108
InfPol vs InfWater 700 392 1 110 0
6 hpi InfWater vs ConWater 2 0 0 2 0
Within InfPol vs ConPol 771 447 115 116 0
time InfPol vs ConWater 976 623 0 182 0
points ConPol vs ConWater 123 46 0 19 0
InfPol vs InfWater 0 0 0 0 0
9 hpi
InfWater vs ConWater 0 0 0 0 0
InfPol vs ConPol 249 122 0 39 0
ConPol vs ConPol 61 1 2 0 0
Between ConWater vs ConWater 2 1 0 0 0
time 9 hpi vs 6 hpi
points InfPol vs InfPol 1178 794 1 0 0
InfWater vs InfWater 733 299 2 0 0
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Table S4.2: The top 5 up- and down-regulated proteins that are unique or shared between group comparisons
between time points (9_6). Up-regulated proteins are highlighted in green and down-regulated proteins are
highlighted in blue. The log2FC column is highlighted according to a green-yellow-red colour scale indicating the

levels of expression (low to high).

Time Comparison Protein accession log2FC adj.P.Val
6 InfPol_ConPol_6 -4.352  2.82E-05
6 InfPol_ConWater_6 AOA3Q7E9H9 -4.549 8.86E-06
6 InfPol_InfWater_6 -4.161 3.82E-05
6 InfPol_ConPol_6 -4.316 1.21E-09
6 InfPol_InfWater_6 -4.431 7.49E-10

AOA3Q7F3X3
9 ConPol_ConWater_9 3.791 1.88E-08
9 InfPol_ConPol_9 -3.386 1.39E-07
6 InfPol_ConWater_6 -4.732  2.59E-09
6 InfPol_InfWater_6 AOA3Q7F572 -3.404 2.24E-07
9 ConPol_ConWater_9 -1.907 1.41E-03
6 ConPol_ConWater_6 -3.478 2.19E-04
6 InfPol_ConWater_6 -4.678 1.22E-06
AOA3Q7FQP4
9 InfPol_ConPol_9 2.820 1.26E-03
9 ConPol_ConWater_9 -2.258 1.21E-02
6 InfPol_ConPol_6 -4.633 1.01E-10
6 InfPol_ConWater_6 AOA3Q7FSS8 -5.087 1.91E-11
6 InfPol_InfWater_6 -4.662 9.01E-11
6 InfPol_ConWater_6 4.044 1.61E-05
AOA3Q7FWXO0
6 InfPol_InfWater_6 3.109 4.02E-04
6 ConPol_ConWater_6 3.797 1.94E-05
6 InfWater_ConWater_6 2.451 3.25E-02
AOA3Q7G0OW1
9 ConPol_ConWater_9 2.927 5.06E-04
9 InfPol_ConPol_9 -3.180 1.02E-04
6 InfPol_ConPol_6 5.128 5.10E-03
Q53U36
6 InfPol_InfWater_6 4.158 2.08E-02
6 ConPol_ConWater_6 3.903 1.03E-03
6 InfPol_ConWater_6 4909 3.13E-05
AOA3Q7GBL9
9 ConPol_ConWater_9 3.456 6.74E-03
9 InfPol_ConPol_9 -4.327 6.58E-04
9 InfPol_ConPol_9 3.580 1.66E-04
- - AOA3Q7GG77
9 ConPol_ConWater_9 -2.699 4.14E-03
6 ConPol_ConWater_6 -3.192 2.27E-04
- - Q05539
6 InfPol_ConWater_6 -4.272  1.37E-06
9 ConPol_ConWater_9 3.301 5.06E-04
AOA3Q7H247
9 InfPol_ConPol_9 -4.106 3.21E-05
6 ConPol_ConWater_6 AOA3Q7GNM9 -3.729 1.81E-07
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InfPol_ConPol_9 4.192 2.26E-08

ConPol_ConWater_9 -4.330 | 1.26E-08
InfPol_ConPol_6 -3.959 7.21E-04
AOA3Q7H9W3

InfPol_InfWater_6 -4.041 6.42E-04

ConPol_ConWater_6 3.503 1.94E-05
AOA3Q7IBIO

ConPol_ConWater_9 2.597 7.06E-04

ConPol_ConWater_6 3.673 2.23E-02
AOA3Q7IH67

InfPol_ConWater_6 4.046 7.96E-03

InfPol_ConPol_6 4.372 | 8.61E-03
AOA3Q7IIQ1

InfPol_ConWater_6 4.346  7.25E-03

ConPol_ConWater_6 AOFKE6 3.857 3.98E-03

ConPol_ConWater_6
ConPol_ConWater_6

AOA3Q7GDE1 -3.318 2.21E-02
AOA3Q7E8T9 -3.963 2.80E-03
AOA3Q7ICT2 -1.793 1.56E-02

InfPol_ConPol_6 K4ASzZ0 3.922 7.21E-04
InfPol_ConPol_6 AOA3Q7GM48 3.788 9.03E-03
InfPol_ConPol_6 AOA3Q7F7H4 -3.297 1.24E-03
InfPol_ConPol_6 AOA3Q7G3R4 3.809 9.50E-12
InfPol_ConPol_9 Q01412 2.296 5.48E-03
InfPol_ConPol_9 Q7XAV2 -3.195 9.52E-03
InfPol_ConPol_9 AOA3Q7HVI3 2.409 6.35E-04
InfPol_ConWater_6 AOA3Q7G3R5 3.908 6.20E-12
InfPol_InfWater_6 Q3s5C85 4.051 4.44E-02
InfPol_InfWater_6 Q9AWA9 3.611 1.48E-03
InfPol_InfWater_6 AOA3Q7G3R6 4.143 | 1.94E-12

9
9
6
6
6
9
6
6
6
6
6
6
6
9 ConPol_ConWater_9
6
6
6
6
9
9
9
6
6
6
6
6

InfWater_ConWater_6 AOA3Q7J565 1.605 3.25E-02

Table S4.3: The top 5 up- and down-regulated proteins that are unique or shared between the same group
comparisons at 9 hpi vs 6 hpi. Up-regulated proteins are highlighted in green and down-regulated proteins are
highlighted in blue. The log2FC column is highlighted according to a green-yellow-red colour scale indicating the
levels of expression (low to high).

Comparison Protein accession log2FC adj.p.val
ConPol_ConPol 4.028 3.19E-02
AOA3Q7E8T9
InfWater_InfWater 4.102 1.95E-03
ConWater_ConWater -3.612 8.89E-08
- AOA3Q7F3X3
InfWater_InfWater -4.227 5.29E-09
ConPol_ConPol -1.823 3.73E-02
AOA3Q7G0OW1
InfWater_InfWater -4.065 7.64E-06
InfPol_InfPol -6.295 8.48E-07
- AOA3Q7GBL9
InfWater_InfWater -4.534 2.70E-04
InfPol_InfPol -5.290 7.29E-04
- AOA3Q7IH67
InfWater_InfWater -5.246 2.52E-03
ConPol_ConPol AOA3Q7HOUO -1.741 2.78E-02
ConPol_ConPol AOA3Q7HVI4 1.632 3.73E-02
ConPol_ConPol AOA3Q7HWRS5 1.449 8.66E-03

156



ConPol_ConPol AOA3Q7IA80 -2.290 4.33E-02
ConPol_ConPol G1DEX3 -1.536 3.07E-02
ConPol_ConPol K4C627 1.679 3.44E-02
ConPol_ConPol Q40143 1.424 3.19E-02
ConPol_ConPol AOA3Q7FT32 -1.630 4.33E-02
ConWater_ConWater AOA3Q71877 -3.546 2.32E-02
InfPol_InfPol AOA3Q7H247 -4.185 1.29E-06
InfPol_InfPol AOA3Q7IIQ1 -4.410 5.02E-03
InfPol_InfPol AOA494GA45 5.691 6.22E-05
InfPol_InfPol Q9AWA9 -6.249 1.85E-06
InfPol_InfPol AOA3Q7E9H9 5.229 7.31E-07
InfPol_InfPol AOA3Q7F572 5.752 6.74E-11
InfPol_InfPol AOA3Q7FQP4 5.653 4.45E-08
InfPol_InfPol AOA3Q7FSS8 5.388 6.00E-12
InfWater_InfWater AOA3Q7GG77 4.092 3.73E-05
InfWater_InfWater AOA3Q7GVG1 -5.748 1.84E-02
InfWater_InfWater AOA494GA46 3.395 1.32E-02
InfWater_InfWater ESKBYO 3.570 4.00E-02
InfWater_InfWater AOA3Q7FFR5 3.339 1.25E-02
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5.1 Abstract

In the previous chapters, the effects of aminochitosan in the dicotyledonous tomato/Botrytis
cinerea pathosystem were characterized. This chapter attempts to further characterize
aminochitosan as a treatment in the monocotyledonous maize/Fusarium verticillioides
pathosystem. Maize is a staple crop in South Africa, used for both human and animal
consumption. Fusarium verticillioides is a toxigenic species responsible for Fusarium ear rot in
maize with moderate to severe consequences including reduced yield and grain quality, and
the accumulation of mycotoxins that may result in adverse health effects in humans and

animals.

In this chapter, we first demonstrated the effects of F. verticillioides infection on the defence
response of the susceptible maize line, CML144 by measuring the prevalence of fungal growth
in planta by gPCR, the accumulation of fumonisins by LC-MS and the expression and
accumulation of phytoalexins by RT-gPCR and LC-MS respectively. We showed that fungal
growth and phytoalexin accumulation were positively co-regulated with the phytoalexin genes
biosynthetic genes in 14-day old maize roots. Furthermore, fumonisins, specifically FB1, were
significantly accumulated in the roots of 14-day old maize roots. Overall, the roots of maize

seedlings were preferentially affected compared to the shoot tissue.

Thereafter, the effects of aminochitosan were investigated by assessing the direct effects on
F. verticillioides growth and plant defence elicitor properties in planta on maize roots and
shoots. Aminochitosan, D1, displayed significant antifungal activity on both radial growth and
sporulation at a minimum concentration of 1 mg/mL. The oligomer, HD1, however did not
exhibit any antifungal activity potentially due to a high concentration of salt or due to the
molecular weight (MW) and degree of polymerisation (DP) of the oligomer. D1 and HD1 were
then assessed as preventative or curative treatments in maize seedlings infected with F.
verticillioides at two time points. In the preventative treatment, SA accumulated during the
early stages of infection (biotrophic phase) whereas in the curative treatment, JA accumulated

during the necrotrophic phase.
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5.2 Introduction

5.2.1 Maize: the significance of a South African staple

Globally, the production of primary crops increased by 52% (9.3 billion tonnes) between 2000-
2020, of which maize is the second largest crop contributor at 12% (1.2 billion tonnes).
(FAOSTAT, 2022). Despite South Africa being defined as an upper-middle-income country by
the World Bank, food insecurity and food safety remain a challenge for a large proportion of

South Africans (Statistics South Africa, 2020; Ala-Kokko et al., 2021).

Field crops are important for food security in South Africa and account for the largest portions
of cultivated land (Statistics South Africa, 2020). Maize (Zea mays L.) is considered a staple
crop and accounted for the second largest use of cultivated land between 2000-2017 at 89.4%
of planted area (Statistics South Africa, 2020). Moreover, maize production increased by 46.5
% (3.9% annually or 3.4 million tonnes) between 2007-2017 (Statistics South Africa, 2020).
Despite this, hunger vulnerability was faced by 11.6% (2.1 million people) in 2021 and
inadequate to severe food vulnerability by 15% (2,6 million people) and 6 percent (1,1 million
people) respectively (Statistics South Africa, 2020, 2021). As a result, households are being
encouraged to participate in producing their own food through subsistence farming (Statistics

South Africa, 2021).

The primary goal of subsistence farming is to grow crops sufficient for household use with
little emphasis on trading any surplus produce (Baiphethi & Jacobs, 2009). This type of farming
is acknowledged as a significant contributor to alleviating food insecurity and poverty in South
Africa and is part of a distinct cultural diet and ethnic tradition (Shephard et al., 2007;
Baiphethi & Jacobs, 2009; Pienaar & Traub, 2015). However, subsistence farmers lack the
appropriate resources and as such, their crops are often severely affected by the likes of pest
damage and fungal infections (Ncube et al., 2011). Given that maize is a staple crop, the
average consumption of maize in South Africa far surpasses international average daily
consumption in both urban and rural areas (Shephard et al., 2002; Burger et al., 2010). The
quality of maize cultivated and consumed by subsistence farmers holds significant importance
as maize produced within this system is under constant threat of pre- and post-harvest
damage with the likes of fungal pathogens being a particularly pressing concern for its

economic and livelihood impacts (Ncube et al., 2011).
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5.2.2 Fusarium verticillioides

The most common fungal pathogens individually or synergistically affecting maize seeds,
roots, stems, ears, or silks of maize globally are listed in Table 5.1. Of the fungal species listed,
the Fusarium genus is the dominant genus affecting maize grain in South Africa with F
verticillioides (warmer areas) being most prevalent followed by F. subglutinans (cooler areas)
and F. proliferatum as determined by Ncube et al. (2011) over two seasons (Viljoen, 2003;

Ncube et al., 2011; Beukes et al., 2017; Schoeman et al., 2018).

Table 5.1: Common pathogen interactions with maize that lead to disease of varying severity. The following table
was adapted from Lamichhane & Venturi (2015) and Thompson & Raizada (2018) with references to be found
therein.

Disease Organism
Gibberella Ear Rot Fusarium graminearum
Fusarium Ear Rot F. verticillioides, F. proliferatum, F. subglutanis, F.
temperatum,
Aspergillus Ear Rot A. flavus Link, A. parasitics Speare
Corn Smut Ustilago maydis*
Stenocarpella/Diplodia Ear Stenocarpella maydis (previously Diplodia maydis)
Rot
Root and stalk rot Trichoderma sp., Penicillium sp., Pyrenochaeta indica, F.

verticillioides, F. graminearum, and F. oxysporum, F. solani
species complex,
Crown and root rot F. graminearum, F. boothii, and F. meridionale

*U. maydis does not produce mycotoxins but may facilitate infections with other toxigenic fungi.

Fusarium verticillioides (formerly Fusarium moniliforme) is a facultative endophyte/hemi-
biotroph that is most commonly associated with South African maize and causes severe
symptomatic infection in the form of root rot, ear rot (FER), stalk rot and seedling blight
(Munkvold & Desjardins, 1997; Schoeman et al., 2018; Omotayo et al., 2019). However, an
infection may also present as asymptomatic biotrophic infection that is actually physiologically

active (Bacon et al., 2001).

As F. verticillioides is a facultative endophyte of maize; it infects both during biotrophic
endophytic association which may present as asymptomatic or by a pathogenic phase
facilitated by environmental saprophytic growth. The fungus is thus transmitted vertically and
horizontally to subsequent generations (Bacon et al.,, 2001). Horizontal infection generally

occurs by plant debris and is the contagious spreading by “saprophytic colonization of soil
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debris and insect vectors” to external plant organs such as roots and silks and can be mitigated

by application of fungicides (Bacon et al., 2001).

The vertical endophytic transmission occurs by infection from infected seeds and may proceed
as an asymptomatic and systemic infection. This is noteworthy as it remains the source for
infection and mycotoxin biosynthesis generationally making fungicidal management
challenging (Bacon et al., 2001). The infection cycle of F. verticillioides is detailed in Figure 5.1
and highlights both horizontal and vertical transmission. During systemic infection, endophytic
conidia spread from roots to stalks, to cobs, and kernels, causing stalk rot. Spores are able to
survive winter and infect silks during flowering (airborne spores or by splashing), leading to

FER - the most common and damaging disease (Omotayo & Babalola, 2023).
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Figure 5.1: The infection cycle of F. verticillioides in maize adapted from Munkvold & Desjardins (1997) and
Omotayo et al. (2019). This figure was created in BioRender.com.

5.2.3 Mycotoxins: Fumonisins

In addition to the economic impacts of infection, many of the fungal pathogens produce
mycotoxins; toxic secondary metabolites that pose significant threat to both human and
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animal health (Alshannag & Yu, 2017). Table 5.2 displays the common toxigenic Fusarium
species affecting maize and their associated toxins. As shown in Table 5.2, F. verticillioides
produces a range of mycotoxins of which fumonisins are the most naturally abundant in maize

infected with F. verticillioides (Desjardins & Plattner, 2000).

Table 5.2: Toxigenic Fusarium species associated with South African maize. The following table was adapted from
Beukes et al. (2017) with references to be found therein.

Species Associated mycotoxins

F. boothi 15-ADON

F. dimerum -

F. globosum BEA, FUM

F. graminearum 3-ADON, 15-ADON, NIV, ZEA, DAS
F. incarnatum-equiseti species complex BEA, DON, MON, NIV, ZEA
F. meridionale NIV

F. oxysporum BEA, FA, FUM, MON, ZEA
F. poae BEA, Fx, HT-2, NIV,

F. proliferatum BEA, FUM, MON

F. solani species complex DON, FUM, T-2, ZEA

F. subglutinans BEA, FA, FUM, MON

F. temperatum BEA, FUM, MON

F. verticillioides BEA, FusaC, FUM, MON

BEA, beauvericin; DON, deoxynivalenol; HT-2, HT-2 toxin; MON, moniliformin; T-2, T-2 toxin; FUM, fumonisins;
FusaC, fusarin C; NIV, nivalenol; Fx, fusarenon-X; ZEA, zearalenone; FA, fusaric acid; 15-ADON, 15-
acetyldeoxynivalenol; 3-ADON, 3-acetyldeoxynivalenol; DAS, diacetoxyscirpenol.

Fumonisins are polyketide mycotoxins, structurally resembling sphingoid bases such as
sphinganine and phytosphinganine, which are intermediates in sphingolipid biosynthesis. The
structural similarity allows for sphingolipid metabolism disruption through competitive
inhibition of the ceramide synthase resulting in the accumulation of sphingoid bases (Arias et

al., 2016). This ultimately results in fumonisin-induced mycotoxicoses in animals and plants

cells (Arias et al., 2016).

The wild-type (WT) strains of F. verticillioides primarily produce the B-series fumonisins (FB3,
FB, FBs3, and FB4). FB1 is the most abundant, making up 70% of the total content with the
other B-series fumonisins occurring in lesser amounts (Desjardins & Plattner, 2000; Ncube et

al., 2011; Han et al., 2014; Nji et al., 2022).
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5.2.4 Fumonisins and the consequences for plants

Studies have shown that the production of fumonisins in root and shoot tissue is not
dependent on fungal colonization of the respective tissue. Instead, the toxins can be
transported to sites distal from the site of entry, infection and/or synthesis (Bacon et al., 2001;
Arias et al., 2012, 2016; Zeng, Li & Yao, 2020). A close correlation between the FB; levels in
roots, the increase in spingoid bases and the occurrence of leaf lesions are consistent with

fumonisins inducing seedling disease (Williams et al., 2007).

Sphingolipids function as structural components of the plasma membranes and cellular
signalling (Zeng, Li & Yao, 2020). The disruption of sphingolipid metabolism in plants affects
their ability to respond to a/biotic stressors as well as growth and development inducing
programmed cell death (PCD) via multiple signalling pathways as seen in Figure 5.2 (Arias et
al., 2016 and the references therein). FBi hasthe potential to modify the physiology of the
host plant thus diminishing defence responses and favouring fungal infections (Arias et al.,
2016; Zeng, Li & Yao, 2020). Arias et al. (2012) demonstrated that exogenous application of
fumonisin concentrations to resistant and susceptible maize line seedlings acted as
pathogenic factors at higher concentrations or triggered plant detoxification mechanisms at

lower concentrations (Arias et al., 2012).
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Figure 5.2: A summary of the mechanisms in which FB1 disrupts plant systems and kills plant cells. The solid
arrows indicate established links, and the dashed arrows indicate putative links. This figure was sourced from
Zeng, Li & Yao, (2020).
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This suggests a threshold for FB1 of which plants can sufficiently induce detoxification
mechanisms and beyond which the plant’s immune system cannot effectively manage FB1
toxicity. Furthermore, the detoxification process has been described as the storage of toxic
compounds in the vacuoles or the permanent chemical binding to cell walls for permanent
storage in plant tissue to root exudation respectively (Arias et al., 2016 and the references

therein).

The roles of phytohormones in mediating FB1 induced PCD was summarized in Zeng, Li & Yao,
(2020) and the references therein (Figure 5.2). It was stated that FB1 “hijacks the JA pathway
to initiate PCD” and “induces JA-responsive defence genes but represses growth-related and
JA biosynthesis-related genes, thereby reducing JA contents in plants” (Zeng, Li & Yao, 2020).
This suggests that FB: hijacks the JA pathway to coordinate PCD (Zhang et al., 2015). In
addition to JA, FB1 induced SA-elicited PCD by suppressing the JA signalling pathway. In
summary, FB1-induced PCD is mediated through JA, SA, and ethylene (Zeng, Li & Yao, 2020).
In addition to PCD, FB:1 has the potential to induce additional responses similar to
hypersensitive response, such as the production of ROS, deposition of phenolic compounds
and callose, the expression of PR proteins and the accumulation of phytoalexins (Wolpert et

al., 2002).

5.2.5 The implications of fumonisins for South Africans are significant

The disruption of sphingolipid metabolism is now widely acknowledged as a significant
mechanism involved in FB; toxicity within both animal and plant cells as summarized in Figure
5.3. FB1 has thus been linked to a range of diseases of varying severity in both humans and
animals as detailed in Jackson, DeVries & Bullerman, 1996 (Jackson, DeVries & Bullerman,
1996). The World Health Organisation identified the consumption of maize contaminated with
fumonisins as a major health risk to both humans and animals with subsistence farming
communities being the most at risk due to the quality and quantity of contaminated crops.

(Nji et al., 2022).

In the context of South Africa, maize intended for eating and production of traditional
umgombothi beer naturally contaminated with high levels of FB1 was directly linked to the

high incidences of oesophageal cancer in humans from subsistence farms in the former
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Transkei region of the Eastern Cape as well as the province of Limpopo (Sydenham et al., 1990;

Rheeder, 1992; Phoku et al., 2012).
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Figure 5.3: The mechanisms of action of fumonisins. Sourced from (Omotayo & Babalola, 2023).

This suggests that FB1 is present in the staple diet of people at high risk in Transkei.
Furthermore, the study noted that mean levels of FB1 and FB, were significantly higher in
samples of both asymptomatic and symptomatic home-grown maize from the high incidence
area of cancer compared to samples from a low incidence area of cancer during 1985 and
1989 (Rheeder, 1992; Rheeder et al., 2016). This highlights one of the risks faced by the South

African population, specifically those in rural areas.

Considering global risk evaluations, numerous nations have implemented risk mitigation
measures by establishing regulatory maximum levels for fumonisins and other mycotoxins in
maize and other foods. As of September 2016, the permitted levels of fumonisins in foods set
by the Codex Alimentarius Commission have been adopted into South African health
regulations (Regulations, 2016). The Codex Alimentarius Commission set the levels of
fumonisins at 4000 pg/kg for raw maize and 2000 pg/kg for maize flour and maize meal. These
regulations are expected to significantly increase South Africans' (especially subsistence
farmers) exposure to fumonisins, potentially surpassing the provisional maximum tolerable
daily intake of 2 mg/kg body weight/day, depending on the area or province (Alberts et al.,

2017, 2019; Shephard et al., 2019). As stated in Matumba et al. 2017, the enforcement of
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regulations are appropriate for the exportation of commercial crops but has little relevance
for subsistence farmers given that access to testing facilities are limited or inaccessible

(Matumba et al., 2017; Misihairabgwi et al., 2019).

5.2.6 The antifungal effects of chitosan against F. verticillioides

Considering the impacts of maize contaminated with fumonisins on human and animal health
as well as economic losses, strategies to mitigate the aforementioned are key. The benefits of
environmentally friendly fungicides such as CHT and aminochitosan for its antifungal activity
have been extensively elaborated on Chapter 2 and Chapter 3. Furthermore, the effects of

aminochitosan on B. cinerea were shown to be significant in Chapter 3.

In brief, the fungicidal activity of CHT has been documented against a range of fungal
pathogens; with minimal inhibitory concentrations differing based on the derivatives of CHT
(Mukarram et al., 2023). Maximal activity is achieved at its pKa (pH 6.0) as suboptimal pH
affects the solubility of chitosan (Kong et al., 2010). Studies have demonstrated the fungicidal
or fungistatic effects of CHT and derivatives by means of fungal inhibition assays against a
variety of fungal pathogens including the following Fusarium species: F. verticillioides, F.
graminearum, F. proliferatum, F. oxysporum f. sp. cubense, F. oxysporum f. sp. niveum, F.
oxysporum f. sp. vasinfectum. These derivatives were assessed for their antifungal activity at
various developmental stages including sporulation, germination and mycelial growth and
were found to significantly inhibit the aforementioned (Guo et al., 2006; Tikhonov et al., 2006;
Liu et al., 2007; Xu et al., 2007; Al-Hetar et al., 2011; Saharan et al., 2013; Luan et al., 2018;
Zachetti et al., 2019).

Additionally, differences in the fungal exterior structural morphology were noted and included
excessive branching, changes in hyphal size, mycelial swelling, and abnormal mycelial shapes.
Further changes in cell morphology included cells with no cytoplasm in the mycelium, large
vesicles and cytoplasm aggregation (Benhamou & Thériault, 1992; ElI-Ghaouth et al., 1992; Al-
Hetar et al., 2011). The antifungal activity of aminochitosan has previously been reported for
Aspergillus niger, F. oxysporum f. sp. cucumerium, F. oxysporum f. sp. niveum, Phomopsis
asparagi, F. graminearum. The results demonstrated that aminochitosan had a higher degree
of inhibitory activity compared to CHT against the fungal pathogens tested (Yang et al., 2012;

Luan et al., 2018). However, a limitation to be noted with the use of aminochitosan in these
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studies is that the polymer was only soluble in a 0.35-1% acetic acid solution. As noted from
the list above, direct fungal inhibition of F. verticillioides by the water-soluble aminochitosan

has not been investigated yet.

5.2.7 Chitosan: a cereal killers killer in planta

Studies on cereal crops have not only investigated derivatives of CHT but also different
methods of treatment and concentrations across a range of plants (Kociecka & Liberacki,
2021). Common methods of applications stated in the review of Kociecka & Liberacki (2021)
include seed soak (short period, 0-6 h), seed soak (long) until germination, foliar spray, soil
treatment/fertilizer, seed soak + foliar spray and seed soak + soil treatment. The results from
testing different methods of application, both within a single type of crop and across different
crops, showed varied outcomes due to the inconsistency in the variables across studies
(Kociecka & Liberacki, 2021).

Nonetheless, irrespective of the method of application and as stated in Chapter 2, CHT and its
derivatives have been shown to induce physiological changes by promoting plant growth and
development as well as eliciting plant defence responses both locally and systemically in
monocots and dicots. This includes the synthesis of secondary metabolites, such as
phytohormones and phytoalexins which have been shown to be involved in the signalling

pathways/network (lula et al., 2022; Mukarram et al., 2023).

Interestingly, a meta-analysis on 58 published articles by Ji et al. (2022) reported that CHT
treatment significantly increased phytohormones by 26.9% (Ji et al., 2022). A variety of studies
have shown that CHT treatment increased the following: GA3 and IAA levels in peanut (Zhou
et al., 2002); JA in rice (Rakwal et al., 2002); JA and ABA in Phaseolus vulgaris (Iriti & Faoro,
2008; Iriti et al., 2009); JA, ABA and ET in tomato (lula et al., 2022), SA in Arabidopsis thaliana,
ABA in rubber tree (Hevea brasiliensis); a JA-mediated defence required kinase gene, JA
synthase gene, two ethylene responsive element binding protein genes and an ethylene
receptor gene in rapeseed (Yin et al., 2006) and benzylaminopurine, IAA and 1-napthol acetic

acid in cucumber (Jogaiah et al., 2020).

Furthermore, CHT was shown to increase phytoalexins in pea cells (Hadwiger & Beckman,
1980), soybean cells (Kdhle, Young & Kauss, 1984), rice suspension cultures (Kuchitsu,

Kikuyama & Shibuya, 1993; Yamada et al., 1993), grapevine (Jeandet et al., 1995; Aziz et al.,
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2006a,b; De Bona et al., 2021), potatoes (Vasyukova et al., 2001), tomato plants (Vasyukova
et al., 2001; lula et al., 2022), cotton seeds (Awadalla & Mahamoud, 2005) and grape (Lucini
et al.,, 2018). However, the effects of aminochitosan on the induction of phytoalexins,
phytohormones and phytohormone-mediated defence pathways have not been investigated

in maize to date.

Additionally, studies assessing the effects of CHT on mycotoxin production, specifically
fumonisins, are limited. No studies have investigated the effects of aminochitosan on
fumonisin production in maize. However, a study by Ferrochio et al. (2014) on maize-based
media assessed the impact of CHT (3.42 kDa, 77.6% DDA in both humans and animals as
detailed in Jackson, DeVries & Bullerman, 1996) at varying concentrations (0.5, 1.0, 2.0, and
3.0 mg/mL) under different water availabilities (0.995, 0.99, 0.98, 0.96, and 0.93) on the lag
phase, growth rate, and fumonisin production of F. verticillioides. At a concentration of 0.5
mg/mL, the combined effects of CHT and water availability were demonstrated a significant
reduction in both the growth rate and fumonisin production on maize-based media. The
maximum levels of reduction for both parameters were achieved at the highest doses tested
(Ferrochio et al., 2014). A later study by Zachetti et al. (2019) also reported that low MW CHT
(3.42 kDa, DDA > 70%) reduced fumonisins production on irradiated maize and wheat at the

lowest concentration of 0.5 mg/g (approximately 0.6 mg/mL).

5.3 Materials and Methods

5.3.1 Biopolymers

The biopolymers, preparations, and concentrations used in this chapter are the same as
previously described in Chapter 3, Section 3.3.3, with the following amendments.
Aminochitosan, specifically diamino 1 (D1), underwent a hydrolysis process (performed by Dr
Shakeela Sayed, Department of Chemistry, UCT) to yield hydrolyzed diamino 1 (HD1, 5 kDa -
14 kDa). Hydrolyzed chitosan with excess salts (CHT + salts) and hydrolyzed CHT from which
the salts were removed (CHT - salts) were used in addition to CHT. The hydrolysis process
yielded oligosaccharides)/oligomers; low MW polymers with a MW < 16 kDa that generally
range between 0.2-3 kDa and a DP < 20 (Lodhi et al., 2014; Verlee, Mincke & Stevens, 2017).
This chapter does not assess the MW fractions, however, the batch-to-batch variants, diamino

2 (D2) and diamino 3 (D3), were assessed. The range of aminochitosan concentrations was
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expanded on from those previously examined in Chapter 3 (0.5, 1, and 2.5 mg/mL) to include
5, 7.5, and 10 mg/mL. Furthermore, an additional acetic acid control was introduced at a

concentration of 0.15% (v/v) for further investigation.

5.3.2 F. verticillioides

Fusarium verticillioides MRC826 strain (Gelderblom et al., 1988) obtained from Pannar Seed
(Pty) Ltd. in South Africa was grown on potato dextrose agar (PDA) for 14 days at room
temperature under 12 h dark/12 h combined UVA and UVC light conditions (2x TUV 8W T5
and 1x TL 8W BLB, Philips, the Netherlands). Control (mock) and spore suspensions were made
in 2% (v/v) Tween 20, with 1 x 10° spores/mL of F. verticillioides (spore suspension) or distilled
water (mock solution). For large quantities of spore suspensions, F. verticillioides was grown
in mung bean broth (MBB). The MBB was made by boiling 40 g of mung beans in 1L of distilled
water for 15 min followed by filtration through four layers of Mira cloth and autoclaving at
121 °Cfor 20 min. The MBB was then inoculated and left to shake for 7 days after which spore

suspensions were harvested by filtering the mycelia and conidia through Mira cloth.
5.3.3 GFP-transformed F. verticillioides

5.3.3.1 Transformation of F. verticillioides protoplasts with GFP

The green fluorescent protein (GFP) encoding gene with its promoter were cloned from
pPRFHUE-GFP (addgene: #89469) into the plasmid pll99 (Addendum Figure S5.3) by Dr Jiang
Tan (Tan, 2021). The following protocols used for isolating protoplasts and transformation was
adapted from Tan et al. (2020) and Ammar et al. (2013). To isolate the protoplasts, the spores
of F. verticillioides grown on PDA for 7 days (see Section 5.8) were harvested in water and
added to 100 mL of potato dextrose broth (Sigma-Aldrich). The final spore suspension
containing 1 x 107 spores/mL was incubated for 16 h at 25 °C and shaking at 175 rpm. The
spores were collected on sterile filter paper and transferred to 20 mL of a protoplast mix
containing 500 mg Driselase (Sigma-Aldrich), 1 mg Chitinase (Sigma-Aldrich), 100 mg lysing
enzyme of Trichoderma harzianum (Sigma-Aldrich) and 0.8 M KCl. The solution was gently
stirred at room temperature for 30 min and then filter sterilized using 0.45 uM Millex-HA filters
and a 20 mL syringe. The solution was incubated for 4 h at 30 °C with 100 rpm shaking. The

protoplasts were then isolated by centrifugation for 10 min at 1500 g and then suspended in
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2 mL of STC buffer containing 1.2 M sorbitol (Sigma-Aldrich), 10 mM Tris/HCI (Sigma-Aldrich)
and 50 mM CacCl; (Sigma-Aldrich) (Abou Ammar et al., 2013; Tan et al., 2020).

For the transformation, a solution containing 100 uL of 2 x 107 protoplasts/mL, 50 uL PEG
buffer (30% (v/v) PEG 8000, 0.5 mM CaCl and 0.01 M Tris/HCI at pH 8), 100 uL of STC buffer
and 10 pg of the pll199 plasmid DNA was gently shaken (20-25 rpm) for 20 min at 25°C. An
additional 2 mL of 30% PEG buffer was added to the solution and shaken for a further 5 min.
Following this, 4 mL of STC buffer was added and the solution inverted to homogenise.
Following this, 600 uL of the solution was then added to 15 mL aliquots of warm regeneration
medium (0.5 g/L yeast extract, 0.5 g/L casein hydrolysate, 5 g/L agar and 275 g/L sucrose) and
poured in 90mm petri dishes. The plates were incubated for 18 h at 28°C. Following
incubation, 15 mL of regeneration medium also containing hygromycin B (200 pg/ml) was
overlayed and incubated for a further 3-5 days at 28 °C until colonies began to form. Colonies
were randomly selected and transferred to a new PDA plate containing hygromycin B (100
ug/ml) and incubated for 4-5 days at 28°C. Mycelia from the transformed plates were
visualized by fluorescence microscopy (Olympus BX-51 microscope) and compared to wild-
type F. verticillioides. The K3/L4 filter cube with excitation between 470-490 nm and
suppression at 515-560 nm was used for GFP fluorescence detection in mycelia. Transformants
with the correct amplicon size was identified using PCR. DNA was extracted from the selected
plates using the CTAB protocol and run on an agarose gel. Positive transformants were

selected and grown on PDA for 14 days after which 30% (v/v) glycerol stocks were made.

5.3.3.2 Assessing the general fitness of the GFP transformants.

GFP-transformants were assessed for growth, sporulation, and pigment formation (see
Section 5.3.4, Figures $5.4 and S5.5) and virulence and effects on plant growth in planta (see

Section 5.3.5, Figures S5.6 and S5.7).
5.3.4 Antifungal assays

5.3.4.1 Mycelial radial inhibition

The direct effects of the biopolymers were assessed as in Section 3.3.6.1 with the following
additions: the final concentrations of the amended media were 0.5, 1, 2.5, 5, 7.5 or 10 mg/mL.
Unamended PDA, water (PDA dilution control), 0.1 and 0.15% (v/v) acetic acid and NaCl at
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concentrations of 25, 50, 100, 200 and 300 mEq were used as controls. Radial growth
measurements (expressed as an average mycelial area in mm?) and macro-photos were taken
post-initiation at days 1-5, and 11. Experiments were performed with between three to five

biological replicates per treatment, per experiment, and repeated twice.

5.3.4.2 Sporulation

The direct effects of the biopolymers were assessed as in Section 3.3.6.2
5.3.5 In planta assays

5.3.5.1 Growth medium: sand sterilisation, sand: SAP mix and F. verticillioides

inoculation

The following protocol was adapted from the protocol used by Dr Noémi de Zutter (LAMP,
Gent University) and Kyndt et al., (2017). Fine white sand was used for both germination and
growth of maize seedlings throughout this chapter. The sand was first sterilised by base/acid
treatment and washing. Prior to washing, the sand was treated with 0.5 % NaOH (1:1 of sand:
NaOH), shaken for 1 h and washed twice with sterile distilled water. The sand was then treated
with 5 % HCI (1:1 of sand: HCI) and washed twice with distilled water. Following base and acid
treatment, the sand was decanted into a conical flask and washed with 4x with distilled water
at a ratio of 1:1 sand: water (Kyndt et al., 2017). Following this, the sand was washed twice
more with milli-Q water. On the second wash, the water was retained and the electrical
conductivity of the water above the sand measured and compared to milli-Q water (< 3us).
The conical flask was then autoclaved and subsequently dried in a 60 °C oven for 1-2 days with
shaking every few hours. The sterile sand was then stored in a sterile airtight container for

later use.

Before being used, the sand was mixed with a synthetic absorbent polymer (SAP).
Approximately 3 g of SAP (Aquaperla®, DCM, Belgium) was added to 300 mL of distilled water
and left to sit for 2 h until the formation of a gel. The gel was then vigorously shaken, mixed
into 2 kg of sterile sand and the sand: SAP mix allowed to dry for 2 days before use. To
inoculate the sand: SAP mix for use, 2 kg of sand: SAP was inoculated with 200 mL of 1 x 107

F. verticillioides spores/mLto achieve a final concentration of 1 x 108 spores/g of white sand.

173



5.3.5.2 Growth medium: Murashige and Skoog (MS) media

1 L of MS media was made by combining 2.15 g of MS salts (Sigma-Aldrich) and 10 mL of MS
vitamins (Sigma-Aldrich) in milli-q water. Subsequently, the pH was adjusted to 5.7 using KOH
and 2.2 g of phytagel (Sigma-Aldrich) added. The mixture was heated until the salts were

dissolved and then autoclaved before pouring the media into the tubs.

5.3.5.3 Plant material: seed sterilisation, inoculation, and germination

Seeds of the maize (Zea mays L.) lines CML144 (KALRO Arid and Range Lands Research
Institute, Kenya), B104 (K2 Klein Karoo Seed Production, South Africa) and LG32017 were
used. Seeds were sterilised using a protocol adapted from Oren et al. (2003) prior to further
use. The seeds were shaken in 20 mL of 100% (v/v) ethanol for 1 min before being soaked in
20 mL of 50% (v/v) commercial bleach for 15 min. After soaking, the seeds were washed 5x
with sterile water. If the seeds were to be inoculated before use, the seeds would be added to
an appropriate volume of 1 x 10° spores/mL in Tween 20 (v/v) or mock solution of Tween 20
(v/v) and shaken for 15-30 min before being dried overnight on sterile filter paper in a sealed
petri dish (Oren et al., 2003). The seeds were then subsequently grown collectively in a large
tray of sand: SAP mix for 3 days until germination or planted in MS media for 14 days until use

for phytoalexin and gene expression analysis.

5.3.5.4 Biopolymer testing: curative vs preventative treatment

Due to a limited stock and availability of the aminochitosan polymers, certain methods of
application in planta were not possible and alternative methods that reduced the amount of
polymer required were chosen. The in planta effects of the biopolymers were investigated
using two different premises for application (Figure 5.4) with the following general overview.
The primary objective of the therapeutic or curative method was to reduce the effects of an
endophytic infection or subsequent infection. This entailed first soaking the seeds with an F.
verticillioides spore suspension, followed by an inoculation with 2.5 mg/mL of D1 or water
(control) 3 days later once the seed had germinated. The preventative method aimed to
prevent an infection from establishing. This method entailed first inoculating the roots of a

germinated seedling with 2.5 mg/mL of D1 or water, followed by transplantation to F.
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verticillioides infected sand:SAP mix distributed in test tubes, grown in a specific set up (Figure

$5.8).

CURATIVE
1x10° spores.mL™' . : :
F verticillioides Plant in sterile Inoculate the Place back in Transplant to
sand:SAP mix to germinated sand:SAP mix to F. verticillioides
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Figure 5.4: A diagram depicting the protocol used to inoculate the seeds or germinated seedlings with both F.
verticillioides and biopolymer/control. Curative Treatment: sterilized seeds were inoculated with 1 x 10°
spores/mL of F. verticillioides, allowed to dry on filter paper and subsequently planted in sterile white sand: SAP
mix and grown in a growth chamber at 27°C. After 3 days, the germinated seedlings were inoculated with a
concentration of a biopolymer/control by soaking the radicle and seed in a petri dish containing
biopolymer/control for 1 min. After 1 min, the seedlings were dried on filter paper for 1 h and then replanted in
the same sterile white sand: SAP mix and grown for a further 5 days in a growth chamber at 27°C. After 5 days,
the 14-day old seedlings were transplanted to sand: SAP mix infected with F. verticillioides at a concentration of
1 x 108 spores/g sand: SAP. Root and shoot samples were harvested and phenotyped at transplantation (T0) as
well as 12 (T12) and 24 (T24) h after transplanting.

5.3.5.5 Phenotyping

The phenotyping platform used in Chapter 3, Section 3.3.7.2 was used to phenotype the roots
and shoots of the maize seedlings at 0, 12 and 24 h after transplantation. However,
photosynthetic parameters of the shoots were not assessed. The GFP signal of GFP-tagged F.

verticillioides was used as a marker for the presence of F. verticillioides in the roots.

5.3.6 Targeted metabolomics

To investigate the effects of curative and preventative biopolymer treatment at TO, T12 and
T24, the following phytohormones and metabolites commonly associated with plant defence
were selected for metabolomic analysis using U-HPLC-MS: indole-3-acetic acid (IAA), salicylic
acid (SA), abscisic acid (ABA), jasmonic acid (JA) and deuterated 6 abscisic acid (d6-ABA,

internal standard).
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5.3.6.1 Sample preparation

The protocol described in Ameye et al. (2015) and Van Meulebroek et al. (2012) was used for
sample preparation. The harvested root and shoot tissue were flash frozen and crushed using
liquid nitrogen. Thereafter, 1 mL of cold (- 20°C) modified Bieleski extraction buffer composed
of methanol, ultrapure water, and formic acid at a ratio of 75:20:5 (v/v/v) and of 100 pg/uL of
the internal standard, deuterium-labelled d6-abscicic acid (OlChemlm, Olomouc, Czech
Republic) was added to 200 mg of each sample. Following this, the samples were vortexed
and subsequently left to cold extract at -20 °C for 12 h. The samples were then centrifuged
and 500 pL of the supernatant transferred to a 30 kDa Amicon® Ultra centrifugal filter unit
(Merck, USA) where the extract was reduced to a quarter of the volume by vacuum (Gyrovap)
at 35 °C and subsequently transferred to an HPLC vial. Finally, 10 uL of each sample was

injected directly into the column (Van Meulebroek et al., 2012; Ameye et al., 2015).

5.3.6.2 U-HPLC-MS

The following protocol was extracted from Ameye et al. (2015) and conducted by Lieven Van
Meulebroek (Merelbeke, Gent University). “The U-HPLC-MS system consisted of an Accela U-
HPLC pumping system (Thermo Fisher Scientific, San Jose, USA), coupled to an Exactive™
Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, USA) and equipped with a
heated electrospray ionization source (HESI), operating in both the positive and negative
mode (switching polarity mode). Chromatographic separation of the compounds was
achieved with a gradient elution program, using a reversed phase Nucleodur Gravity C18
column (1.8 pm, 50 mm x 2.1 mm ID) (Macherey-Nagel, Diiren, Germany). The column oven
temperature was set at 30 °C. The mobile phase consisted of a binary solvent system: 0.1%
formic acid in ultrapure water (solvent A) and methanol (solvent B) at a constant flow rate of
300 pL min 1. A linear gradient profile with the following proportions (v/v) of solvent A was
applied: 0—1 min at 98%, 1-2.50 min from 98 to 60%, 2.50—-4 min from 60 to 50%, 4—5 min
from 50 to 20%, 5—7 min at 20%, 7—7.10 min from 20 to 0%, 7.10—-8 min at 0%, 8—8.01 min
from 0 to 98%, followed by 2 min of re-equilibration. The instrumental parameters for HESI
can be found in Van Meulebroek et al. (2012). The phytohormones were identified by their

accurate masses and retention times relative to d6-ABA.
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5.3.5.3 Data Analysis

Concentrations were determined by fitting the area ratios into a six-point calibration curve
using separate root and shoot matrixes. The data underwent a normality check through the
Shapiro-Wilk test, while equality of variances was assessed using Levene's test. Statistical
significance between the different grouping variables were calculated using Dunn’s post hoc
test with p < 0.05. Soft Independent Modelling of Class Analogy (SIMCA) software (version

14.1 Umetrics; Umea, Sweden) was used for the principal component analysis (PCA).

5.3.7 Mycotoxin analysis: Fumonisins

The mycotoxin analysis was conducted in the laboratory of Prof. Marthe de Boevre. Prof. de

Boevre supplied all chemicals, reagents, equipment, and protocols.

5.3.7.1 Chemicals and reagents

Acetonitrile (ACN), glacial acetic acid (LC-MS grade) and methanol (MeOH, LC-MS grade) were
all analytical grade and obtained from Biosolve B.V. (Valkenswaard, The Netherlands).
Analytical grade n-hexane was obtained from VWR International (Zaventem, Belgium).
Purified Milli-Q water was obtained using a Milli-Q Gradient System (Millipore; Brussels,

Belgium).

The analytical mycotoxin standards for Fumonisins included FB1, FB2> and zearalenone (ZAN)
were obtained from Sigma-Aldrich (Bornem, Belgium) and FBs3 obtained from Promec Unit
(Tygerberg, South Africa). The stock solutions of FB1, FB,, FBsand ZAN were prepared in MeOH
at a concentration of 1 mg/mL. The working standard solutions of 100 ng/uL were made by
diluting the stock standard solutions in MeOH. A FB mixture of FBi, FB,, FBz with a
concentration of 40 ng/uL, 40 ng/uL and 25 ng/uL in the final standard mix were combined.
The mixture was evaporated until dryness at 40 °C under gentle nitrogen flow before 1000 pL
of MeOH was added. The solution was then vortexed and stored in the freezer until use. ZAN

was prepared in MeOH at a concentration of 100 ng/uL.

5.3.7.2 Sample Extraction

The protocol was adapted from Centre of Excellence in Mycotoxicology and Public Health’s
protocol for the determination of mycotoxins in animal feed by LC-MS/MS for use given the

low mass per sample. The samples were ground and spiked with 100 pL of the internal
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standard, ZAN (+ 10 pug/mL), and 50 uL of FB mixture and allowed to equilibrate in the dark
for 15 min. Extraction was performed by adding 5 mL of extraction solvent containing ACN:
water: acetic acid (79:29:1, v/v/v). The samples were then shaken for 1 h using an overhead
shaker (Agitelec, Paris, France) and centrifuged for 15 min at 3300 x g. A C18 column was set
up on a vacuum elution manifold and twice conditioned with 5 mL of acetonitrile/water/acetic
acid (79/20/1, v/v/v) solvent. A 25 mL volumetric flask was placed below the column. The
sample underwent extraction with the solvent, followed by vortexing and agitation for 10 min
and centrifugation for 15 min at 4000 rpm. The resulting supernatant was applied to the C18
column, and the eluent was collected in the volumetric flask. The column was dried for 10 min
under increased vacuum, and the eluent was adjusted to the grade mark with the extraction
solvent. After careful vacuum release, the volumetric flask was removed from the vacuum

elution manifold and closed, and its contents were mixed for subsequent analysis.

5 mL of the supernatant was removed and defatted by adding 2.5 mL of n-hexane, shaken for
15 min with the overhead shaker and centrifuged for 15 min at 4000 rpm. The upper n-hexane
layer was then removed, and the remaining sample filtered and evaporated to dryness at 40
oC under a gentle nitrogen flow. The remaining residue was redissolved in 150 uL of the mobile
phase (A: water/methanol/acetic acid (94/5/1, v/v/v) + 5 mM ammonium acetate and B:
water/methanol/acetic acid (2/97/1, v/v/v) + 5mM ammonium acetate) centrifuged at 4000
rpm. The redissolved residue was then transferred to a centrifuge filter and centrifuged for 5

min at 10 000 rpm before being transferred to an HPLC vial.

5.3.7.3 Liquid chromatography-mass spectrometry (LC-MS)

The identification and quantification of fumonisins involved the utilization of a Waters Acquity
UPLC system coupled with a Quattro Premier XE Tandem Mass Spectrometer (Waters, Milford,
MA, USA). Chromatographic conditions outlined by the Centre of Excellence in
Mycotoxicology and Public Health’s protocol for the determination of mycotoxins in animal
feed by LC-MS/MS. The protocol employed a C18 column (5um 2.1 x 150 mm) preceded by a
guard column (10 mm x 2.1 mm) of similar composition (Waters, Zellik, Belgium). An analyte
injection volume of 10 pL was applied, with mobile phases A and B flowing at a rate of 0.3

mL/min in accordance with a gradient elution program and a total run time of 28 min.
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Instrument control and data processing were executed using Masslynx version 4.1 and

Quanlynx version 4.1 software (Manchester, UK).

5.3.8 Fungal quantification: DNA extraction and quantitative PCR (qPCR)

Ground root and shoot maize tissue as well as F. verticillioides mycelia were used for DNA
extraction. DNA was extracted using a modified CTAB protocol and a gqPCR protocol from
Korsman et al. 2012. The plant membrane protein PB1A10.07c (ZmMEP) (Manoli et al., 2012)
and the fungal gene elongation factor 1a (FVEF1a) (Nicolaisen et al., 2009) genes were used
as reference genes for quantification (Table 5.3). Dilutions of F. verticillioides DNA in mock
inoculated CML144 maize DNA were used to quantify FVvEFla levels and dilutions of mock
inoculated CML144 maize were used to quantify ZmMEP. The qPCRs were performed using
the FAST gqPCR Master Mix (2X) Kit (Kapa Biosystems, Wilmington, USA) to set up 10 puL
reactions and run on the Rotor-Gene™ 6000 (Corbett Life Science, Sydney, Australia) for 30
cycles: 95 °C for 3s, 60 °C for 20s, 72 °C for 1 s. Standard curves were obtained from the Rotor-
Gene™ 6000 series software (version 1.7) and used to determine the ratio of fungal DNA in

plant DNA (F. verticillioides DNA/maize DNA (ng/ug) (Korsman et al., 2012).

Table 5.3: Plant and fungal specific primers used for fungal quantification (QqPCR) and gene expression (RT-gPCR).

Amplic
Gene name Transcript ID Fo.rward (,F) ) Re.verse (!‘) , onsize  Reference
primer (5’ - 3’) primer (5’ - 3’)
(bp)
F primer: Schmelz et al.,
TGTTCTTGTGAAG CAGACACGTTTGC 2011; R primer: designed
ZmAN2 GRMZM2G044481 GCAGTTC TTGTCATG 217 from sequence on
MaizeGDB
TTTCAGCTCATCG CGTCAAGAGGTG Designed from sequence
ZmCYP818A GRMZM2G087875 CACGCTG GTGGAGC 120 on MaizeGDB
GAAGCATCCAGG GAGGTACACATG -
ZmKO GRMZM2G161472 CAGTGAAC CAACGGGT 146 Christie et al., 2017
Candidate ACTCATCTCCGCT  ACCGGGGAGTTG
enes isti
8 ZmKSL2 AC214360.3_FG001 CACGAAT ATCTTCTT 89 Christie et al., 2017
AGTTCAGCAGTG CCGGTCTAGGGT
ZmKSL4 GRMZM2G016922 AGTCCAGC GGTGTAGA 248 Moola, 2016
CTCTCGCTGAAGG CTTGC GCCA Designed from sequence
ZmTpsi GRMZM2G049538 CGGTCTG GAGCTAACCTCA 156 on MaizeGDB
GAAATGCGACAA  TCTTGAAGGCATC
ZmTPS11 GRMZM2G127087 AGGGCT TCGTAGTA 398 Huffaker et al., 2011
ZmMEP GRMZM2G018103 TGTACTCGGCAAT  TTTGATGCTCCAG 203 Manoli et al., 2012
Reference GCTCTTG GCTTACC
genes AGCCAAAACGCT  TAAGTGACGAGC
ZmRpol GRMZM2G034326 AAAGTGGA AAGGCAAA 175 Ma et al., 2006
CGTTTCTGCCCTC ~ TGCTTGACACGTG Lo
FVEFla TCCCA ACGATGA Nicolaisen et al., 2009
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5.3.9 Gene expression: RNA extraction and RT-qPCR

RNA was extracted from ground maize tissue using the PureLink® Plant RNA Reagent (Thermo
Fisher Scientific, Waltham, USA) according to the manufacturers instructions for <100 mg
tissue. The cDNA was synthesized from 1000 ng RNA/sample using the Maxima First Strand
cDNA Synthesis Kit for RT-gPCR with dsDNase (Thermo Scientific, Waltham, USA) according to
the manufacturer’s instructions. Serial dilutions of the pooled RNA samples were made to
generate a standard curve. The KAPA SYBR® FAST gPCR Master Mix (2X) Kit (Kapa Biosystems,
Wilmington, USA) was used to set up 10 pL reactions where 1 pL unpooled cDNA of unknown
concentration was added to each reaction. RT-qPCR analysis for gene expression was carried
out on the Rotor-Gene™ 6000 (Corbett Life Science, Sydney, Australia) using the primers for
the candidate and reference genes in Table 5.3. Samples were run for 40 cycles: 95 °C for 3 s,
60 °C for 20 s and 72 °C for 1 s. The Rotor-Gene™ 6000 series software, version 1.7 was used
to obtain standard curves for relative gene expression measurements and for
melt/dissociation curve analysis. Data was analysed using gBase+ software (Biogazelle,
Zwijnaarde, Belgium — www.gbaseplus. com). Reference genes with a stability value (M) less
than 1 and a coefficient of variation (CV) less than 0.5 were accepted as stable reference

genes.
5.3.10 Phytoalexin accumulation: Gas chromatography-mass spectrometry (GC-MS)

Approximately 100 mg maize tissue of each replicate was finely ground in liquid nitrogen and
was sent on dry ice for phytoalexin analysis at the Chemistry Research Unit, Centre for
Medical, Agricultural, and Veterinary Entomology, United States Department of Agriculture—
Agricultural Research Service (USDA—-ARS) in Gainesville, USA. Phytoalexins were solvent
extracted, methylated, collected on a polymeric adsorbent using vapor phase extraction (VPE),
and analysed using GC/isobutene chemical ion mass spectrometry (CI-MS) as previously
described (Schmelz et al.,, 2011). Metabolite quantification was based on U-13C-18:3

(Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA) as an internal standard.

5.4 Results

The effects of F. verticillioides infection on maize roots and shoots were first characterized in

CML144 before the application of aminochitosan.
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5.4.1 F. verticillioides grows preferentially in the roots of CML144 maize

seedlings

As F. verticillioides is characterized by both its predominantly root affecting and asymptomatic
presentation, the root and shoot tissue of the CML144 maize line were assessed for fungal
growth at 10- and 14-days post inoculation (dpi) (Figure S5.2) by means of qPCR. Figure 5.5
displays higher average F. verticillioides growth in roots at 10 dpi (52.6 ng/ug) than at 14 dpi
(25 ng/ug). The fungal growth displayed significantly higher growth in the roots compared to
the shoots at 14 dpi (3.04 ng/ pg) with no fungal growth in the shoots at 10 dpi. No growth

was detected in the mock inoculated root or shoot tissue.
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Figure 5.5: In planta quantification of F. verticillioides growth in 10 and 14-day old CML144 maize roots. Growth
was quantified using FVEF1a and MEP primers and measured by qPCR of mock inoculated and F. verticillioides
inoculated CML144 maize roots (mean + SD; n= 3). Statistical significance was determined by Kruskal-Wallis test
followed by Dunn’s post hoc test, p < 0.05.

5.4.2 Do fumonisins accumulate in the root tissue of CML144 and B104
seedlings?

Given that F. verticillioides growth was greater in the roots than the shoots at 10 and 14 dpi
(Section 5.4.1), the accumulation of fumonisin B1 (FB1), fumonisin B, (FB2) and fumonisin Bs

(FBs) were quantified in the root tissue of mock and F. verticillioides inoculated root tissue of

the maize lines, CML144 and B104 using LC-MS.

From Table 5.4, the mean accumulation of fumonisins in CML144 at 14 dpi was the greatest
for FB1 at 4098 + 2925 pg/kg. FB; and FBs displayed significantly lower mean levels at 411 +
181



178 pg/kg and 130 = 92 ug/kg, respectively. In contrast to 14 dpi, 10 dpi displayed lower
accumulation of the fumonisins with some of the replicates being below the LOQ. The
accumulation of fumonisins in B104 was not consistent for all the biological replicates at 10
dpi, which was similarly seen for CML144 at 10 dpi. Therefore, 10 dpi appears to be a key

turning point for fumonisin production (Table 5.4).
Table 5.4: The levels of F. verticillioides mycotoxins, namely, Fumonisin B1 (FB1), Fumonisin B2 (FB2) and

Fumonisin B3 (FB3) in F. verticillioides inoculated root tissue of CML144 and B104 maize lines at 10- and 14-days
post inoculation (dpi).

Maize line  Time (days) Infection FB; (ng/kg) FB, (ug/kg) FBs (ug/kg)
CML144 10 Mock <L0Q <L0Q <L0Q
CML144 10 Mock <L0Q <L0Q <L0Q
CML144 10 Mock <LoOQ <LOQ <L0Q
CML144 10 Infected 350.40 <LOQ 29.23
CML144 10 Infected 89.28 <LoQ <L0Q
CML144 10 Infected <LoOQ <LOQ <L0Q
CML144 14 Mock <LOQ <LOQ <LOQ
CML144 14 Mock <LOQ <LOQ <LOQ
CML144 14 Mock <L0Q <L0Q <L0Q
CML144 14 Infected 7451.66 546.90 236.03
CML144 14 Infected 2071.02 208.60 71.35
CML144 14 Infected 2772.12 476.00 82.25
B104 10 Mock <LOQ <LOQ <L0Q
B104 10 Mock <LOQ <LOQ <L0Q
B104 10 Mock <LOQ <LOoQ <L0Q
B104 10 Infected 1266.49 216.60 93.62
B104 10 Infected 185.58 36.90 <L0Q
B104 10 Infected <LOQ <LOQ <LOQ
LOQ 31.84 24.37 23.18

5.4.3 Phytoalexins accumulate preferentially in F. verticillioides infected root

tissue

CML144 maize roots and shoots were assessed for the accumulation of phytoalexins, prior to
aminochitosan treatment, establishing basal levels of phytoalexins in these tissues. Maize
seeds inoculated with F. verticillioides were grown on MS media in tubs for 10 and 14 dpi. The

roots and shoots were assessed separately for phytoalexin accumulation by GC-MS (Figures

5.6 and S5.1).
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Figure 5.6: GC-MS analysis of total kauralexin accumulation in CML144 roots 10- and 14-days post F. verticillioides
seed inoculation (dpi). Error bars indicate standard deviation (SD). An unpaired t test was performed on log10-
transformed phytoalexin data to measure statistical significance between control and treatment *=p<0.05, n= 3.

Root and shoot tissue were analyzed for the accumulation of kauralexins and zealexins in
Figure 5.6 and S5.1, respectively. All six metabolites in the kauralexin A and B series were
detected using GC-MS whereas only zealexins Al (of A1, A2, A3, A4) and B1 could only be
detected in root and shoot tissue (Table S5.1 and S5.1). The total kauralexins and zealexins
did not accumulate significantly in shoot tissue (Figure S5.1 and Table S5.2). The total
kauralexins (A and B) accumulated significantly at 10 dpi and 14 dpi whereas the total
zealexins (A and B) only accumulated to significantly higher levels at 14 dpi in root tissue
(Figure 5.6 and Table S5.1). Furthermore, kauralexins accumulated at significantly higher
levels in root mock samples at 10 and 14 dpi (1.17 and 0.90 pg/g FW respectively) than in
shoot mock samples at 10 and 14 dpi (0.21 and 0.82 pg/g FW respectively) (Table S$5.1 and
$5.2). The same was observed for root F. verticillioides inoculated samples at 10 and 14 dpi
(16.14 and 35.51 pg/g FW respectively) compared to shoot F. verticillioides inoculated samples
at 10 and 14 dpi (2.67 and 11.91 pg/g FW respectively) (Table $5.1 and S5.2).

In both root and shoot tissue at 10 and 14 dpi, total kauralexins accumulated to higher levels
than total zealexins (Table S5.1 and S5.2). Moreover, higher accumulation of individual and
total kauralexins and zealexins were observed at 14 dpi than at 10 dpi for the F. verticillioides
inoculated roots while the mock inoculated roots displayed no difference between 10 and 14
dpi (Table S5.1). The average total kauralexin and zealexin accumulation levels following
fungal inoculation was compared to F. verticillioides colonization levels (Section 5.4.1) and the
highest CML144 ratio was at 14 dpi (0.7). Phenotypically at 14dpi, roots inoculated with F.

verticillioides were stunted compared to the mock roots and appeared browner than mock
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roots (Figure S5.2). The mock roots also exhibited a more diverse root network, consisting of

many seminal and lateral roots compared to the F. verticillioides inoculated roots.

5.4.4 Putative phytoalexin biosynthetic genes accumulate significantly in F.

verticillioides infected roots

In order to validate the kauralexin and zealexin accumulation observed in the root and shoot
tissue at 14 dpi (see Section 5.4.3), the expression of the following candidate kauralexin and
zealexin biosynthetic genes were analysed in the root and shoot tissue of mock/F.
verticillioides inoculated seedlings at 14 dpi (Figure 5.7): copalyl diphosphate synthase gene,
ZmAn2; Cytochrome p450 monooxygenases genes, ZmCYP818A and ZmKO; terpene synthase
genes, ZMTPS1 and ZmTPS11 and putative kauralexin biosynthetic genes encoding kaurene

synthase-like enzymes, ZmKSL2 and ZmKSL4.
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Figure 5.7: Gene expression of candidate phytoalexin biosynthetic genes in mock/F. verticillioides inoculated
CML144 maize root and shoot tissue. ZmMMEP and ZmRPol were used to normalization. Significance is denoted
by * = p < 0.05 and ** + p< 0.01 (unpaired t-test, n = 3).

From Figure 5.7, CYP818A, ZmTPS1, ZMKO, ZmKSL2 and ZmKSL4 were significantly

upregulated in F. verticillioides inoculated root tissue and not in shoot tissue. ZmAn2 was not
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significantly upregulated but did display elevated expression levels in F. verticillioides
inoculated tissue in both roots and shoots. ZmTPS1 was the only candidate gene to be

significantly upregulated in F. verticillioides inoculated shoots and not roots (Figure 5.7).

5.4.5 Antifungal effects of aminochitosan: diamino 1 (D1) outperforms

hydrolyzed diamino 1 (HD1)

The investigation into the effects of aminochitosan in the maize/F. verticillioides pathosystem
preceded the work in Chapter 3 and preceded the synthesis of the batch-to-batch variants.
Therefore, the investigation began with an exploratory analysis of the minimum concentration

required for at least 50% inhibition of radial growth and sporulation.

The antifungal effects of aminochitosan, diamino 1 (D1) and hydrolyzed diamino 1 (HD1) were
investigated for their antifungal effects on mycelial radial growth 5 days after incubation (dai)
by analysing the percentage inhibition radial growth (PIRG%) and the percentage inhibition of
sporulation (PI1S%), 11 dai (Figure 5.8 and Table 5.6). The effects on sporulation were assessed
11 dai due to the absence of spores on the PDA controls at 5 dai when the radial mycelial

growth reached the edge of the plate.
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Concentration (mg/mL)

Hydrolysed diamino 1

Diamino 1

PDA Water
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Hydrolysed diamino 1

Diamino 1

PDA Water

Figure 5.8: The direct antifungal effects of diamino 1 and hydrolyzed diamino 1 on F. verticillioides growth
compared to the controls (unamended PDA and a water dilution control), 5 days after incubation (dai) (A) and
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11 dai (B). The images represent one of five biological replicates. The experiment was repeated twice. (C) Close-
up images of the radial growth on 2.5, 7.5 and 10 mg/mL of diamino 1 amended PDA. The images at the bottom
were taken with a stereo microscope.

After 5 and 11 dai, a clear phenotypic difference between D1 and HD1 was visible in the
mycelial radial growth and morphology as seen with an increase in the concentration (Figure
5.8A and B). As compared to the PDA control and HD1, excessive branching of mycelium with
a “hair-like” appearance, extending upwards and outwards was observed for D1 (Figure 5.8C).
At concentrations greater than 5 mg/mL of D1, the outward growth of the mycelia appeared
to preferentially not touch the media. Instead, the mycelia appeared to be suspended above
the media with sporadic lengthy projections anchored to the media. Over time and with an
increase in condensation within the environment of the plate, the outward growth would
eventually “drop” onto the media due to the moisture on the mycelia (Figure 5.8C). No
phenotypic differences were observed for HD1 compared to PDA at all concentrations

evaluated at 5 and 11 dai.

In contrast to the effects induced by D1 and compared to the PDA control, no significant
differences in the PIRG% and PIS% were observed for all concentrations of HD1 analyzed
(Table 5.5). However, a significant increase in the number of spores/mL was observed for all
concentrations of HD1 analyzed (Table 5.5). Overall, 1 mg/mL of D1 appeared to be the
optimal concentration for greater than 50% inhibition in mycelia radial growth and sporulation

while HD1 was not inhibitory at all concentrations evaluated.
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Table 5.5: The effects of different concentrations of diamino 1 and hydrolyzed diamino 1 on the average mycelial
radial inhibition and sporulation of F. verticillioides 11 days after incubation.

Radial Inhibition Sporulation
Treatment Cor(l;egl}t;aL’gion (Gr;?nvz’;l’lizr;a PIRG (%) Spores/mL + SD PIS (%)
PDA 0 490.87 £ 0.00 (01 201 667 £47 082 0®
1 177.57 £43.43 64° 116 667 5774 43b
2.5 17.2+15.38 97° 0.00 +0.00 100¢
Diamino 1 5 22.14 +20.28 96° 0.00 £ 0.00 100¢
7.5 12.81 +16.07 o8Pk 0.00 £ 0.00 100¢
10 0.00 £ 0.00 100° 0.00 £ 0.00 100¢
PDA 0 490.87 £ 0.00 0@ 201 667 £ 47 082 0®
1 490.87 £ 0.00 0@ 648 334 £ 90 899 -204k¢
2.5 490.87 £ 0.00 (01 665 750 £ 129 119 -223bc
"('j‘i’:;:’i'r‘]’éeld 5 490.87 £0.00  0° 828 750 + 98 155 -308°¢
7.5 490.87 £ 0.00 0@ 597 917 £ 146 650 -196°
10 490.87 £ 0.00 (o) 615 834 £ 142 449 -205°¢

PIRG% = percentage inhibition of radial growth (PIRG), and PIS% = percentage inhibition of sporulation (PIS). A
negative PIS% indicates growth greater than the control. Statistical significance was calculated between
concentrations for each polymer. Means + SD (standard deviation) followed by the same superscript letter are
not significantly different from each other. Different letters indicate significant differences between
concentrations. The presence of two letters indicates either similarity or difference across multiple
concentrations for that polymer (Kruskal-Wallis test followed by Dunn’s post hoc test, p < 0.05). The values shown
are the average of three experiments.

5.4.6 Are salts affecting the antifungal activity?
Given the significant differences in the inhibitory properties of D1 and HD1, an investigation
into the intrinsic properties of CHT was performed. It was hypothesized that the differences
in the efficacy between D1 and HD1 was due to a high concentration of salt in HD1, thus
reducing the accuracy of the concentrations assessed as majority of the dissolved solute
would be salt. Moreover, the salt may contribute to the observed increase in sporulation. As
a result, native CHT was compared to hydrolyzed CHT + salts (excess salts not removed) and
hydrolyzed CHT - salts (salts removed). Due to the solubility challenges of CHT, the highest
concentration of CHT assessed was 5 mg/mL. NaCl was used as a control for the minimum
inhibitory salt concentration. From Figure 5.9 and Table 5.6, 200 mEqg of NaCl is the
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concentration where a significant decrease in the PIRG% was observed. At 300 mEq of NaCl,
complete inhibition was observed (Figure 5.9 and Table 5.6). Conversely, a concentration-
dependant increase in PIS% was observed between 25-200 mEq of NaCl, while no spores were

observed at 300 mEq.

Concentration (mg/mL)

1 2.5 5

Chitosan

Chitosan + salts

Chitosan - salts

Controls

PDA 0.15% 0.1%
acetic acid acetic acid

25 mEq 50 mEq 100 mEq 200 mEq 300 mEq
NaCl NaCl NaCl NaCl NaCl

Figure 5.9: The radial inhibition effects of chitosan (CHT), hydrolyzed chitosan + salts (CHT + salts), hydrolyzed
chitosan — salts (CHT — salts), and the controls (PDA, 0.15% (v/v) acetic acid, 0.1% (v/v) acetic acid and the salt
control, NaCl) on the growth of F. verticillioides, 5 days after incubation (dai). The images represent one of five
biological replicates. The experiment was repeated twice.
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Table 5.6: The effects of different concentrations of diamino 1 and hydrolyzed diamino 1 on the average mycelial
radial inhibition and sporulation of F. verticillioides, 5 and 11 days after incubation respectively.

Radial Inhibition Sporulation

Concentration Growth area (mm?)

Treatment (mg/mL) +5D PIRG (%) Spores/mL = SD PIS (%)
PDA 0 490.87 +0.00 o® 201 667 £47 082 (o)
0,15% acetic acid 0 304.86 +16.77 38° 56 667 + 15 276 72°
0.1% Acetic acid 0 327.26 £32.30 34> 131 667 £ 68 405 35
0.5 346.3 + 152.04 30%° 195 900 + 43 285 32
Chitosan 1 63.09 + 11.81 88 107 063 £ 95 460 47%®
2.5 73.35+18.4 86 133 188 + 121 047 34ake
5 70.03£8.54 86 0.00 +0.00 100°¢
PDA 0 490.87 £ 0.00 o® 201 667 £47 082 (o)
25 383.87 +101.27 223 145 667 + 137 791 28°P
50 490.87 £ 0.00 0® 279700 = 76 801 -3g%®
NaCl (mEq) 100 490.87 £ 0.00 0® 362 534 + 164 959 -79%
200 207.19 £ 179.66 58° 405 834 +20 208 -101°
300 0.00+0.00 100°¢ 0.00+0.00 100¢
PDA 0 490.87 £ 0.00 0® 201 667 + 47 082 0°
0,15% acetic acid 0 304.86 + 16.77 38k 56 667 + 15 276 72°
0.1% Acetic acid 0 327.26 +32.30 34 131 667 £ 68 405 35k
1 184.55 £ 25.26 63¢ 33334+17225 84bcd
Chitosan - salts 2.5 47.38 £ 15.52 9]¢ 3750%6275 99«
5 15.62 + 10.79 974 1667 +2797 100¢
PDA 0 490.87 £ 0.00 0° 201 667 + 47 082 0°
0,15% acetic acid 0 304.86 + 16.77 38k 56 667 + 15 276 72°
0.1% Acetic acid 0 327.26 +32.30 34 131 667 + 68 405 35k
Chitosan + salts 1 365.49 +25.12 26° 44 167 + 37 739 79°
2.5 315.14 + 45.80 36° 54584 + 43 024 730

PIRG% = percentage inhibition of radial growth (PIRG), and PIS% = percentage inhibition of sporulation (PIS). A
negative PIS% indicates growth greater than the control. Statistical significance was calculated between
concentrations for each polymer. Means + SD (standard deviation) followed by the same superscript letter are
not significantly different from each other. Different letters indicate significant differences between
concentrations. The presence of two letters indicates either similarity or difference across multiple
concentrations for that polymer (Kruskal-Wallis test followed by Dunn’s post hoc test, p < 0.05). The values shown
are the average of three experiments.

While the inhibitory effect of CHT + salts was notably significant when compared to the PDA
control, it did not exhibit the same level of inhibition when compared to CHT - salts and CHT

(Figure 5.9 and Table 5.6). This difference in efficacy becomes evident when comparing the
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concentrations. Specifically, 5 mg/mL of CHT + salts displayed an inhibition level equivalent to
that of 1 mg/mL of CHT - salts (Table 5.6). Furthermore, the PIRG% of the acetic acid controls
compared to 1, 2.5 and 5 mg/mL were not significantly different to each other. Conversely to
CHT + salts, CHT - salts displays similar efficacy to CHT across the concentrations (Table 5.6).
When comparing the effects of treatment on PIS% however, CHT - salts were more effective

at reducing the number of spores than CHT at the concentrations of 1 and 2.5 mg/mL.

The effects of acetic acid were significantly different to the PDA control at both 0.15% and
0.1% with a marginally greater difference at 0.15%. The acetic acid controls were not
significantly different to 0.5 mg/mL on radial growth for CHT, hydrolyzed CHT +/- salts. The
acetic acid controls were significantly inhibitory on sporulation when compared to CHT (1 and

2.5 mg/mL), CHT - salts (1 mg/mL) and CHT + salts (1, 2.5 and 5 mg/mL).

5.4.7 The antifungal effects of aminochitosan batch-to-batch variants: D2 and

D3

In Chapter 3, it was established that differences in the efficacy of the batch-to-batch variants,
D1 and D2, were notable. Due to those notable differences in the tomato/B. cinerea
pathosystem, the efficacy of D2 and D3 were additionally assessed on the growth and

sporulation of F. verticillioides and compared to the effects of D1 and CHT.

As observed in Sections 5.4.5 and 5.4.6, there were no statistically significant differences in
PIRG% between the concentrations of 2.5 —5 mg/mL. As such, D2 and D3 were only assessed
at the concentrations of 0.5, 1, and 2.5 mg/mL. Phenotypic differences between 5 and 11 dai
were visible and distinct for CHT, D2 and D3; much like in 5.3.1 and 5.3.2. These phenotypic
differences were particularly different for the higher concentrations evaluated in Figure 5.10

where an increase in radial inhibition with an increase in concentration was also visible.

Table 5.7 shows that D2 and CHT exhibited similar and significant PIRG% at 1 and 2.5 mg/mL.
in contrast, D3 displayed a lower and nonsignificant PIRG% at 1 mg/mL but significant PIRG%

with a similar magnitude at 2.5 mg/mL (Table 5.7).
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Table 5.7: The effects of different concentrations of chitosan, diamino 1, diamino 2 and diamino 3 on the average
mycelial radial inhibition and sporulation of F. verticillioides, 5 and 11 days after incubation respectively.

Radial Inhibition Sporulation
Treatment Co?r;egr}tr;al-t)ion (C-]nr]cr)nvz';iasrga PIRG (%) Spores/mL + SD PIS (%)
PDA 0 490.87 £ 0.00 0° 201 667 + 47 082 0°
0,15% acetic acid 0 304.86 +16.77 38° 56 667 + 15 276 72°
0.1% Acetic acid 0 327.26 £32.30 34> 131 667 £ 68 405 35
0.5 346.3 £ 152.04 30%° 195 900 + 43 285 3°
1 63.09 £ 11.81 88 107 063 £ 95 460 47%°
Chitosan
2.5 73.35+18.4 86 133188+121 047 342
5 70.03+8.54 86 0.00+0.00 100°
PDA 0 490.87 + 0.00 0® 201 667 + 47 082 0?
0.5 255.71 £53.12 28b NA NA
Diamino 1 1 177.57 +43.43 64° 116 667 £ 5774 43°
2.5 17.2 +15.38 97° 0.00+0.00 100¢
PDA 0 490.87 +0.00 o® 201 667 +47 082 (o)
05 450.6 £ 90.04 9° 95 400 + 25 300 53
Diamino 2 1 60.87 + 38.32 88k 116 100 + 8 153 43°
25 27.63+19.20 g5P 134 500 + 22 961 342k
PDA 0 490.87 + 0.00 0° 201 667 + 47 082 0°
05 422,74 +152.34 142 309000+116947  -53°
Diamino 3 1 342.75 +202.82 31° 237500+ 42 764 -172
25 60.77 £ 21.20 88k 373100+ 187912  -85°

PIRG% = percentage inhibition of radial growth (PIRG), and PIS% = percentage inhibition of sporulation (PIS). A
negative PIS% indicates growth greater than the control. Statistical significance was calculated between
concentrations for each polymer. Means + SD (standard deviation) followed by the same superscript letter are
not significantly different from each other. Different letters indicate significant differences between
concentrations. The presence of two letters indicates either similarity or difference across multiple
concentrations for that polymer (Kruskal-Wallis test followed by Dunn’s post hoc test, p < 0.05). The values shown
are the average of three experiments.

Furthermore, the PIS% for D2 and CHT were similar at 1 mg/mL. However, a decrease in the
PIS% with an increase in concentration was observed for D2 instead of an increase with
increasing concentrations as seen for CHT (Table 5.7). Additionally, D2 displayed greater PIS%
at 0.5 mg/mL than CHT at 0.5 mg/mL. Conversely to D2 and CHT, D3 did not display any
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inhibition on sporulation at all concentrations evaluated and instead displayed an increase in

sporulation (Table 5.7).

A Day 5

Concentration (mg/mL) Concentration (mg/mL)

Chitosan
CHT

Diamino 2
D2

Diamino 3
Controls D3

PDA acetic acid
B Day 11
Concentration (mg/mL) Concentration (mg/mL)

Chitosan

Diamino 2

Diamino 3

0.1%
acetic acid

PDA

Figure 5.10: The direct effects of chitosan (CHT) and aminochitosan batches (diamino 2 (D2) and diamino 3 (D3))
on F. verticillioides growth at 5 days after incubation (dai) (A) and 11 dai (B). An overview of the phenotypic
effects relative to the controls (PDA and 0.1% (v/v) acetic acid) and a more detailed image are shown. The images
represent one of five biological replicates. The experiment was repeated once.

5.4.8 Phenotyping the in planta effects of diamino 1 in maize roots vs shoots

As no prior in planta plant studies on aminochitosan had been conducted, this was an

exploratory analysis into the in planta effects of D1. HD1 was not assessed further given the
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lack of antifungal activity while D1 was assessed at one concentration, 2.5 mg/mL, by two
methods of application (Figure 5.6). The 2.5 mg/mL concentration was chosen for the analysis
as the higher concentrations were not statistically different; they displayed the greatest

inhibitory effects in the lower range of concentrations (Section 5.4.5).

The maize seedlings were treated “preventatively” with water or 2.5 mg/mL diamino 1 before
being mock or F. verticillioides inoculated. Figure 5.11 displays images captured by camera.
Phenotypically, a change in the length of the shoots as well as the length and density of roots
was visible with the establishment of an infection at 14 dpi (Figure 5.11). Roots were less
dense and shorter with browning in successful infections. Additionally, seeds that were F.
verticillioides inoculated displayed purple growth of F. verticillioides on the surface of the seed

and a red discolouration.

Water treated + mock inoculated Water treated + F. verticillioides inoculated

Figure 5.11: CML144 maize seedlings at 14 days post inoculation (dpi) after preventative treatment with water
or diamino 1 and inoculation with water or F. verticillioides.

Furthermore, diamino 1 treated + mock inoculated shoots appeared consistent in shoot length
whereas the water-treated + mock inoculated seedlings displayed variable shoot lengths.
Compared to the water-treated + F. verticillioides inoculated seedlings, the diamino 1 treated

+ F. verticillioides inoculated seedlings displayed less stunting of growth with longer and more
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dense roots. However, the above data is qualitative and was only conducted on 6 biological

repeats.

5.4.9 Does aminochitosan modulate phytohormones production?

Two methods of aminochitosan applications were assessed at two time points to identify and
understand the differences in defence response regulations with each method and the
benefits thereof. To assess the effects of D1 and HD1 on the priming of plant hormones in
root and shoot tissue, aminochitosan was applied preventatively and curatively (therapeutic)
at a concentration of 2.5 mg/mL (Figure 5.6). The phytohormone analysis was conducted on

the CML144 maize line.

Two independent targeted analyses were conducted on both root and shoot tissue. An initial
trial analysis with 6 biological replicates was performed on 14-day-old root tissue for
optimization of the extraction protocol. The following metabolites were targeted: indole-3-
acetic acid (IAA), salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA), hexenylglucoside,
zeatin, 2,4-Dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) and deuterated 6 abscisic
acid (d6-ABA, internal standard). The initial trial analysis displayed variation in the regulation
of the hormones across the treatments between root and shoot tissue (data not displayed).
Therefore, three time points, 0 h (T0), 12 h (T12) and 24 h (T24), were chosen to analyse the
regulation and quantification by U-HPLC-MS of the above stated plant hormones at 3 earlier
time points after treatment. TO was subsequently excluded from the analysis as an error
occurred during U-HPLC-MS process that resulted in the samples not being processed. The
plant hormones, hexenyl glucoside, zeatin, and DIMBOA were excluded due to being lower

than the limit of quantification.

Multivariate data analysis namely, Principal Component Analysis (PCA), was performed to
determine any natural data groupings, relationships, or outliers with the inclusion of variables
(metabolites) as vectors. These vectors indicate the direction and magnitude (by length) of
each variable’s correlation with PC1 and PC2. Variables that are closer to each other are
strongly correlated and variables that are closer to a PC axis are more associated with that PC
axis. The PCA score plots for T12 in Figure 5.12A do not show any clear groupings of
treatments, infection, or methods of treatments due to large variations between the biological

replicates (as only 3 biological replicates were used). The total variance explained by the two
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PC axes is 64.1%. However, the PCA score plots for T24 show a marginally clearer separation
of samples by infection and methods of treatment. In Figure 5.12B, D1 and HD1 applied by
the preventative method + F. verticillioides inoculated samples cluster separately to the mock
inoculated samples and curatively treated samples and have a positively corelated

relationship with SA.

@ Di_infected_curative D1_mock_contral HD1_infected_preventative W_infected_control

Treatment
@ Di_infected_preventative HD_infected_curative HD1_mock_control W_mock_control

A T12 B T24

]

ABA

PC2 (27.5%)

[

0

[*]

4 2

[*]
o

0 -2
PC1 (36.6%) PC1 (53.6%)

Figure 5.12: Principal component analysis (PCA) score plots of the metabolites (JA, SA, ABA and IAA) at different
time points in root The plots represent the data points from different sampling time points: A=12 h (T12),B =
24 h (T24). The plots also display the variables (metabolites) as vectors. They convey information about the
relationship between the variables and the principal components. The data compares polymers and control
(diamino 1, hydrolyzed diamino 1 and water), types of treatment (preventative, curative, control) and infection
(mock, F. verticillioides).

Conversely, the mock inoculated samples of D1, HD1 and water, cluster separately from the
above, but do cluster together with the HD1 and D1 curative method + F. verticillioides
inoculated samples (Figure 5.12B). The JA vector is closer to the PC1 axis and is therefore more

associated with it, and the total variance explained by PC1 and PC2 is 78.8 %.

From Figure 5.13, JA and SA are regulated antagonistically as seen by the inverse accumulation
at 12 and 24 h. For both the curative and preventative methods, SA levels were higher at 12 h
than 24 h while JA levels were lower at T12 and T24. At T24 for the preventative method, a
significant fold change for JA was obserevd for HD1 and D1 at 4.09 and 3.55 respectively (p <
0.05) with a greater effect being seen for the preventative method compared to the curative

method (Figure 5.13). No clear effect can be observed for SA and ABA at both T12 and T24 for
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the curative and preventative methods or controls. For IAA, a significant fold change of 1 was

observed at T12 for D1 treated + mock inoculated (control) samples relative to water.
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Figure 5.13: Analysis of plant hormones in tomato leaflets after treatment with the polymers using different
methods (curative, preventative) at 12 and 24 h after F. verticillioides or mock inoculation (control). The peak
area relative to the internal standard (ISTD, d-6 ABA) is shown. Abbreviations: jasmonic acid (JA), salicylic acid
(SA), abscisic acid (ABA and indol-3-acetic acid (IAA). Significant differences between biopolymer treatments for
each time point are shown with different letters. Significance was determined by Kruskal-Wallis test followed by
Dunn’s post hoc test, p < 0.05). Error bars represent SD for n =3
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5.5 Discussion

Due to COVID-19 and the lockdowns imposed during 2020-2021, experiments to determine
the effects of aminochitosan on fungal quantification, fumonisin accumulation, phytoalexin
accumulation and gene regulation of the phytoalexin genes in root and shoot tissue could not

be conducted.

5.5.1F. verticillioides preferentially accumulates in 10 and 14 dpi CML144 roots
As an endophyte of maize, F. verticillioides may present as asymptomatic through a growing
season while existing as an intercellular biotrophic infection with the potential to become an
intracellular infection with the appropriate environmental stresses. The early stages of F.
verticillioides have been well characterized by Bacon et al. (2001), Oren et al. (2003) and Wu
et al. (2011) who have demonstrated that an endophytic seed infection generally presents
within the first 10 days after germination, typically by the second day, with systemic
movement of the fungus to roots and aboveground tissue following thereafter (Bacon et al.,
2001; Oren et al., 2003; Wu et al., 2011). However, the progression from crown to stalk tissue,
and ultimately kernels, is the rate limiting step in the movement to above ground maize tissue
with seed transmission of systemic infection to above ground tissue being significantly less

effective than inoculated crowns, stalks and silks (Munkvold, McGee & Carlton, 1997).

In this chapter, quantification of fungal growth revealed higher F. verticillioides growth in roots
than in shoots at 14 dpi, with no growth in 10 dpi shoots. This result is validated by previous
studies using GFP- and Ds-red-tagged F. verticillioides to observe the spread of infection in
maize seedlings where F. verticillioides growth was predominantly in root tissue of 14-day-old
seedlings (Oren et al., 2003; Wu et al., 2011). Seed inoculation did not result in an obviously
detectable infection while soil inoculation produced a more pronounced infection (Oren et al.,
2003). Furthermore, minimal amounts of mycelia were detected by fluorescent microscopy in
above-ground tissue at 14 dpi but, growth was observed from stems plated on minimal media.
These results validate the movement of fungi to above-ground tissue in the initial stages of
the interaction, yet minimal fungal biomass was formed during these early infection stages

(Oren et al., 2003).
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Wau et al. (2011) observed a decrease in the colony forming units (CFU) of F. verticillioides in
root tissue over time but an increase in CFU in stem tissue over time thereby demonstrating
the systemic movement of F. verticillioides to above-ground tissue instead of continual root
propagation. Similar results were observed in this chapter as the biomass of F. verticillioides
in the roots decreased between 10 and 14 dpi, coinciding with the increase in stem and shoot
biomass. Furthermore, in this chapter, growth of GFP-tagged F. verticillioides in inoculated
seedlings at 14 dpi was limited to root tissue as seen by the GFP signal in the elongation and
differentiation zones (Figure S5.6). This result is consistent with Wu et al. (2011) who observed
that during early stages of F. verticillioides infection, the elongation zones of the roots were
mainly infected. Wu et al. (2011) and Oren et al. (2003) stated that their observations
demonstrated a common mechanism of early colonization where F. verticillioides first
attached to lateral roots and root hairs before penetrating the cuticle and epidermis to

develop in intercellular spaces for varied lengths of time (Oren et al., 2003; Wu et al., 2011).

5.5.2 FB: predominantly accumulates in CML144 roots at 10 and 14 dpi

Earlier studies on fumonisin production assumed that fumonisins were produced late in the
plant-pathogen interaction or on damaged/dead tissue during saprophytic growth. However,
much evidence to support the presence of low-high concentrations of fumonisins in
endophyte infected asymptomatic tissue as well as early production in maize seedlings has
since been published thus proving that the asymptomatic endophytic growth stage is
physiologically active (Bacon et al., 2001; Williams et al., 2007; Zitomer et al., 2010; Baldwin
et al., 2014). Fumonisins contribute to disease expression and are necessary for the induction
of leaf lesions in F. verticillioides maize seedling disease. However, root infection is necessary
for FB1 accumulation in leaves but colonization of the leaf itself is not necessary for the
accumulation (Williams et al., 2007; Baldwin et al., 2014). Additionally, fumonisin levels were
shown to be significantly higher in root than shoot tissue (Bacon et al., 2001; Williams et al.,

2007).

Therefore, in this chapter, FB1 was to be expected in root tissue and was detected at
significantly higher levels at 14 dpi than at 10 dpi. Zitomer et al. (2010) demonstrated that FB;
preferentially accumulated in roots over FB, and FB3 which supports the data in this chapter.

Owing to the impact of the COVID-19 pandemic, we were unable to conduct the experiments
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aimed at evaluating the efficacy of aminochitosan in mitigating fumonisin levels in maize
seedlings. However, Ferrochio et al. (2014) and Zachetti et al. (2019) demonstrated that the
combined effects of CHT (3.42 kDa, DDA > 77%) and water activity on growth and mycotoxin
production of F. verticillioides, F. proliferatum and F. graminearum in maize grain and maize

media was positively inhibited at 2 mg/mL, 2 mg/mL, and 0.5 mg/mL respectively.

5.5.3 Phytoalexins and their biosynthetic genes accumulate preferentially in

CML144 infected maize roots

Terpenoids are essential secondary metabolites for plant growth, development and in plant
defence to biotic and abiotic challenges (Tholl, 2006). Terpenoid phytoalexins, specifically the
diterpenoid kauralexins and sesquiterpenoid zealexins, have been shown to accumulate in
both resistant and susceptible maize lines in response to abiotic (drought and salt) and biotic
(F. graminearum infection, Ostrinia nubilalis herbivory, Cochliobolus heterostrophus and U.
maydis infection) stressors as well as exhibit antimicrobial activity (Huffaker et al., 2011;
Schmelz et al., 2011; Vaughan et al., 2015; Christie et al., 2017; Meyer et al., 2017). We
analysed the effects of F. verticillioides infection in 10- and 14-day old CML144 maize roots

and shoots.

In this chapter, phytoalexin accumulation was induced in response to F. verticillioides seed-
inoculation in both the roots and shoots of the susceptible maize line CML144, but
accumulation was significantly greater in the roots than shoots at 10 and 14 dpi. Furthermore,
the total kauralexin accumulation was significantly greater than total zealexin accumulation in
roots at 10 and 14 dpi. This contrasts with Vaughan et al. (2015) who observed higher total
zealexin levels in 4-week-old roots of Golden Queen maize in response to F. verticillioides
infection. Similarly, Meyer et al. (2017) reported higher levels of zealexins than kauralexins in
maize leaves inoculated with Cercospora zeina in a C. zeina susceptible (RIL165) and C. zeina
resistant (RIL387) maize line. However, it should be noted that this variation may arise from
differences in the age of the roots, the maize genotype, and the inoculation methods
employed. Although zealexins have previously been shown to accumulate in uninfected
seedlings (Huffaker et al. 2011), they were not detected in the mock inoculated roots and

shoots of CML144 at 10 dpi with extremely low accumulation at 14 dpi.
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This chapter demonstrated that fungal growth and kauralexin accumulation were positively
regulated with the kauralexin biosynthetic genes, ZmKO, ZmKL2, ZmKSL4 and CYP81A1 and
zealexins with the zealexin biosynthetic gene, ZmTPS11. Kauralexins and zealexins have
previously been shown to be coregulated in response to fungal infection with the expression
of their biosynthetic genes and accumulation of metabolites increasing with an increase in

fungal inoculum (Huffaker et al., 2011).

In this study, total kauralexins B accumulated to a higher level than kauralexins A at 10 and 14
dpi. This contrasts with Veenstra et al. (2018) and Meyer et al. (2017) were kauralexins A
where more abundant in the resistant maize lines CML444 and RIL 387 and respectively.
However, like Schmelz et al. (2011) and Meyer et al. (2017), we observed that KA3 and KB3
were the most abundant metabolites of the A and B series at 14 dpi with F. verticillioides
infection. Schmelz et al. (2011) demonstrated that KB3 treatment directly reduced F
verticillioides and Rhizopus microsporus growth by 30% as well as Colletotrichum graminicola
by 50-60 % at 10 pug/mL for both KA3 and KB3. However, the efficacy of both KA3 and KB3
appear to be pathogen-specific as KA3, at the same concentration (10 pug/mL), was not

effective at reducing the growth of R. microspores (Schmelz et al., 2011).

5.5.4 High concentrations of aminochitosan causes excessive branching of
mycelia

The inhibitory properties of CHT has been well documented with the results varying and
dependent on the CHT derivative and fungal species analyzed (Goy, Britto & Assis, 2009). In
this chapter, significant inhibition of radial growth and sporulation with D1 treatment was
observed at a minimum concentration of 1 mg/mL at 5 dpi. However, unlike B. cinerea in
Chapter 3, this was not sustained at 11 dai as seen by the significant changes in mycelia
morphology with the increase in concentration between 2.5-5 mg/mL of D1. The fungal
growth on D1 amended media displayed excessive branching of mycelia with a “hair-like”
appearance, extending upwards and outwards without direct contact with the media.
Comparable results for the change in mycelia morphology were observed for CHT. A review
by Bautista-Bafios et al. (2016) summarized the effects of CHT derivatives (different
concentrations) on the morphology and ultrastructure of a range of fungi using light, confocal,

scanning and transmission electron microscopy. Herein, Fusarium species treated with CHT
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between 0.5-3 mg/mL displayed the following morphological changes to hyphae and conidia:
abnormal shape with contortion, presence of vesicles, excessive vacuolation, empty cells and
cytoplasm leakage with the exception of excessive branching (Bautista-Bafios et al., 2016 and
the references therein). However, studies on other genera including B. cinerea (1 and > 1.5
mg/mL), Alternaria alternata (0.5 m/mL), Penicillium expansum (1 mg.mL), Sclerotinia
sclerotiorum (1, 2, 4 % w/v) and Rhizopus stolonifer (0.5-1.5 mg/mL) displayed excessive
branching as well as swelling and abnormally shaped and reduced hyphae (Oliveira Junior,
Melo & Franco, 2012; Bautista-Bafios et al., 2016 and the references therein). The results for
B. cinerea and A. alternata however were not consistent across studies with excessive
branching specifically not being observed (EI-Ghaouth et al., 1992). Therefore, morphology
of conidia and mycelia appear to be differentially affected and is dependent on the fungal
species, time of incubation, derivative, concentration, DP and FA of CHT (El-Ghaouth et al.,
1992; Lopez, Molina & Bafios, 2004; Oliveira Junior, Melo & Franco, 2012; Bautista-Bafios et
al., 2016).

As previously mentioned in Chapters 2 and 3, aminochitosan bears similarity to polyamines
(PA) in its physiochemical properties and effects as PAs are known to strongly induce the
branching of hyphae in arbuscular mycorrhizal fungi. A study by Cheng et al. (2012)
demonstrated that PAs acted as branching factors. They significantly stimulated, enhanced,
and altered the branching of hyphae in a concentration-dependent manner. Moreover, they
prolonged branching lifespan up to 10 and 11 days, unlike the control group where branching
ceased by day 8 (Cheng et al., 2012). Therefore, the concentration-dependent change in the
excessive branching until 11 dai may be as a result of aminochitosan acting as a branching
factor in a comparable manner. Alternatively, the excessive branching may be a result of F.
verticillioides utilizing aminochitosan as a nutrient source. There appears to be a preference
for an increased number of amine groups in the concentration range of 2.5-5 mg/mL, which
appear optimal for continued abnormal mycelia growth. However, an inhibitory effect is
observed at 11 dai. This is in contrast to Chapter 3 where B. cinerea utilized amine groups
preferentially at low concentrations of aminochitosan (Chapter 3, Section 3.4.1). As described
earlier, CHT displays pleiotropic antifungal effects that are dependent on the genera of the
fungi, their sensitivity and capacity to utilize CHT as well as detoxify or dispose thereof once
inside the cell (Palma-Guerrero et al., 2007). However, further analysis on the effects of
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aminochitosan on the ultrastructure of F. verticillioides mycelia, hyphae and spores is required

to corroborate the above conjecture.

5.5.5 Hydrolyzed polymers lose antifungal efficacy due to high levels of salts

According to the definition of Lodhi et al., (2014), CHT oligomers are synthesized by chemical,
physical or enzymatic hydrolysis of CHT to yield low MW oligomers of < 16 kDa that generally
range between 0.2-3 kDa with a DP < 20 (Lodhi et al., 2014). Thus, following this definition,
HD1 is theoretically an aminochitosan oligomer/oligosaccharide. Given the abolishment of all
antifungal activity with HD1 treatment, we hypothesized that the differences in the efficacy
between D1 and HD1 was possibly due to the following: the low MW of HD1 is non-
functional/below the threshold for biological activity; the hydrolysis process yielded a polymer
with a high concentration of salt thus reducing the accuracy of the concentrations assessed as
the majority of dissolved solute would be salt; and that salt may contribute to the observed
increase in sporulation. As a result, native CHT was compared to hydrolyzed CHT + salts
(excess salts not removed), hydrolyzed CHT - salts (salts removed) and NaCl used as a control

for the minimum inhibitory salt concentration.

In Chapter 3 Section 3.4.1, the MW range of 3.5-15 kDa (F1) appeared to be the most effective
for antifungal activity (radial growth and sporulation) against B. cinerea at concentrations of
0.5, 1, and 2.5 mg/mL. In contrast to D1 treatment on F. verticillioides and F1 on B. cinerea,
HD1 treatment on F. verticillioides did not display any antifungal activity at the concentrations
of 1, 2.5, 5, 7.5 or 10 mg/mL. Furthermore, sporulation of F. verticillioides was positively

regulated at all concentrations of HD1 assessed.

The results from this chapter showed that hydrolyzed  CHT + salts treatment on F
verticillioides growth displayed similar results to HD1 where no significant antifungal activity
was observed at 0.5, 1 or 2.5 mg/mL. However, hydrolyzed CHT - salts displayed antifungal
activity that resembled that of CHT and D1 indicating that the removal of salts restored
antifungal activity. The NaCl controls displayed no change in radial growth between 50-150
mEq. However, significant change in radial growth was observed between 200-300 mEqg with
300 mkEq inhibiting all radial growth. These results are validated by the Boumaaza, Benkhelifa
& Belkhoudja (2015) study that compared the impact of sodium and calcium salts on B.

cinerea growth and sporulation. They observed that concentrations up to 150 mEq of NaCl
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significantly stimulated B. cinerea growth but that at concentrations of > 300 mEq, mycelial

growth was inhibited (Boumaaza, Benkhelifa & Belkhoudja, 2015).

Attjioui, et al. (2021) assessed the inhibition of F. graminearum with CHT (DP 300), the product
of its hydrolysis with ~ DP 70 and two fractions of the hydrolysate (DP 90 and oligomers DP 2-
17). They observed that CHT DP 300, its hydrolysis product (DP 70) and the larger fraction DP
90 had similar minimum inhibitory concentrations of 100 pg/mL (0.1 mg/mL). In contrast, the
oligomer fraction displayed weaker activity with minimum inhibitory concentrations of 200
ug/mL (0.2 mg/mL). They hypothesized that oligomers display weaker antifungal activity as
these fractions cannot disrupt the cell membrane and that synergy between long polymers
and oligomers are necessary. Thus, long polymers destabilize the cell membrane allowing the
oligomers (shorter polymers) to penetrate the cell and interact with the intracellular

components (Attjioui et al., 2021; Lemke, Jinemann & Moerschbacher, 2022).

Furthermore, in this chapter, sporulation of the NaCl control displayed a concentration-
dependent increase in sporulation up to 200 mEq with significant inhibition only observed at
300 mEqg. Boumaaza, Benkhelifa, and Belkhoudja (2015) noted that in the absence of salt, B.
cinerea isolates displayed a different conidial production profile compared to those stimulated
by NaCl up to 300 mEq. This finding contrasts with the results presented in this chapter, where
300 mEq significantly inhibited sporulation. HD1 exhibited sporulation results similar to those
of the NaCl control, where sporulation was stimulated. Conversely, CHT + salts showed only a
moderate decrease in inhibitory effects compared to CHT - salts and CHT alone. This difference
could potentially be attributed to variations in molecular weight and degree of polymerization
following hydrolysis. The mechanisms by which sodium salts affect mycelial growth are
unknown, but a study by Zahran (1997) postulated that hydric stress changes physiology and
morphology in response to increased osmotic pressure citing “cells are usually elongated,
swollen and showing shrinkage, in addition to changes in the cell and cytoplasmic volume”
(zahran, 1997). Therefore, the MW, DP, resulting absence of long polymers and high
concentrations of salt for the oligomers, HD1 and hydrolyzed CHT + salts, may synergistically
affect the antifungal efficacy of CHT. However, further analysis into the structural and chemical

properties of the biopolymers are needed to corroborate the above statement.
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5.5.6 Batch-to-batch variants: the antifungal effects on F. verticillioides

Due to the different sources, properties and variable polymer chain length of the starting
material chitin and the processing methods for CHT synthesis, obtaining consistent and
reproducible batch-to-batch CHT biopolymers is challenging (Croisier & Jér6me, 2013). These
factors are potential limitations in the full application of CHT and obtaining aminochitosan

with consistent physiochemical properties is key (Sayed, 2018).

The results from Chapter 3 highlighted the variations in the efficacy of the batch-to-batch
variants, D2 and D3. In this chapter, both D2 and D3 displayed significantly similar inhibitory
activity on radial growth for 0.5, 1 and 2.5 mg/mL but different effects on sporulation. D2
displayed significant antifungal activity from 0.5 mg/mL with a concentration-dependent
decrease with an increase in the concentration. This contrasts with Chapter 3 Section 3.3.1
where D2 did not display any significant activity at 0.5 or 1 mg/mL but was instead only
significantly inhibitory at 2.5 mg/mL. D3 in Chapter 3 Section 3.3.5.2 significantly inhibited
sporulation at all concentrations assessed while in this chapter, D3 stimulated sporulation at

all concentrations assessed.

Considering that D3 displayed the highest ratio of Nitrogen (10.10%) of the batch-to-batch
variants and that nitrogen has been shown to support and enhance fungal growth, the
difference in efficacy of D3 in this chapter may be due to the different microbial species and
associated microbial factors or the agglomerative nature of CHT (Harper, Strange & Langcake,
1981; Kong et al., 2010; Lee, Koo & Park, 2016; Verlee, Mincke & Stevens, 2017). Furthermore,
CHT sensitive and resistant fungi belong to different taxonomical groups that are based on
their membrane fluidity; this affects the biological activity and mode of action of CHT (Palma-
Guerrero et al.,, 2010). The study by Palma-Guerrero et al. (2010) demonstrated that the
phospholipid fatty acid cell composition of cell membranes for sensitive fungi contained
elevated levels of unsaturated fatty acids compared to resistant fungi. CHT resistant fungi are
therefore unable to permeabilize the cell membrane and instead remain outside. Thus, due
to its elevated fatty acid content, B. cinerea is classified as a CHT-sensitive fungus. While no
classification has been made for F. verticillioides, Fusarium oxysporum f. sp. radicis-lycopersici

and Fusarium equiseti have been classified as CHT sensitive (Palma-Guerrero et al., 2010).
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5.5.7 Aminochitosan and the temporal induction of phytohormones

Phytohormones such SA and JA play a pivotal role in enhancing host resistance against both
biotrophic and hemi-biotrophic pathogens (Glazebrook, 2005). These hormones can stimulate
the synthesis of defence proteins, secondary metabolites, signalling pathways, and PCD,
collectively limiting the pathogen's growth. However, a whole cohort of phytohormones that
exhibit intricate crosstalk between each other are regulated by pathogens as part of plant
defence (Pieterse et al., 2012). As such, a combination of JA and ET (Huffaker et al., 2011;
Schmelz et al., 2011), and ABA (Vaughan et al., 2015) have been shown to induce terpenoid
phytoalexins, specifically kauralexin accumulation, in maize roots (Schmelz et al., 2011, 2014;
Meyer, Murray & Berger, 2016). Therefore, considering that SA and JA display antagonistic
regulation (Pieterse et al., 2012; Thaler, Humphrey & Whiteman, 2012) and that F.
verticillioides is a hemi-biotroph, the potential temporal priming of these defence pathways is
key. Additionally, the impact of fumonisins on plant health and immunity characterized by the
disruption of sphingolipid metabolism; and recognizing the significant influence of
phytohormones in this context; it is important to investigate whether aminochitosan exerts
any modulatory effects on phytohormones levels post-treatment or post-infection. This
becomes particularly key in the context of fumonisin-induced impairment of plant immunity

and PCD, where higher phytohormone levels may protect against the adverse effects of FBi.

In this chapter, the mock inoculated D1, HD1 and water samples clustered separately to the F.
verticillioides inoculated samples at T24 indicating the establishment of an infection and the
differential regulation of phytohormones as a result. This is in keeping with the early
establishment of an infection within 24 h after inoculation (Bacon et al., 2001; Oren et al.,
2003). The mock inoculated sample of D1, HD1 and water do however cluster with the HD1
and D1 curatively treated + F. verticillioides inoculated samples at T24. This indicates that
aminochitosan application after F. verticillioides inoculation potentially impedes the normal
infection timeline either due to direct antifungal effects or potential differential regulation of
JA and IAA, which was significantly upregulated at T12 in mock samples of HD1 and D1
respectively. In contrast to the analysis on antifungal activity, it appears that HD1 displays
some efficacy in planta, highlighting the role of the plant physiology and defence in the bi-

modal activity of aminochitosan. In addition, the combination of long polymers and short

206



oligomers may be more of a necessitating factor for antifungal activity than in planta, where

oligomers retain their functionality.

Unlike the antifungal activity analysis of HD1, application of HD1 in planta displayed efficacy.
D1 and HD1 preventatively treated + F. verticillioides inoculated samples clustered separately
to the control, water-treated + F. verticillioides inoculated samples. This potentially indicates
an effect of aminochitosan treatment on the regulation of phytohormones at T24, distinct
from the effects of an establishing infection. Furthermore, D1 and HD1 preventatively treated
+ F. verticillioides inoculated samples, JA accumulated significantly at T24 compared to the
water-treated samples. SA ad JA were antagonistically regulated at T12 and T24 for the
controls, curative and preventative treatments. The correlation between SA/JA regulation and
fumonisin accumulation should be analyzed in future with a more time point focused analysis
on phytohormone accumulation. Beccaccioli et al. (2021) demonstrated that the “timing of
hormone accumulation correlates with the transition from a biotrophic growth to a
necrotrophic lifestyle for F. verticillioides” and “ that the activation of the JA signalling pathway
follows the activation of SA-mediated pathways” (Beccaccioli et al., 2021). Another study (Ding
et al., 2011) reported observing higher concentrations of endogenous SA during the early
stages of infection (first few hours) followed by an increase in the endogenous concentrations

of SA as the infection and time progressed.

CHT oligosaccharides have been shown to activate both SA and JA when induing resistance to
Pseudomonas syringae pv. tomato DC3000 infection in Arabidopsis (Jia et al., 2016, 2018).
However, in this study the curative and preventative methods of treatment appear to be
enhancing a differential regulation of SA and JA. The preventative method appears to be
regulated as in Ding et al. (2011) where SA is upregulated at T12, followed by a rise in JA at
T24, while the curative method is oppositely regulated at T12 and T24, with JA upregulated at
T12 and SA at T24. The curative method of treatment seeks to treat an already “establishing
infection” and it can thus be assumed that upon aminochitosan treatment, F. verticillioides
has already entered its necrotrophic phase. In contrast, the preventative method of treatment
aims to prime a defence response thereby reducing the incidence of infection. Therefore, in
the preventative treatment, SA accumulation during the early stages of infection plays an
important role in the biotrophic phase whereas in the curative treatment, JA is a key

contributor to resistance during the necrotrophic phase. The switching between SA and JA
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regulation at precise times, specifically at the onset of the necrotrophic phase, allows for a
more efficient and effective defence response mounted against F. verticillioides (Ameye et al.,
2015). Christensen et al. (2014) highlighted the importance of JA-mediated defence in maize
against F. verticillioides infection by assessing a novel 9-LOX gene, ZmLOX12, in mutant plants.
They showed increased susceptibility to infection coupled with reduced JA levels in mutant
plants (Christensen et al., 2014). Another study by Ameye et al. (2017) demonstrated that Z-
3-hexanyl acetate pretreatment of hormone-treated and inoculated seeds resulted in
enhanced JA-dependent defences during the necrotrophic phase of F. graminearum infection
with a suppression of SA during the biotrophic phase. However, more biological replicates as
well as time points are needed for a robust analysis. Moreover, the methodology set-up for
characterizing the curative vs preventative methods of treatment should be refined and

improved upon as they are currently sub-optimally designed.

5.6 Conclusion

This chapter aimed at broadly investigating the effects of aminochitosan in a pathosystem
comprising of a monocotyledon plant and toxigenic fungus namely, the maize/F. verticillioides
pathosystem, and represents the first study investigating aminochitosan in this pathosystem.
We first demonstrated the effects of F. verticillioides infection on the defence response of the
susceptible maize line, CML144. We showed that fungal growth and phytoalexin accumulation
were positively regulated with the kauralexin and zealexin biosynthetic genes in 14-day old
maize roots. Furthermore, fumonisins, specifically FB1, were significantly accumulated in the
roots of 14-day old maize roots. Overall, the roots of maize seedlings were preferentially

affected compared to the shoot tissue.

Aminochitosan, specifically D1, treatment resulted in significant inhibition of radial growth
and sporulation at a minimum concentration of 1 mg/mL. The effects were concentration-
dependent with anincrease in efficacy as concentrations increased. Further antifungal effects
were noted on the morphology of the mycelia after treatment with aminochitosan where
mycelia displayed an increase in length and excessive branching with an increase in
concentration. However, these effects were abolished when D1 was hydrolyzed into its
oligomer derivative. The hydrolyzed polymer of D1, HD1, did not display any inhibitory
efficacy and instead resulted in an increase in sporulation. By analysing hydrolyzed CHT with
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and without salts, it was deduced that high concentrations of salt were a contributing factor
to the reduced antifungal efficacy. However, further analysis is required to determine the
contribution of MW and DP to the reduced functionality of HD1 in antifungal assays, allowing
for a better understanding of aminochitosan oligomers, their functionality and optimal MW

range.

Compared to D1, differences in the inhibition of sporulation for aminochitosan batch-to-batch
variants, D2 and D3 were noted, with no differences in the radial growth inhibition. As such,
allin planta analyses were only conducted on D1 and HD1. In contrast to the antifungal activity
analysis, HD1 displayed some efficacy in planta, highlighting the role of the plant physiology
and defence in the bi-modal activity of aminochitosan. The pre-treatment and post-
inoculation treatment of leaves with D1 and HD1 resulted in different temporal regulation of
SA and JA. The curative treatment resulted in an increase of JA at T12 and SA at T24 while the
preventative treatment resulted in an increase of SA at T12 and JA at T24. Therefore, SA and
JA were antagonistically regulated in the different methods of treatment. Thus, in the
preventative treatment, SA accumulation during the early stages of infection plays an
important role in the biotrophic phase whereas in the curative treatment, JA accumulation

was a key contributor to resistance during the necrotrophic phase.

Future studies assessing the impact of aminochitosan on phytoalexin accumulation,
phytoalexin gene expression and fumonisin accumulation will further the understanding of

the mechanisms of action and efficacy of aminochitosan.
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5.7 Addendum: Supplementary phytoalexin data
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Figure S5.1: GC-MS analysis of total kauralexin accumulation in CML144 shoots 10- and 14-days post F.
verticillioides seed inoculation (dpi). Error bars indicate standard deviation (SD), n = 3. No significant differences
between mock/infected samples were observed.

Mock

Infected

Figure S5.2: The phenotype of mock and F. verticillioides inoculated root tissue 14 days post inoculation (dpi).
Root browning, seed discoloration and fungal colonization of seeds are visible in the infected tissue compared to
the mock inoculated roots.
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Table S5.1: Accumulation of individual kauralexin A1, A2, A3, B1, B2, B3 compounds and zealexins Al and B1
compounds in CML144 roots at 10 dpi and 14 dpi with F. verticillioides. Average values (n=3) are shown. An
unpaired t test was performed on logio-transformed phytoalexin data to measure statistical significance between
inoculated and control tissue.

. 10 days 14 days
Metabolite (ug/g FW)
Mock F. verticillioides Mock F. verticillioides
KA1l 0.09 0.84 0.09 1.87
KA2 0.05 0.75 0.11 2.35
KA3 0.30 5.96 0.22 13.01
Total KA 0.44 7.55 0.42 17.23
KB1 0.16 1.36 0.12 2.88
KB2 0.14 2.34 0.12 5.90
KB3 0.42 4.89 0.24 9.50
Total KB 0.73 8.59 0.49 18.28
Total K 1.17 16.14 0.90 35.51
ZA1 0.00 1.38 0.05 1.26
ZB1 0.00 4.08 0.10 4.51
Total Z 0.00 5.46 0.15 5.77

Shaded blocks and bold numbers represent a significant difference in accumulation between treatment and
control (p<0.05).

Table S5.2: Accumulation of individual kauralexin A1, A2, A3, B1, B2, B3 compounds and zealexins Al and B1
compounds in CML144 shoots at 10 dpi and 14 dpi with F. verticillioides. Average values (n=3) are shown. An
unpaired t test was performed on logio-transformed phytoalexin data to measure statistical significance between
inoculated and control tissue.

10 days 14 days
Metabolite (ug/g FW)
Mock F. verticillioides Mock F. verticillioides
KA1 0 0.03 0 0.15
KA2 0.01 0.03 0.01 0.26
KA3 0.07 0.48 0.07 1.88
Total KA 0.08 0.54 0.08 2.28
KB1 0.02 0.23 0.13 0.8
KB2 0.03 0.31 0.11 2.11
KB3 0.08 1.59 0.51 6.72
Total KB 0.13 2.13 0.74 9.63
Total K 0.21 2.67 0.82 11.91
ZA1 0 0.01 0 0.05
ZB1 0 0.04 0 0.25
Total Z 0 0 0 0.3

No significant differences were observed due to large standard deviations in the accumulation of individual A
and B metabolites.
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5.8 Evaluating the fitness of GFP-transformed F. verticillioides

transformants

The F. verticillioides GFP transformants that were selected for further use were analysed for

fitness costs due to the GFP transformation process (Figure S5.3)

HindIII

~Hygr™

—

Figure $5.3: The plasmid pll99 containing the GFP gene. This figure was adapted from Jiang Tan, PhD thesis, Gent
University, 2021.

Seven GFP-transformants were selected for further analysis and subsequently named: FvGFP

3, FvGFP 6, FVvGFP 9, FVGFP 10, FvGFP 14, FvGFP 15 and FvGFP 16 (Figure S5.4)

FVGFP 3 FVGFP 6

FvGFP 10 FvGFP 14 FvGFP 15 FvGFP 16

Figure S5.4: Fluorescent microscopy images of mycelia from the GFP-tagged F. verticillioides transformants

compared to wild-type (WT) F. verticillioides.
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The mycelia of GFP-transformants were analysed for GFP fluorescence and compared to wild-
type (WT) F. verticillioides where the selected transformants showed clear GFP fluorescence
compared to WT F. verticillioides (Figure S5.5). The selected transformants were subsequently
grown on PDA for 7 days and the mycelial radial growth and sporulation measured (Figure
$5.5). Significant differences for radial growth were only highlighted for the last day of the
measurement period where the radial growth of FVGFP 3 was significantly lower than FvGFP
15 and FvGFP 16 (Figure S5.5A). However, none of the GFP-transformants displayed
significantly different radial growth to WT radial growth (Figure S5.5A). Similarly, the
sporulation data displayed no significant differences between the GFP-transformants and WT
F. verticillioides, with the exception of FVGFP 15 which was significantly different to FvGFP 3
and 10 (Figure S5.5B).

p<0.05
A B wr B3 rvorPs B FGFP10 B3 FWGFP 15 B p<0001 Flgure 55'5: (A) The radlal

Eipci Mipcrs Wincnw lincs , e growth of GFP-tagged F
j \ Lo verticillioides transformants
éd? b ﬁﬁ‘f: I compared to wild-type (WT)
vdP _.' ’ Q - == F verticillioides grown on
N : g PDA for 7 days. Statistical
A = significance is indicated by
| i an asterisk (*). * < 0.05 and
° ) . ** < 0.01 (Kruskal-Wallis test
. ~ E followed by Dunn’s post hoc
T wes) . test, p < 0.05, n =5). (B) The
- e e e e rasirar = humber of spores for GFP-
tagged F  verticillioides
¢ transformants compared to wild-
type (WT) F. verticillioides
measured at 7 days. The
triangle indicates the
average number of spores
for each transformant.
Statistical significance was
determined by  Kruskal-
Wallis test followed by
Dunn’s post hoc test, p <
0.05, n = 5. (C) GFP-tagged F.
verticillioides transformants
compared to wild-type (WT)
F. verticillioides.
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Following the fitness tests, the GFP-transformants were tested in planta for root colonization
and the effects thereof. As displayed in the colur images of Figure S5.6, the effects of F.
verticillioides inoculation is visible in both WT and GFP-tagged F. verticillioides inoculated roots
when compared to the water-treated + mock inoculated seedling. Furthermore, the GFP signal
was visible in the GFP image of the GFP F. verticillioides inoculated seedling and not in the WT

or mock inoculated seedlings (Figure S5.6).

Water treated + mock inoculated Water treated + WT £. verticilfioides inoculated Water treated + GFP F. verticilfioides inoculated

colour GFP colour GFP colour GFP

Figure S5.6: Colour and GFP signal images of wild-type (WT) and GFP-tagged F. verticillioides inoculated roots,
14 days post inoculation. The images represent one of six biological replicates. The WT F. verticillioides images
represented here were generated by inoculating germinated seedlings (preventative) and the GFP F.
verticillioides images represented here were generated by inoculating the seed + sand: SAP growth medium
(curative).

The effects of the different treatment and inoculation methods were analysed to observe if
any significant differences in root and shoot growth were noticeable between the methods.
From Figure S5.7, it can be seen that no significant differences were noticed between the

different methods used.

Mock Germinated + WT F. verticillioides inoculated Seed + sand: SAP WT F. verticillioides inoculated Figure S5.7: Images
comparing the
effects of different
inoculation systems
assessed in  mock
and F. verticillioides
inoculated
germinated seedling
(preventative) or
seed + sand: SAP
inoculated seedlings
(curative). Three of
six biological
replicates
represented here.
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5.9 Addendum: Maize growth system

The growth methods described in Figure 5.4 was conducted in glass tubes filled with mock or
F. verticillioides inoculated sand: SAP mix (Figure S5.8B) that were placed in a box that
protected the roots from light (Figure S5.8A). The box systems were designed and kindly
provided by Dr Noémi de Zutter and Dr Waldo Deroo.

A

Figure S5.8: The system used to germinate and grow maize seedlings. Glass tubes were filled with mock or F.
verticillioides inoculated sand: SAP mix. Root browning, fungal growth in the medium and stunted shoot growth
are visible.
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This image was created with the assistance of DALL.E 2.

Chapter 6: General discussion,

limitations, and future perspectives
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6.1 Introduction

This thesis focused on investigating the effects of aminochitosan both for its antifungal and in
planta efficacy to elucidate the molecular mechanisms underpinning its bioactivity in a
monocotyledon and dicotyledon pathosystem. As such, we hypothesized that aminochitosan
exhibits superior bioactivity to native chitosan, and that it results from a combination of
priming and direct antifungal activity. Given that this was the first investigation into the
effects of aminochitosan and its batch-batch variability in synthesis, we hypothesized that
there would be minor variations in the efficacy of the batches that the aminochitosan MW
fractions would display differing efficacies, with the lower MW fractions demonstrating the

highest efficacy.

We achieved this by reviewing the current literature on chitosan’s defining physiochemical
properties and mechanisms of action in a plant-pathogen context (Chapter 2). Chapter 3 and
4 focussed on aminochitosan in the dicotyledonous tomato/B. cinerea pathosystem. Chapter
3 specifically examined the bioactivity and priming capacities of the batch-to-batch and MW
fractions, towards obtaining the optimal working concentration and MW for antifungal and in
planta efficacy. Chapter 3 also aimed to identify any chemical differences between the
biopolymers by doing a chemical analysis. Chapter 4 focussed on elucidating the temporal and
molecular mechanisms of priming by using a label-free proteomic analysis. Chapter 5 further
characterized aminochitosan in the monocotyledonous maize/F. verticillioides pathosystem,

similarly to Chapter 3.

In this concluding chapter, we will provide responses (derived from our results) to the research
questions, draw parallels with existing literature and highlight any challenges/limitations that
were faced. The research questions will be answered across the various headings and overlap

between them may exist. Finally, we will briefly address some future perspectives.

6.2 Batch-to-batch variations

1) What are the contributing factors and the effects thereof?

2) Is there an optimal MW for direct antifungal and/or in planta use?

Given that discrepancies in batch-to-batch products pose a challenge to achieving consistent

data (physiochemical properties and biological activity), we sought to assess the level of
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variability in the synthesis of aminochitosan batches. This was achieved in Chapter 3 by
antifungal, in planta, and chemical analysis. Initially, only two batches of aminochitosan were
synthesized namely, diamino 1 (D1) and diamino 2 (D2), of which D2 showed a clear and
noticeable contrast in the ease of dissolution. D1 was easily dissolved by stirring whereas D2
required overnight stirring and subsequent sonication. It was decided thereafter to prepare
all of the solutions in this standardized method. The differences between the ease of
dissolving the polymers was attributed to chitosan’s property of ‘swelling’ in solution due to
the hydrogen bonds between it and the water molecules, the presence of impurities in the
sample and the crystallinity of the polymer (Sayed, 2018). Due to the differences in the
solubility, a third batch namely, D3 was synthesized. As the batches of aminochitosan were
synthesized independently (Figure 6.1), it was anticipated that there would be slight variations
in their physiochemical properties, which would potentially be exacerbated by the process

used to obtain CHT.

2018 2019 2020 2021
Batch 1 Batch 2 Batch 3 Batch 4
(Diamino 1) (Diamino 2) (Diamino 3) (D3 Fractions)

3.5-5 kDA (F1)

15 kDa (F2)

20 kDa (F3)

—{ 20 -100 kDA

100 kDA (F4)

Figure 6.1: The year of synthesis for the batch-to-batch and MW fractions.

As a consequence of the processing methods, CHT does not possess a single molecular
structure and may exhibit heterogeneity or homogeneity regarding the composition of D and
A units, which correlates with varying DDA and MW. Moreover, these homogeneous or
heterogeneous polymers may also have varied DP, polydispersity, pattern (PA), and fraction of
N-acetylated groups (FA). Therefore, the observed difference in the solubility of D2 may be

attributed to these factors, as DP is linked to chain length and, therefore, water solubility and
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viscosity. It is important to note that batches were not synthesized within the same time
period (Figure 6.1) or with the same starting batch material (i.e. they were all synthesized
from crab, but not the same batch of crab). As has been discussed in this thesis, the starting

chitin material is a source of variation for the physiochemical properties.

The antifungal activity analysis showed small but non-significant variations in the antifungal
activity of D1, D2 and D3 with respect to the inhibition of radial growth. Larger differences
between were noted for D2 when compared to D1 and D3 for sporulation at all concentrations
tested. However, D1 did exhibit an overall greater inhibition of both metrics at a concentration
of 1 mg/mL and higher. The in planta analysis showed that foliar application of D1 and D3
performed significantly better than native CHT and in priming direct and systemic resistance
to B. cinerea infection by maintaining elevated PSI| activity (Fv/Fm) and chlorophyll content
(Chlldx) at 4 dpi and 6 dpi for all concentrations tested. D2 also performed significantly better

but only up to 4 dpi.

The differences in efficacy between the batch concentrations, albeit non-significant, were
important to analyze for quality control and the ability to routinely synthesize consistent
polymer batches. Thus, to properly understand the properties differentiating the batches, the
third batch of polymer, D3, was fractionated to allow for chemical and biological
characterization of different MWs. Elemental analysis, used to determine whether varying
efficacies of the batches, showed that the nitrogen content between the batches differed
slightly but agreed with the DS values reported in the literature on aminochitosan. Therefore,
it was assumed that the differences in efficacy were not due to their elemental composition
and proportions and were instead potentially due to MW differences as the efficacy and
biological activity of CHT (by extension, aminochitosan) is intricately correlated with its
chemical structure (Verlee, Mincke & Stevens, 2017). ESI TOF-MS analysis of the batches and
MW fractions showed that the mass fragments and hierarchical clustering separated as we
expected with the lowest MW (3.5-5 kDa) and highest MW (100 kDa) clustering separately
with a high dissimilarity. The 15 and 20 kDa fractions also clustered closely with the batch
variants as expected, given that the batches are approximately 15 kDa. Consequently, despite

the polymers having identical or similar DPs, they may demonstrate diverse biological
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characteristics due to differences in DDA, FA, and PA. However, further analysis is needed to

deduce the FA and PA.

In summary, it is challenging to identify the key contributors to the observed results. The
elemental analysis and mass fragment analysis are similar for the batches and the MW
fractions. The batches and MW fractions display minor variations in their chemical
composition with bigger variations seen in their biological efficacy. The potential largest
contributor to the noticeable differences is the different batches of starting material and the
process of alkaline deacetylation which as stated, generates a polymer of random MW. To
obtain a more uniform polymer, enzymatic synthesis of aminochitosan should be investigated
as the MW and DP can be controlled with high specificity and the overall process is
environmentally friendly (Hamed, Ozogul & Regenstein, 2016; Liagat & Eltem, 2018; Cord-
Landwehr & Moerschbacher, 2021).

It is also worth noting that the biological assays were conducted over the span of 3 years due
to the COVID-19 pandemic which leads to questions on the shelf life of aminochitosan, which
have not been evaluated to date and may pose a confounding factor to the results obtained.
Future investigations on aminochitosan should include structural analysis assays to validate
the structural properties of each synthesized batch (may not necessarily be feasible).
Additionally, future ESI TOF MS analysis on aminochitosan should ideally integrate
chromatography (e.g., size exclusion or liquid chromatography) to enable more detailed
analysis on retention time, relative abundances of the mass fragments (monomers vs.

oligomers), and intensity counts.

6.3 Aminochitosan vs ‘native’ chitosan
Does aminochitosan perform better than native CHT?

The term ‘native CHT’ is not an accurate representation of CHT but was instead used as a
representative term for the insoluble CHT used to a large extent in the literature and this study.
As good practice and for literature cohesion, each batch and derivative of CHT should at least
be distinguished by its source, modifications (if any), concentration, solvent for dissolution
(including concentration) and its physiochemical properties including DDA, MW, DP, and

elemental composition (Verlee, Mincke & Stevens, 2017). The absence of one of the
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aforementioned properties makes comparisons between studies challenging as CHTs
bioactivity is largely dependent on these properties, as has been evidenced throughout this
thesis. The only available details for the CHT used in this thesis was that it was of crab origin

and had a DDA > 90%.

In Chapter 3, a concentration-dependent increase in the antifungal activities of CHT, D1, D2
and D3 was observed for radial growth and sporulation compared to the PDA control.
Maximum inhibition for the batch variants and CHT were seen between the 2.5 and 5 mg/mL
concentrations. We did not anticipate no significant differences between the batch variants
and native CHT as was observed in the antifungal efficacy. However, we feel it important to
reiterate that the antifungal activity of CHT was confounded by the use of acetic acid as a
solvent for CHT on account of acetic acid displaying significant radial growth inhibition at a
concentration of 0.1%. Furthermore, these results were no different from the effects of the
0.5 and 1 mg/mL concentrations of CHT, indicating a protective effect of 0.1% acetic acid. This
result extended to the in planta analysis and was evident in the necrotic lesions at both 16 hpi
and 4 dpi and photosynthetic parameters (Fv/Fm, chlorophyll index and anthocyanin index).
The in planta analysis also showed that foliar application of D1 performed significantly better
than native CHT and in priming direct and systemic resistance to B. cinerea infection by
maintaining elevated PSII activity (Fv/Fm) and chlorophyll content (Chlldx) at 4 dpi and 6 dpi

for all concentrations tested. D2 also performed significantly better but only up to 4 dpi.

In Chapter 5, similar results were observed in the maize/F. verticillioides pathosystem. D1, D2
and D3 treatment resulted in significant inhibition of radial growth that were comparable to
CHT at 2.5 mg/mL. For the inhibition of sporulation, D1 and D2 performed similarly to CHT at
all concentrations while D3 displayed opposite results to D1, D2 and CHT. The hydrolyzed
oligomers, D1 (HD1) and CHT (CHT + salts), displayed the same lack of radial inhibition but
differed in their inhibition of sporulation. CHT displayed a concentration-dependent increase
in the inhibition of sporulation whereas HD1 displayed no inhibition of sporulation. By
analysing hydrolyzed CHT with and without salts, it was deduced that high concentrations of
salt were a contributing factor to the reduced antifungal efficacy of HD1. However, further
analysis is required to determine the contribution of MW and DP to the reduced antifungal
efficacy of HD1 compared to CHT - salts to better understand the functionality of

aminochitosan oligomers and the optimal MW range as it is likely that the MW range of CHT
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— salts differed greatly to HD1. As CHT and HD1 were not assessed in planta in this

pathosystem, no comparisons can be made.

In summary, contrary to what we hypothesized, aminochitosan does not display superior
antifungal activity to native CHT (used in this thesis) to B. cinerea and F. verticillioides and
instead displays bioactivity that is similar. However, aminochitosan does induce superior
resistance and photosynthetic parameters to CHT in the tomato/B. cinerea pathosystem at

concentrations of 0.5-2.5 mg/mL for up to 6 dpi.

6.4 Exploring the dichotomy: dicots, monocots, or both?

1) Does aminochitosan offer dual protection against B. cinerea and F. verticillioides at
equal concentrations?

2) What is the lowest concentration that achieves maximum biological activity, and do they
differ for antifungal and in planta immunostimulatory uses?

3) Is aminochitosan effective both as a direct and systemic inducer of resistance?

Given the existing literature on the direct antifungal effects of aminochitosan against other
pathogens (Yang et al., 2012; Luan et al., 2018), we hypothesized that aminochitosan would
display efficacy against both B. cinerea and F. verticillioides. This section will propose answers
to these questions as a collective. The values presented below are summarized in Tables 6.1-

6.3 for ease of viewing.
Antifungal activity

From the tomato/B. cinerea pathosystem in Chapter 3, we deduced that a concentration-
dependent increase in antifungal effects were observed for all aminochitosan batches, but
that maximum radial growth and sporulation inhibition occurred between 2.5-5 mg/mL. The
lowest concentration of aminochitosan batch variants that could be used to still obtain 50%
inhibition of both radial growth and sporulation was 1 mg/mL. However, when assessing the
effects of D1 on germination in planta, a concentration-dependent increase in the inhibition
of germination and germ tube length was sustained up to 72 hpi. From this assay, 1 mg/mL of
D1 already displayed a maximal inhibitory phenotype indicating that spores were more
sensitive than a spores and mycelia mixture (used in the in vitro plate assays). This indicated

the possibility of a bimodal mechanism of action as well as the difference in efficacy against a
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spore and mycelia + spore mixture. For the MW fractions, an increase in the efficacy of the
concentrations with a decrease in the MW was observed which indicates a trend between
MW and biological activity. The MW range of 3.5-15 kDa displayed the greatest efficacy for
antifungal activity at the maximum concentrations of 2.5 mg/mL. The lowest concentration of
3.5-15 kDa MW fraction that could be used to still obtain 50% inhibition of both radial growth

and sporulation was similarly 1 mg/mL.

For the maize/F. verticillioides pathosystem in Chapter 5, we deduced that aminochitosan
exhibited maximal effects at 2.5 mg/mL with a similar concentration-dependent increase in
efficacy. The lowest concentration of D1 and D2 that could be used to still obtain 50%
inhibition of both radial growth and sporulation was 1 mg/mL and 2.5 mg/mL for D3. HD1
displayed no antifungal efficacy both radial growth and sporulation. We wish to emphasize
that each and every one of the antifungal assays were conducted over a 3-year period with
the experiments on the efficacy of D2 and D3 for F. verticillioides being conducted last.
Therefore, the large standard deviations for experimental repeats may be a result of the
polymer shelf life. Additionally, we explored the variation in efficacy between the oligomers,
hydrolyzed diamino 1 (HD1) and hydrolyzed CHT (CHT + salts). From the antifungal acitivty
analysis, we identified that efficacy for both HD1 and CHT+ salts were lost and instead resulted
in an increase in sporulation. By analysing hydrolyzed CHT with and without salts, it was
deduced that high concentrations of salt were a contributing factor to the reduced antifungal
efficacy. However, further analysis is required to determine the contribution of MW and DP to
the reduced antifungal efficacy of HD1 to better understand the functionality of

aminochitosan oligomers and the optimal MW range.

In summary, from the antifungal assay results, it appears that the optimal aminochitosan
concentration for maximum efficacy is 2.5 mg/mL and can be considered standardized and
applicable to both B. cinerea and F. verticillioides. However, for an efficacy of at least 50%
inhibition, 1 mg/mL would be sufficient for B. cinerea while 2.5 mg/mL would be necessary
for F. verticillioides due to the variable batch variant results. More data and experimental
repeats are needed to verify the aforementioned recommendations and these experiments
should ideally be performed within the same time period. Furthermore, we would like to
emphasize that microbial factors such as the amount of polyunsaturated fats in the cell

membrane that play a significant role in determining the efficacy of CHT (Chapter 2).
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Therefore, we would expect a nuanced outcome for the recommended concentrations for B.
cinerea and F. verticillioides with B. cinerea being more sensitive to lower concentrations of
aminochitosan due to its high polyunsaturated fatty acid content. As stated by Poznanski,
Hameed & Orczyk, (2023), the physiochemical properties of CHT drastically affects it
antifungal activity between batches of CHT available commercially. Moreover, the bioactivity

of a particular batch is highly dependent on the species (Palma-Guerrero et al., 2010).
In planta

The direct and systematic effects of aminochitosan were only evaluated in the tomato/B.
cinerea pathosystem of Chapter 3 through both a qualitative and quantitative phenotyping
assessments. When visually assessing the number of resistant lesions after direct pre-
treatment with the batch variants, maximum inhibition was achieved at 2.5 mg/mL whereas
the concentration that still achieved at least 50% direct inhibition was much lower at 0.5
mg/mL. The MW fractions varied in comparison with the 15-20 kDa variants displaying
maximum direct inhibition at 1 mg/mL and at least 50% direct inhibition at 0.5 mg/mL. 3.5-5
kDa displayed the lowest performance with maximum direct inhibition at 2.5 mg/mL and at

least 50% direct inhibition at 1 mg/mL.

The photosynthetic measurements were only assessed for D1 and D2 and will be reported as
collective values (mock inoculated and B. cinerea inoculated). In contrast to the measurement
of resistant lesions, the photosynthetic parameters namely, F,/Fmn and Chlidx as well the stress
index, mArildx, highlighted a potential negative side effect of 2.5 mg/mL of aminochitosan
sprayed directly onto leaves. At 2.5 mg/mL, a decrease in F\/Fn for both mock and B. cinerea
inoculated leaves was noted, indicating that the observed effects were not due to the
establishment of an infection but rather to the concentration of the treatment, or as stated in
Goy et al. (2009), the free amino groups that are charged and have the capacity to bind to the
surface of fungal cells are reduced with an increase in concentration of CHT applied as the
chains form clusters and aggregates while in solution. This finding was also noted to vary with
time, as no signs of toxicity were detected up to 72 hpi, with indications only appearing at 4
dpi. However, at 2.5 mg/mL, the mArildx stress index displayed higher accumulation values in
mock-inoculated (uninfected leaves) than in B. cinerea inoculated leaves at the site of

infection.
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For maximum systemic inhibition as measured by the resistant lesions, 2.5 mg/mL was the
most effective concentration for all 3 batch variants. However, to achieve at least 50%
inhibition, 1, 2.5 and 0.5 mg/mL was needed for D1,D2 and D3 respectively. The MW fractions
displayed a similar systemic efficacy to the direct efficacy with the 15-20 kDa variants
displaying maximum direct inhibition at 1 mg/mL and at least 50% direct inhibition at 0.5
mg/mL. However, the 3.5-5 kDa variant displayed the lowest performance with maximum
direct inhibition at 2.5 mg/mL and at least 50% direct inhibition at 0.5 mg/mL. Based on the
aforementioned variables relating to Fy/Fm and mArildx values, the photosynthetic parameters
displayed maximum in planta inhibition at a concentration of between 1-2.5 mg/mL and
displayed at least 50% in planta inhibition at 1 mg/mL. These values are applicable to both

direct and systemic application.

In Chapter 5 we did not assess the effects of aminochitosan on the qualitative and quantitative
phenotype of maize. We also did not assess the occurrence of resistant lesions as F.
verticillioides was investigated as a root affecting pathogen. However, we would like to
highlight that despite HD1 having no antifungal efficacy, some effects were observed when
analysing the temporal accumulation of phytohormones. Although we do not specifically
know the MW of HD1 and CHT + salts, we do know that it is < 15 kDa. This observation
highlights the necessity of determining the effects of a polymer of a ‘single’ MW (i.e. 5 kDa)
and one composed of a range of MWs (i.e. 3.5-25 kDa) as there appears to be a MW threshold
beyond which antifungal efficacy is lost. It is therefore of interest to identify the equivalent in

planta MW threshold value.

In summary, if we are to combine both the qualitative and quantitative data, 2.5 mg/mL of
the batch variants appears ideal for maximum efficacy in planta, and 1 mg/mL for at least 50%
inhibition in planta. These concentrations are applicable for both direct and systemic efficacy.
However, if we assess the specific MW fractions, specifically 15-20 kDa, 1 mg/mL appears ideal
for maximum efficacy in planta, and 0.5 mg/mL for at least 50% inhibition in planta. Based on
our in planta data, we propose a lower concentration of 1 mg/mL as the optimal concentration
for in planta use with a high efficacy for inhibiting germination of spores in planta and was
shown to provide full protection up to 30 dpi when applied both directly and systemically. This
is due to spores (ungerminated conidia) displaying higher sensitivity to treatment (Palma-

Guerrero et al., 2009). We would not recommend 0.5 mg/mL as we have demonstrated that
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the fungi are capable of using aminochitosan as a nitrogen source at low concentrations

(sporulation data).

Finally, we suggest an aminochitosan variant with a MW range of 15-20 kDa OR 3.5-20 kDa
as the optimal biopolymer for dual and approximately equal antifungal and in planta
efficacy (Figure 6.2). This conclusion is supported by Poznanski, Hameed & Orczyk, 2023 who
showed that high molecular weight CHT disrupts fungal cell membranes, causing intracellular
component leakage, while low molecular weight CHT fractions exhibit minimal antifungal
impact as they fail to destabilize membranes. However, a blend of high and low molecular
weight CHT fractions demonstrate potent antifungal activity by leveraging the membrane
destabilization caused by high molecular weight fractions to enable penetration and

disruption of fungal cell processes by low molecular weight fractions.

Optimal MW for antifungal use?

3.5-5 kDA A—
—_——
15 kDa ‘_‘ —
Fractions 20 kDa P R
20 - 100 kDA
100 kDA

Optimal MW for in planta use?

Figure 6.2: |dentifying the ideal MW for dual antifungal and in planta efficacy.

We recommend avoiding the highest concentration due to our preliminary results indicating
potential cytotoxicity at 2.5 mg/mL. Previous studies suggest that the cytotoxic effect of CHT
varies with applied concentrations. Amborabe et al. (2008) proposed two explanations for
these effects: 1) CHT acts as an elicitor, inducing HR and H,0, accumulation, and 2) higher
concentrations of CHT exhibit mixed results, ranging from no cytological alterations/toxicity
at 37.5 mg/mL to destabilization of the cell membrane, electrolyte and protein leakage, and
disrupted cell organization at 200-1000 mg/mL (Amborabe et al. 2008 and the references

therein). The leakage of internal material results from CHT's polycationic property, forming
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pores upon binding to negatively-charged cell components, contributing significantly to dose-
dependent cytotoxicity. Amborabe et al. (2008) cautioned against using high concentrations
of CHT due to membrane destabilization, which could facilitate pathogen entry, suggesting
instead the use of concentrations that maintain normal physiology. Understanding the
effective concentration after external treatment is complex, relying on absorption capacity,

transport systems, and CHT's binding ability to the cell.

Table 6.1: Concentration (mg/mL) of aminochitosan that provides maximum inhibition of both radial growth and
sporulation for B. cinerea . The data below is adapted from Chapter 3.

in planta: B. cinerea
in vitro: B. cinerea
Direct Systemic
Radial Resistant  Photosynthetic | Resistant Photosynthetic
Sporulation | Germination
inhibition lesions parameters lesions parameters
Diamino 1 2.5 2.5 2.5 2.5 0.5-1 2.5 1-2.5
Diamino 2 5 5 NA 2.5 1 2.5 1-2.5
Diamino 3 5 5 NA 2.5 NA 2.5 NA
3.5-5 kDa 2.5 2.5 NA 2.5 NA 2.5 NA
15 kDa 2.5 2.5 NA 1 NA 1 NA
20 kDa 2.5 2.5 NA 1 NA 1 NA

Maximum inhibition is defined as the PIRG% and PIS% inhibition for each polymer, independent of other polymer
efficacies based off experimental repeats. NI = Not inhibitory, NA = Not Applicable as no measurements were
assayed for this polymer.

Table 6.2: Concentration (mg/mL) of aminochitosan that provides at least 50% inhibition of both radial growth
and sporulation B. cinerea . The data below is adapted from Chapter 3.

in planta: B. cinerea
in vitro: B. cinerea
Direct Systemic
Radial Resistant  Photosynthetic | Resistant Photosynthetic
Sporulation | Germination
inhibition lesions parameters lesions parameters
Diamino 1 1 1 1 0.5 1 1 1
Diamino 2 1 1 NA 0.5 1 2.5 1
Diamino 3 1 1 NA 0.5 NA 0.5 NA
3.5-5 kDa 1 1 NA 1 NA 0.5 NA
15 kDa 1 1 NA 0.5 NA 0.5 NA
20 kDa 1 1 NA 0.5 NA 0.5 NA

Maximum inhibition is defined as the PIRG% and PIS% inhibition for each polymer, independent of other polymer
efficacies based off experimental repeats. NI = Not inhibitory, NA = Not Applicable as no measurements were
assayed for this polymer.
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Table 6.3: The concentration (mg/mL) of aminochitosan that provides maximum inhibition of both radial growth

and sporulation for F. verticillioides. The data below is adapted from Chapter 5.

in vitro: F. verticillioides
Maximum inhibition +50% inhibition
Radial inhibition Sporulation Radial inhibition Sporulation

Diamino 1 2.5 2.5 1 2.5
Diamino 2 25 0.5 1 0.5
Diamino 3 2.5 NI 5 NI
Hydrolyzed

NI NI NI NI
diamino 1

Maximum inhibition is defined as the PIRG% and PIS% inhibition for each polymer, independent of other polymer
efficacies based off experimental repeats. NI = Not inhibitory, NA = Not Applicable as no measurements were
assayed for this polymer.

6.5 A bimodal mechanism of action

1) Does priming occur in tomato and maize?
2) If priming occurs, what defence systems are induced after treatment with/without

infection?

To start with, it is important to highlight that the priming capacity of aminochitosan in Chapter
3 was assessed at 0.5, 1 and 2.5 mg/mL, Chapter 4 at 1 mg/mL and Chapter 5 at 2.5 mg/mL.
Furthermore, Chapter 3 focused on D1, D2, and D3, Chapter 4 on D3 and Chapter 5on D1 and
HD1. Hence, drawing comparisons between Chapters 3 and 4 with Chapter 5 is not a
possibility. We recognize this factor as a major limitation and recommend that future studies
assess relative concentrations and polymer batches. Furthermore, the data presented in
Chapter 3 and 4 offer only a brief snapshot within a specific timeframe of the intricate changes
in photosynthetic parameters caused by infection. In this section, we will not differentiate

between the batches of aminochitosan and will instead refer to aminochitosan as a singular.

6.5.1 The takeaways from Chapter 3

The primary conclusions from Chapter 3 were that aminochitosan applied as a foliar spray in
5-week-old tomato leaves was a successful direct and systemic preventative treatment to B.
cinerea infection up to up to and including 72 hpi at 1 and 2.5 mg/mL, 1 and 2.5 mg/mL for 4
and 6 dpi and 1 and 2.5 mg/mL for 30 dpi (15-20 kDa MW fractions). The successful priming
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of a resistant response systemically highlighted the benefits of a rapid and intense induction
of the innate immune system globally. The observed resistant phenotype was determined to
be mediated through sustained and elevated photosynthetic parameters namely, PSII activity
(Fv/Fm) and chlorophyll content (Chlidx) up to 4 and 6 dpi. Therefore, prior to 4 dpi, 2.5 mg/mL
of aminochitosan proved advantageous for the leaves; however, its effectiveness diminished
at later time points (refer to Section 6.4). Similarly, anthocyanin accumulation (mArildx) was
observed to decrease with an increase in the concentration of aminochitosan at the site of B.
cinerea inoculation. We hypothesized that the mechanisms of protection were likely due to a
severe direct antifungal inhibition at higher concentrations, resulting in lower ROS production,

less oxidative stress (HR-like response), and lower anthocyanin production.

Conversely, in aminochitosan-treated but uninfected leaves, anthocyanins were primed and
accumulated in response to higher concentrations. This observation coupled with the
enhanced Fy/Fm values and thereby enhanced photosynthetic activity observed in these leaves
indicated an increase in starch and sugar production. We hypothesized that anthocyanin
accumulation may act as a mechanism for regulating sugar content in an attempt to
circumvent early senescence elicited by high sugar levels in source tissue. Therefore,
anthocyanins function as potential alternative sinks that avoid excess carbon and sugar
accumulation mitigating possible “sugar-induced leaf senescence” induced by enhanced
photosynthetic activity after application of a high concentration of diamino chitosan (Landi et
al., 2015). Given that the enhanced photosynthesis was visible in both the inoculation droplet
site and in the surrounding areas, the sustained elevated photosynthetic activity was
hypothesized to be due to priming a stronger and more rapid elicitation of the defence
systems at earlier time points, resulting in an unsuccessful infection. Unexpectedly, the
resistance phenotype was not mediated by a strong accumulation of H,0; between 4-72 hpi.
Instead, a decrease in H,0; accumulation with an increase in aminochitosan concentration
was observed. These results corroborated the aforementioned anthocyanin data and direct in
planta germination observation to suggest that aminochitosan functions in a ROS-
independent manner, especially at higher concentrations where direct inhibition take
precedence. Hence, lower concentrations may be favoured due to its low and slow increase
in H,0, levels, resulting in maintained PSII functionality compared to the decrease seen at 2.5
mg/mL.
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ACRE genes encode signalling pathways, protein kinases, and ubiquitination pathway-related
proteins. They have been shown to be induced in ROS gene-independent early plant defence
responses and be primed by a water-soluble CHT for a faster and stronger expression after
infection with B. cinerea (Durrant et al., 2000; De Vega et al., 2021). We observed that
aminochitosan primes ACRE75 accumulation both in direct and systemically treated leaves
with/without B. cinerea inoculation. Moreover, ACRE75 was positively regulated with an
increase in concentration at 6 hpi indicating a concentration-dependent response at the
earlier time points. This suggested that lower concentrations of aminochitosan were sufficient
for priming systemic accumulation of ACRE75 and that the protection was sustained up to and

including 96 hpi.

Lastly, when assessing the in planta effects of aminochitosan on germination, we observed an
aminochitosan accumulating in the epidermal cells. We concluded that aminochitosan acts to
increase the membrane permeability of cells after foliar spray thereby allowing the
permeation of aminochitosan into the cell membranes and cells. These observations
corroborate the notion that polymers such as aminochitosan can exert their effects in a
bimodal mechanism, exerting both direct mechanisms of inhibition and indirect

immunostimulatory mechanisms.

In summary, we suggest that direct and systemic foliar application of aminochitosan primed
the defence response of mock and B. cinerea inoculated leaves by increasing the membrane
permeability, the photosynthetic properties, and ACRE75 gene expression, all in a manner that
required little to no H,0; accumulation as a signalling molecule. Although the MW fractions
were not discussed individually here, we feel it important to highlight that the H;0;
accumulation data for the fractions was variable. However, this experiment was only
conducted once, unlike the experiments on D1, and therefore requires additional repeats to
determine the true H,0; phenotype for each MW fraction. Sun et al. (2007) reported that CHT
oligomers (DDA 92.7%) of lower MW (2.3-6.12 kDa) displayed superior antioxidant activity
against hydroxyl radicals and superoxide anions compared to the oligomer with the highest
MW (15.25 kDa). This further highlights the importance of characterizing the optimal ranges

of MW for maximum biological activity. We also recognize that the methods used to assess
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the systemic capacity could be improved upon by testing distal leaves and not distal leaflets

for a more accurate representation of systemic priming.

6.5.2 The link between Chapters 3 and 4: connecting the phenotyping and

proteomics data

In this section, we will specifically focus on the ROS-independent and enhanced

photosynthesis hypotheses.

6.5.2.1 Examining the ROS-independent hypothesis in the aminochitosan primed

and non-triggered state (ConPol compared to ConWater)

From the proteomics analysis of the aminochitosan treatment leaves, we suggest that
aminochitosan initiated the defence response in a ROS-independent manner at 6 hpi by: 1)
functioning as an antioxidant. 2) Catalase 1 was significantly down-regulated at 6 hpi
indicating a reduced necessitation of antioxidants. 3) The down-regulation of chitinase

activity.

The ROS-independent induction of defence response was continued up to 9 hpi by: 4) The
continued down-regulation of chitinase activity indicating that aminochitosan present in the
apoplast (Chapter 3) is not degraded by chitinases and does not contribute significantly to the
overall increase in ROS and shows little to no visible accumulation up to 72 hpi as seen in
Chapter 3. 5) The down-regulation of catechol oxidase activity at 9 hpi as a means of
maintaining lower levels of ROS by negatively regulating the pathways that result in ROS
production which have previously been shown to occur concurrently with an increase in Fy/Fm
and increase chlorophyll content with the simultaneous absence of H,0, accumulation. 6)
Positive regulation of GAD which promotes endogenous GABA production and also serves as
a preemptive scavenger for ROS; reducing the likelihood of oxidative stress at later time
points, as seen in Chapter 3, by the low to absent levels of H,0; up to 72 hpi, therefore
inducing a state of ‘endurance’, preserving cell viability by limiting the production of ROS. 7)

The up-regulation of catalase activity may serve as a H,0, scavenger.
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6.5.2.2 Examining the ROS-independent hypothesis in the aminochitosan primed

and B. cinerea-triggered state (InfPol)

When assessing the primed and triggered state, we suggest that low to no accumulation of
ROS at 6hpi was achieved by 1) The negative regulation of H*-ATPase activity across the cell
wall at 6 hpi which resulted in reduced ROS, validated by Gonugunta, Srivastava &
Raghavendra (2009) and Keinath et al. (2010). 2) Furthering on from both the H*-ATPase
hypothesis and chitinase activity hypothesis, chitinase was significantly down-regulated at 6
hpi. The down-regulation of H*-ATPase activity has been shown to be coupled with the
reduction in PR activity (chitinases are PR proteins). 3) The upregulation of peptide
methionine sulfoxide reductase at 6 hpi to facilitate the reduction of oxidized methionine
residues back to methionine, which are particularly susceptible to oxidative damage by free
radicals. These therefore act as additional ROS sinks and scavengers. 4) The down-regulation
of a DNA binding BED-type domain containing protein at 6 hpi which has been shown to be
capable of inducing ROS and a cell death phenotype after 4-5 days (Zuluaga et al., 2020). 5)
The down-regulation of antioxidant proteins at 6 hpi namely In ‘peroxidase (EC 1.11.1.7),
Catalase isozyme 1 (EC 1.11.1.6) and ‘Glutathione peroxidase (AOA3Q7H2Q7) indicates a
general reduced need for stress acclimation and/or tolerance responses in the peroxisomes
and may be attributed to the potent direct antifungal effects of 1 mg/mL of aminochitosan,
the overall diminished eliciting nature of B. cinerea infection, and as a result, the decreased
demand for ROS scavenging systems. As highlighted in Chapter 3, aminochitosan shares
characteristics with polyamines (PAs) which have been shown to regulate ROS levels by
scavenging free radicals, promoting ROS degradation, and boosting antioxidant enzymes
(Gupta et al., 2016). Free PAs also neutralize superoxide anions and H;0, while conjugated
PAs probably aid in scavenging other ROS (Gupta et al., 2016). 6) Glutamate decarboxylase
activity was significantly up-regulated also supporting the hypothesis that foliar application of
1mg/mL of aminochitosan induces a state of ‘endurance’, preserving cell viability by limiting

the production of ROS and upregulating GABA, a H,0, scavenger.

In summary, Chapter 4 in part validates the ROS-independent hypothesis and the molecular
mechanisms underpinning it. However, given the variable H,0; results for the MW fractions,

an alternative to the ROS- independent hypothesis is that aminochitosan triggers a level of

232



ROS accumulation that is lower than pathogen-induced ROS upon first spray, priming the
antioxidant system to rapidly respond upon a second trigger (pathogen inoculation), avoiding
an oxidative burst or HR response. However, this swift scavenging response may occur earlier
than our investigated 6-h time point. Several of these conclusions are extrapolations and
further experiments on quantitative phenotyping, analysis of antioxidant levels, glutamate
metabolism and H*-ATPase activity on the equivalent time points are needed for a true

validation.

6.5.2.3 Examining photosynthesis in the aminochitosan primed and non-triggered

state (ConPol compared to ConWater)

1) At 6 hpi, tomato pre-emptively down-regulates photosynthesis and carbon metabolism as
an adaptive response to aminochitosan treatment while up-regulating defence systems. Given
that Chapter 3 does not look at the quantitative photosynthetic parameters in the early hours
of infection, this could not be corroborated. 2) At 9 hpi, the up-regulation of catalase coupled
with chlorophyll biosynthesis and glutamate decarboxylase may be as a result the enhanced
photosynthesis and may serve as sink/means for dissipating the excess energy, preventing any
damage to photosynthetic machinery. Glutamate decarboxylase is involved in the regulation
of carbon and nitrogen (C/N) metabolism via the GABA shunt which controls the ratio of C:N
in order to replenish the tricarboxylic acid cycle with carbon through source/sink
remobilization (Seifi et al., 2013; Fagard et al., 2014). This process would allow for excess
carbon to be recycled, given the increase in photosynthesis as highlighted in Chapter 3. GAD
also promotes the state of “endurance” as mentioned earlier which validates the observation
that aminochitosan primes and by maintaining enhanced photosynthesis for as long as

possible.

6.5.2.4 Examining photosynthesis in the aminochitosan primed and B. cinerea-

triggered state (InfPol)

1) The increase in chlorophyll biosynthesis at 6 hpi may be a counteractive measure to prevent
the loss of chlorophyl and suggests a defensive strategy, as chlorophyll not only facilitates
photosynthesis but also may participate in plant defence mechanisms by retrograde signaling.
2) At 6 hpi, the down-regulation of proteins associated with photosynthetic electron transport

in PSIl, and chlorophyll binding may signify the plant's reallocation of resources to activate
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defence-related compounds, temporarily reducing photosynthetic efficiency (trade-off). 3) At
9 hpi, chlorophyll biosynthesis was significantly down-regulated indicating that the
tetrapyrroles intermediates were regulated in a timely manner so that instead of being toxic
intermediates, function as chloroplast-derived signaling molecules. 3) The up-regulation of
chlorophyll binding at 9 hpi indicates a potential swift shift from defence to recovery as the
plant adapts to the infection more rapidly after aminochitosan application, aiming to restore
normal physiological functions, including photosynthesis. From Chapter 3, we know that the

increase in chlorophyll content is sustained up to 4 dpi.

In summary, the aforementioned results at 9 hpi partially validate the enhanced and sustained
photosynthesis seen up to 72 hpi in Chapter 3. Furthermore, the combination of the ROS-
independent hypotheses and enhanced photosynthesis indicate an immune system headed
towards a state of ‘endurance’ as seen in Chapter 3. However, conducting a time trial
experiment incorporating the time points not addressed here would provide stronger

assurance for reaching this conclusion.

6.5.3 Deciphering priming from induced resistance
Finally, to conclude that aminochitosan indeed primes a defence response, it is essential to
differentiate between priming and induced resistance, aptly demonstrated by Ameye (2017).

We have assessed this based on criteria as per Ameye (2017) and Martinez-Medina et al.

(2016).

The definition of priming defined by Martinez-Medina et al. (2016) is “defence responses
deployed in a faster, stronger, and/ or more sustained manner following the perception of a
later challenging signal (the triggering stimulus); that is, in times of stress”. They also highlight
that priming is a low-cost defensive mechanism that it not or only partially or transiently
activated after being primed by a stimulus; a key differentiating factor to induced resistance

(Figure 6.3).
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Figure 6.3: A hypothetical model adapted from Ameye (2017) that depicts the time course of a primed
and non-primed defence response. Green represents the primed defence response and red the non-
primed defence response.

Priming can arise from exposure to chemical, pathogens and pests, and environmental signals

with the mechanisms of priming varying based on the type of stimulus and stressor involved.

Irrespective of the specific triggers, defence priming consistently displays certain features, as

outlined by Martinez-Medina et al. (2016), who proposed essential criteria for identifying

priming in plants and include: i) memory, ii) low fitness costs, iii) more robust defence, iv)

broad spectrum activity, and vi) low ecological costs.

(i)

(i)

(i)

(iv)

Memory in plants involves the transient and low-level maintenance of a primed
state post-priming until a biotic attack occurs. As highlighted above in Section 6.5.2,
we believe this criterion is met.

Low fitness costs are defined as requiring fewer overall costs than the activation of

direct defence responses. Some allocation costs are to be incurred due to physical
changes (e.g. histone modifications), however, the benefits of priming become
obvious after a second stress when primed plants perform better than non-primed
plants. As highlighted above in Section 6.5.2, we believe this criterion is met.

A more robust defence response is defined as a stronger and more rapid elicitation

of defence after a triggering stress than in non-primed plants. As highlighted above
in Section 6.5.2, we believe this criterion is met.

Broad spectrum activity is defined as enhanced defence to both biotic and abiotic

stresses. As we did not effectively assess this in the maize/F. verticillioides
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pathosystem, we cannot positively confirm this in planta. However, as highlighted

in Section 6.4, aminochitosan does display antifungal activity to both B. cinerea

and F. verticillioides.

(v) Low ecological costs are defined as effects on mutualists or inter species

competition. Determining these effects are more challenging and we did not assess

this.

An insightful observation was articulated by Ameye (2017) who stated that demonstrating the

additional criteria of broad-spectrum activity and low ecological costs poses significant

challenges due to the multitude of antagonistic signaling pathways. These pathways, likely

influencing each other negatively, between different pathogens and the environment, may

ultimately undermine the validation of these two supplementary criteria. In conclusion, based

on criteria i-iii, we have demonstrated the short-term priming properties of aminochitosan in

plants and propose a hypothetical model of aminochitosan induced molecular alterations in

Figure 6.3 which summarizes key findings of this PhD thesis.
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Figure 6.4: An overview of the hypothetical model of primed defence mechanisms elicited by 1 mg/mL foliar

application of aminochitosan. Created in Biorender.com.
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6.5.3 Future work

This PhD thesis represents the first insight into the molecular mechanisms and bioactivity of
6-deoxy-6-aminochitosan short interval priming in the tomato/B. cinerea pathosystem, and
the maize/F. verticillioides pathosystems. As such, this served as a preliminary investigation
into primary questions such as the method of application, optimal concentrations for direct
antifungal efficacy and in planta immunostimulatory efficacy, potential cytotoxicity, and MoA.
However, several questions remain unanswered with further questions arising from this
research’s limitations. Some of the primary limitations in brief were the short priming interval
of 24 h, the narrow concentration range tested, low number of biological replicates, lack of
experiment replication for some of the assays, design of the systemic treatment method,
unmatched time comparisons, testing of one growth stage, lack of network and protein-
protein interaction analysis of proteomic dataset, and lastly, COVID-19 restrictions. Some of
the outstanding questions highlighted below represent different categories of future research
to be undertaken based on the limitations of this study. The ultimate goal for this research is
to bridge the lab-to-market gap as biopolymers represent a large potential for sustainable

agriculture.

Unanswered Questions:

1. Is aminochitosan efficacious in maize?
2. Does it regulate the defense response as in tomato?
3. Does aminochitosan reduce the occurrence of mycotoxins?

1. In combination, what is the ideal dosage, interval between applications and
number of applications?
2. What is the ideal length of time for assessing the primed interval?

3. Are there any negative effects of multiple rounds of priming?

1. What are the risks associated with field application?

2. Can it be used with other Integrated Pest Management strategies?

3. What are the ecological costs?

4. How will climate change and other abiotic factors affect the efficacy?

5. Does it retain its efficacy when applied as a seed coat, soil drench or other

mechanisms of application?
6. How does run off of foliar application affect soil health?

1. What are the barriers to commercialization?
Is there any prohibitive legislature?
3. Can aminochitosan be both a biostimulant and a plant protectant product?



Integrating information across physiological, molecular, ecological, educational, policy, and

commercial domains will enhance our understanding of aminochitosan's functionality and its
potential as an alternative, sustainable solution to address challenges in food security,

environmental safety, and climate change.
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2021 Extended funding from National Research Foundation Innovations Scholarship
2020 National Research Foundation Innovations Scholarship

2020 Harry Crossley Foundation

2019 National Research Foundation Innovations Scholarship

2019 Harry Crossley Foundation

2018 National Research Foundation Innovations Scholarship

2017 National Research Foundation Master’s Innovations Scholarship

2017 UCT International Travel Scholarship from Max and Lillie Sonnenberg

2016 UCT Merit Award (BSc Honours)

Leadership

2024 Head of Transformation and Development at Western Cape Climbing

2022 Head Coach and coordinator of Dream Higher (NPO)

2021 Head Coach and coordinator of Dream Higher (NPO)

2018 General member of Molecular & Cell Biology Postgraduate Representative Committee
2018 Mentor for undergraduates in the department of Molecular & Cell Biology (UCT)
2018 Demonstrator for a 3™ year undergraduate research project

2018 Judge at the Eskom Science Expo for Young Scientists
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