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Abstract 

The oomycete Phytophthora genus comprises microorganisms that cause devastating plant 

diseases, such as late blight and root rot diseases, leading to significant agricultural economic 

losses, and causing extensive damages to ecosystems. To date, no practical method is available 

to prevent these diseases. Furthermore, current strategies to control Phytophthora-induced 

diseases are ineffective in the long term. These strategies currently rely on different classes of 

chemicals. However, repeated use of the same chemicals can lead to development of pesticide 

resistance in phytopathogens. This concern, combined with an increased awareness of 

alternative approaches that have minimal impact on biodiversity and human health, highlights 

that efficient methods for controlling diseases caused by Phytophthora are urgently required. 

Targeting cell wall biosynthesis is a promising strategy to combat these pathogens. Indeed, the 

inhibition of enzymes involved in carbohydrate biosynthesis affects the growth and survival of 

these pathogens, offering a promising avenue for the development of effective treatments.  

In recent years, plant antimicrobial peptides (AMPs) have been found to be effective against 

different phytopathogens. Well-known AMPs are plant defensins, a family of small cysteine-

rich peptides that can bind to chitin and cell wall glucans in fungi. However, knowledge about 

the inhibitory role of plant defensins in oomycetes is limited. As such, this work investigates 

the effects of the plant defensin NaD1 (Nicotiana alata defensin 1) on Phytophthora species, 

which may reveal novel opportunities for controlling plant diseases. 

Our findings demonstrate that NaD1 effectively inhibits the mycelial growth of Phytophthora 

cinnamomi, Phytophthora cambivora, Phytophthora nicotianae, and Phytophthora citricola. 

Exposure to NaD1 induced alterations in the growth and structure of P. cinnamomi, leading to 

suppressed apical dominance, hyper-branching, and changes in cell wall composition, likely 

due to disruption of calcium homeostasis. Transcriptomic analyses confirmed altered 
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expression of genes involved in cellulose synthesis and calcium transport (Chapter 2), and 

uncovered changes in the transcriptome across the entire genome  in hyphal cells exposed to 

NaD1, shedding light on the mechanism of action of this AMP. These differentially expressed 

genes can serve as candidates to study the efficacy of NaD1 against Phytophthora species 

(Chapter 4). 

In addition to NaD1, the effects of a chitin synthase inhibitor, nikkomycin Z, were also 

investigated. This study shows that nikkomycin Z causes strong growth inhibition of four 

Phytophthora species and induces abnormal hyphal growth. Exposure to this inhibitor 

decreases cellulose levels and affects the expression of genes related to vital functions such as 

cell wall biosynthesis, hexosamine biosynthesis and chitin deacetylation (Chapter 3).  

Altogether, the present work reveals critical information about the fundamental inhibitory 

mechanisms of NaD1 and nikkomycin Z on Phytophthora species, with a focus on cell wall 

biosynthesis. This work paves the way for the development of novel effective targets for 

oomycete disease control. 
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Thesis aims 

The main objective of this study was to determine the inhibitory effect of the antimicrobial 

peptide Defensin 1 from the plant Nicotiana alata (NaD1) and of the chitin synthase inhibitor 

nikkomycin Z on the growth and development of Phytophthora cinnamomi, Phytophthora 

cambivora, Phytophthora citricola, and Phytophthora nicotianae. Particular emphasis was 

placed on P. cinnamomi, which represents a significant threat to the Australian ecosystems. 

 

The research was designed to address the following aims: 

1. Assess the sensitivity of Phytophthora species to the plant defensin NaD1; 

3. Identify and characterise the effects of NaD1 and nikkomycin Z on hyphal morphology, 

growth, development, and cell wall constituents of P. cinnamomi; 

4. Determine the effectiveness of a chitin synthase inhibitor, nikkomycin z, as a control agent 

of P. cinnamomi; 

5. Understand the biological activity of NaD1 against P. cinnamomi by profiling whole 

transcriptional changes; 
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Thesis context 

To assist readers in the navigation of this Thesis, an overview outlining the content of the main 

Chapters is provided below.   

In this Thesis, Chapter 1 is intended to provide the background and framework for this work. 

This Chapter comprises a Literature Review on oomycetes and expands on their economic 

importance, biology and the structure and biosynthesis of oomycete cell walls. A detailed 

description of cell walls in oomycetes will enable readers to understand their diversity across 

lineages. Chapter 1 also provides an overview of current oomycete disease management 

strategies and the potential effectiveness of cell wall inhibitors. Several promising methods for 

managing oomycete diseases, including transgenic techniques, antimicrobial peptides (AMPs), 

dsRNA, biological control measures, and genome editing, have been introduced as potential 

avenues to pursue for improved disease management. 

This study focused on the devastating phytopathogenic oomycete genus Phytophthora. Chapter 

2 presents the growth inhibitory effects of the AMP defensin 1 from the plant Nicotiana alata 

(NaD1) on four species of this genus. The restricted hyphal growth of P. citricola, P. 

cambivora, P. nicotianae and P. cinnamomi validated the capability of NaD1 to inhibit the 

growth of this genus of plant pathogens. Afterwards, morphological, developmental, structural, 

and transcriptional changes caused by exposure of Phytophthora cinnamomi to NaD1 were 

analysed using a combination of molecular and biochemical techniques, and transcriptomic 

analysis by RNA sequencing. Together, it is clear that NaD1 acts as an inhibitor against 

Phytophthora species, and we show that this AMP holds the potential for developing new 

solutions to control these devastating phytopathogens. 

In Chapter 3, the chitin synthase inhibitor nikkomycin Z was tested as a potential control agent 

against Phytophthora species. Nikkomycin Z is a secondary metabolite derived from 
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Streptomyces tendae. This compound has shown potential as an antifungal therapy due to its 

ability to inhibit chitin synthase activity in fungi, thereby interfering with chitin synthesis. This 

Chapter shows that nikkomycin Z is also active on Phytophthora species and modifies the cell 

wall structure of P. cinnamomi. As in Chapter 2 and 3, molecular and biochemical techniques, 

and transcriptomic analysis by RNA sequencing were used to study the impact of nikkomycin 

Z on P. cinnamomi. Identification of the differentially expressed genes provided insights into 

the inhibitory mechanism of nikkomycin Z. 

Chapter 4 reports a global transcriptomic analysis for in-depth genome-wide understanding of 

the action mechanism of NaD1 in P. cinnamomi. The identified differentially expressed genes 

provide interesting candidates that might be targeted to develop new control strategies.  

Chapter 5 provides a general conclusion of this thesis, followed by contribution to knowledge 

and recommendations for future directions. 
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Figure 1. A schematic overview of the thesis structure. 
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Chapter 1 

Insights into Oomycete Cell Walls and Implications 

for Oomycete Disease Management Strategies: 

Literature review 
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1 Introduction to oomycetes 

Oomycetes are a class of eukaryotic microorganisms that live in different environments, 

including marine, freshwater, and terrestrial ecosystems (Bridge et al., 2008; Hughes et al., 

2003; Mirzaee et al., 2009; Thines, 2018). Certain species of oomycetes are adapted to thrive 

in specific habitats, while others can survive in a variety of conditions. Like fungi, oomycetes 

are heterotrophic organisms with saprophytic or parasitic (necrotrophic) modes of nutrition. 

Saprophytic oomycetes contribute to the decomposition of organic matter and participate in 

nutrient cycling. On the other hand, many terrestrial oomycetes are parasites of vascular plants 

and include several devastating phytopathogens, such as Phytophthora, Pythium, and 

Aphanomyces (Aphanomyces euteiches), which cause several root rot or foliar diseases like 

downy mildew, stem rot, and blight. In addition, some aquatic necrotrophic oomycetes cause 

devastating diseases in salmon, crayfish, and catfish. Some beneficial oomycetes defined as 

'mycoparasitic oomycetes' can parasitise other phytopathogenic fungi and oomycetes. For 

example, Pythium oligandrum can protect crop plants from phytopathogenic fungi such as 

Rhizoctonia solani, Botrytis cinerea, and Fusarium solani, and from pathogenic oomycetes, 

e.g., Phytophthora parasitica and Pythium ultimum (Berry et al., 1993; Bradshaw-Smith et al., 

1991; Laing & Deacon, 1991; Picard et al., 2000). Owing to these properties, P. oligandrum 

has been used for years in the Slovak Republic as a commercial biocontrol agent known as 

'Polygardron' (Brožová, 2002).   

 

The Peronosporales and Saprolegniales are the most studied orders of oomycetes. The 

Peronosporales comprise Phytophthora as the largest genus, with more than 120 described plant 

pathogenic species (Kamoun, 2006; Kasuga et al., 2012) that pose a significant threat to 

agricultural crops and natural ecosystems (Hansen et al., 2012; Judelson, 2012; Jung et al., 

2013; Yang et al., 2017). Phytophthora attracted attention after causing the potato famine in 

Ireland during 1845–1846. In 1876, Phytophthora infestans was identified as the causative 

agent of the potato late blight disease (Bourke et al., 1993). In 2009, another late blight epidemic 

due to P. infestans was observed in tomato fruit in the Eastern United States (Fry, 2013), where 

the infection still costs US $507 per hectare annually in fungicide (Guenthner et al., 2001). 

Globally, this pathogen causes more than $6 billion economic loss yearly (Derevnina et al., 

2016). In Australia, it has been reported that more than 5,000 native plant species are susceptible 

to the soilborne species Phytophthora cinnamomi, which has been identified as a serious threat 

to Australian native plants and the overall ecosystem of the country (Cahill et al., 2008; Jung 

et al., 2013; Kamoun et al., 2015). In the southern part of Western Australia, over 40% of 

indigenous plant species are identified as vulnerable encompassing numerous members of the 
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Proteaceae family. The risk is further amplified for endangered plant species, as approximately 

56% of them are deemed susceptible P. cinnamomi (Shearer et al., 2004). 

 

Besides pathogens of plants, the Peronosporales order comprises some animal and human 

pathogens responsible for severe diseases. For example, a life-threatening infectious human 

disease called ‘Pythiosis’ is increasingly diagnosed worldwide and becoming a concern as an 

emerging threat to human health caused by Pythium insidiosum (Permpalung, Worasilchai, & 

Chindamporn, 2020). The Saprolegniales more generally comprise pathogenic species of 

animals. Saprolegnia parasitica is an example of an aquatic oomycete that causes 

saprolegniosis, a disease responsible for significant economic losses in aquaculture and declines 

of fish populations in the wild.  The intensive use of fungicides associated to large-scale 

outbreaks of pathogenic oomycetes can lead to environmental contaminations and important 

economic losses. Considering these adverse impacts, the development of successful and non-

toxic anti-oomycete drugs is urgently required to suppress or mitigate the devastating threats 

caused by pathogenic oomycetes in agriculture, the environment and human and animal health.  

 

Table 1: Impact of pathogenic oomycetes on agriculture, aquaculture and human health. 

Hosts Pathogen Disease Known 
hosts 

Impact References 

Plants Phytophthora 
infestans  

Late blight Potato & 
Tomato  

Annual global 
loss of US $6 
billion  

(Derevnina et 
al., 2016) 

Phytophthora 
palmivora 

Black pod 
disease 

Cocoa Annual global 
loss of US $1 
billion  

(Drenth & 
Guest, 2004) 

Phytophthora 
capsici 

Root rot Pepper Annual global 
loss > US $100 
million 

(Bosland, 
2008) 

Phytophthora 
sojae 

Damping off Soybean Annual global 
loss of US $1-2 
billion 

(Tyler, 2007) 

Phytophthora 
cinnamomi 

Root rot Avocado Annual loss > 
US $40 million 
in California 

(Ploetz, 
2013) 

dieback About 5000 
species 

Chestnut and 
holm oak forests 
in Europe; 
natural forests in 
Australia 

(Hardham & 
Blackman, 
2018) 

Plasmopara 
viticola 

Downy 
mildew 

Grape Annual loss of 
A$ 140 million 
in Australia 

(Taylor & 
Cook, 2018) 
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Aphanomyces 
euteiches 

Root rot Pea, lentil, 
alfalfa, 
trifolium, 
and other 
Fabaceae 
species 

Annual loss of 
US $600 million 
in Europe and 
the United 
States. 
 

(Allmaras et 
al., 1998) 

Aphanomyces 
cochlioides 

Root rot Sugar beet Annual loss of 
US $42.8 
million in the 
USA 

(Becking et 
al., 2022) 

Fish 
and 
other 
aquatic 
animals 

Aphanomyces 
astaci 

Crayfish 
plague 

Freshwater 
crayfish 
species 

Significant 
annual loss 
worldwide, but 
no overall 
estimation 
available 

(Becking et 
al., 2022) 

Aphanomyces 
invadans 

Epizootic 
Ulcerative 
Syndrome 

Wild and 
farmed fish 

Loss of US $110 
million between 
the late 80s and 
early 90s 

(Syndrome, 
1998) 

Saprolegnia 
parasitica and 
Saprolegnia 
monoica 

Saprolegniosis 
and winter kill 

Salmon, 
catfish 

Annual loss of 
US $40 million 
due to 
saprolegniosis 
and $50 million 
due to winter 
kill in the catfish 
industry in the 
USA 

(Bly & Clem, 
1992; Torto-
Alalibo et al., 
2005) 

Humans 
and 
animals 

Pythium 
insidiosum 

Pythiosis Humans, 
cattle, 
canines, 
equines, 
felines 

Causes life-
threatening 
conditions with 
high mortality 
rate. Pythiosis is 
emerging as a 
deadly disease 
in humans in 
tropical, sub-
tropical, and 
temperate 
regions. 

(Chitasombat 
et al., 2020) 

 

2 Phylogenetic position of oomycetes 

Historically, oomycetes were misclassified as lower fungi and still sometimes incorrectly 

considered as fungi. The confusion regarding their classification essentially lies in their similar 

filamentous growth pattern and ecological roles as true fungi. In addition, oomycetes and fungi 

are both heterotrophic and exhibit an osmotrophic mode of nutrition, which involves the 
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secretion of enzymes to break down nutrients for their further absorption (Beakes & Thines, 

2016; Wijayawardene et al., 2020). Furthermore, these organisms commonly produce sexual 

and asexual spores (Judelson, 2012). According to pioneering research by Aronson et al. in 

1967 and Bartnicki-Garcia in 1968, oomycete cell walls are primarily composed of cellulose 

and devoid of chitin, while fungal cell walls are chitinous (Aronson et al., 1967; Bartnicki-

Garcia, 1968). However, this general dogma is no longer valid as chitin has been shown to 

occur in the cell walls of some oomycetes species, albeit in small amounts not exceeding 1-5% 

(see e.g., Bulone et al., 1992; Mélida et al., 2013). Unlike oomycetes, fungal cell walls contain 

higher amounts of chitin, typically up to 20 %, and lack cellulose in their cell walls (see Table 

2 in Section 4). With advancements in molecular phylogenetics and genetic analysis, it became 

evident that oomycetes belong to a distinct lineage, the Stramenopiles or Heterokonts, separate 

from the true fungi (Beakes et al., 2012). A distinctive evolutionary study proved that 

oomycetes are closely related to diatoms and brown algae within the heterokonts (Beakes et al., 

2012; Phillips et al., 2008) (Fig. 1). Genome comparison between oomycetes and diatoms 

revealed the photosynthetic ancestry of oomycetes, although oomycetes lost chloroplast in all 

three clades through evolution (Adl et al., 2005; Cavalier-Smith & Chao, 2006; Tsui et al., 

2009). The phylogenetic relationship within the oomycetes shows the presence of early 

diverging basal lineages, which mainly consist of obligate parasites of marine organisms like 

seaweed, crustaceans, and algae (Beakes et al., 2012). The basal orders evolved successively 

into the saprolegnian line (mainly freshwater parasites), with the main divergent order being 

the peronosporalean (mainly soilborne plant/animal parasites). After landing from sea to land, 

mycelial growth pattern and sexual reproduction were acquired by this divergent group of 

oomycetes (Beakes et al., 2012) (Figure 1).  
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Figure 1: Evolutionary history of orders of oomycetes including the Saprolegniales 

and Peronosporales. (Reprinted with permission from {Judelson et al., 2012}. Copyright 

{2012} American Society for Microbiology.) 

3 Life cycles of oomycetes 

The basal lineages of the oomycetes have simplified morphological attributes and lifestyles 

compared to the species belonging to the Peronosporales and Saprolegniales orders. All known 

oomycetes of the basal lineages can produce sporangia from holocarpic thalli, and they are 

found to not produce oospores through sexual reproduction (Beakes et al., 2017; Dick, 2013). 

However, a few genera of early lineages show evidence of a non-canonical form of sexual 

reproduction, e.g., Olpiodiopsis, Eurychasma, and Anisolpidium, which are marine species 

considered a potential threat to the cultivation of algae and therefore the seaweed industry 

(Badis et al., 2020; Gachon et al., 2017; Tsirigoti et al., 2013). These species can produce 

oospore-like structures through the fusion of two thalli of different size by a form of sexual 

reproduction which is not clearly understood (Buaya & Thines, 2020; Cornu, 1872; Sparrow & 

Ellison, 1949).  In their asexual stage, most species produce tubular or spherical thalli, which 

are branched or unbranched, and which can produce single or multiple tube-like sporangial 

structures to release zoospores (Buaya & Thines, 2019, 2019, 2020). After release, the 

zoospores can swim for several minutes and disperse readily in the environment (Perrott, 1960; 

Sparrow, 1960). The sporangia of these early lineages form primary zoospores only, which 

exhibit a pyriform shape and are bi-flagellate, except for Anisolpidium.  
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Species from the Saprolegniales order have a relatively complex life cycle compared to their 

counterpart from early lineages, and have distinct asexual and sexual life stages. In the sexual 

stage, nuclei fusion takes place between the haploid male antheridium and the female oogonium 

to produce a resting spore called ‘oospore’. In the asexual stage, the mycelium can produce 

spike-shaped sporangia, which produce primary bi-flagellate zoospores. These zoospores are 

less stable than the zoospores produced by the early lineage species, but they encyst within a 

minute after release. The resulting primary cysts then germinate to produce secondary 

zoospores, which are better swimmers that primary zoospores and can survive for many hours 

before encystment, and the subsequent production of fully matured zoospores or mycelium 

(Bruno et al., 2011; Walker & van West, 2007). Aphanomyces, Saprolegnia and Achlya are the 

three genera belonging to the Saprolegniales order. They can cause diseases in many organisms. 

The Aphanomyces genus comprises three major clades: one clade causes diseases in aquatic 

animals, e.g., crayfish plague in freshwater crayfish by Aphanomyces astaci; a second clade 

causes plant diseases, e.g., root rot in legume crops by Aphanomyces euteiches; and the third 

clade consists of saprophytes that cause diseases in nematodes (Diéguez-Uribeondo et al., 

2009) (Table 1). Saprolegnia parasitica is one of the most destructive oomycetes and a threat 

to fish farming in both freshwater and the ocean. Out of the 80 known Achlya species, about 20 

are pathogens of fish (Choi et al., 2019). 

 

The order Peronosporales contains obligate biotrophs, e.g., Albuginales and Plasmopara, as 

well as hemi-biotrophs and saprotrophs, e.g., Phytophthora, Halophytophthora, Pythium, and 

Phytopythium. The outstanding feature of this lineage is that some of the saprophytes from the 

genus Pythium do not have asexual reproduction, while some produce multinucleate and 

immotile asexual spores. As a result of the evolutionary process, some species of this lineage 

have lost their potential to produce zoospores. However, Phytophthora still produces bi-

flagellated zoospores through asexual reproduction. These are able to find their host cells by 

chemotaxis (Hosseini et al., 2014) (Figure 2). Indeed, these zoospores can chemotactically 

sense compounds present in plant leaf or root exudates, such as pectins and amino acids. Thus, 

once zoospores are released, they actively swim towards the leaves or roots of the host plant 

and colonize the host tissues before competitive anamorphic fungi can establish themselves in 

the host. After attachment to the host surface (roots or other plant organs), the zoospores 

promptly shed their flagella and rapidly encyst by developing a cell wall within 10 minutes 

(Desjardins et al., 1973). Cysts produce germ tubes and an infection structure named 

'appressorium' to infect the host cells (Ristaino et al., 1992).  
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Figure 2: Life cycle of Phytophthora including sexual and asexual reproduction. 

In unfavourable conditions (e.g., hot, dry weather), the mycelium produces hardier 

chlamydospores instead of sporangia, which can survive without a host for more than 100 days 

(Jung et al., 2013) due to encapsulation by a cell wall. Phytophthora sp. can also reproduce 

sexually by producing gametangia, i.e., oogonium and antheridium; subsequent successful 

mating produces oospores, which remain alive during overwintering and produce a sporangium 

or germ tube under favourable conditions (Figure 2) (Savage et al., 1968). 

4 Oomycete cell walls  

The cell wall is the cell's outermost layer and is the organism's first point of contact with the 

environment. Therefore, it is a primary player in the physical and chemical interactions with 

other cells or organisms. The principal role of the cell wall is to maintain cell shape and provide 

support for cell growth (Latge, 2007), but it is also a critical component in signalling pathways 

between hosts and pathogens that mediates pathogen attachment, entry, colonisation and 

defence against the host immune response. In turn, a plant host alters the composition of its cell 

wall to better resist infection and produce anti-microbial compounds.  

  

The cell walls of fungi are well-studied compared to their oomycete counterparts. The cell wall 

polysaccharide composition of different fungal species varies significantly. However, they all 

contain chitin, most commonly associated with different ratios of (1→3)-β-glucans, (1→6)-β-

glucans, (1→3; 1→6)-β-glucans, (1→3)-α-glucans, and mannoproteins (Free, 2013; Klis et al., 

2002) (Table 2). In the yeast Saccharomyces cerevisiae, chitin and (1→3)-β-glucans are mainly 
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found in the inner layer of the cell wall, making up 50-60% of its total dry weight and providing 

mechanical strength (Dallies et al., 1998; Hartland et al., 1994; Lipke & Ovalle, 1998). Cell 

wall proteins are mainly found in the outer layer of the fungal cell wall (FCW), where they 

facilitate interactions with cell walls from other micro-organisms and response to the 

environment, including abiotic factors such as excessive water, heat, and cold (Cappellaro et 

al., 1994; Lipke & Kurjan, 1992; Reynolds & Fink, 2001; Teunissen & Steensma, 1995). The 

outer layer of the FCW also serves as a protective barrier for the inner layer of the cell wall and 

plasma membrane. Some of the structural proteins are covalently linked to (1→3)-β-glucans 

and chitin, either directly or through (1→6)-β-glucans. This complex network of cross-linked 

polysaccharides and proteins as well as the countless non-covalent interactions that take place 

within the network, lead to the formation of a malleable and mechanically robust cell wall. For 

example, the appressoria of some plant pathogens, such as Magnaporthe oryzae, can withstand 

an internal turgor pressure of up to 20 MPa, making them the most robust cell walls in nature. 

The turgor pressure produced allows the hyphae to penetrate the target host cell by applying 

mechanical force (Money, 2001, 2008). Besides structural proteins, such as mannoproteins, the 

FCW contains enzymes such as hydrolases and transglycosidases (Bowman & Free, 2006; 

Mouyna et al., 2000). The coordinated action of these enzymes and membrane-bound 

glycosyltransferases (GT) ensures the proper assembly and constant remodelling of fungal cell 

wall components (Mouyna et al., 2000).  

 

Table 2: Major differences between the cell walls of two examples of oomycetes and true 

fungi 

Polysaccharide Fungal species Oomycete species 
Saccharomyces 
cerevisiae 

Aspergillus 
fumigatus 

Phytophthora 
infestans 

Saprolegnia 
parasitica 

Aphanomyces 
euteiches 

Chitin: polymer of 
(1→4)-linked β-N-
acetylglucosaminyl 
residues 

1 to 2% 10-20% None 
detected 

2% 10% 

Polymer of (1→6)-N-
acetylglucosaminyl 
residues (most likely 
β anomery) 

None 
detected 

None 
detected 

None 
detected 

None 
detected 

Present 

(1→3)-β-glucans 50 to 55% 20 to 35% 20% 23% 28% 
Cellulose: polymer of 
(1→4)-β-glucosyl 
residues 

None 
detected 

None 
detected 

34% 51% 35% 

(1→6)-β-glucans 10 to 15% None 
detected 

2% 10% 4% 
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(1→3; 1→6)-β-
glucans 

  18% 5% 14% 

(1→3; 1→4)-β-
glucans 

None 
detected 

Present Present Present None 
detected 

Mannan Present Present Present Present Present 
 

Different oomycete cell walls are generally composed of different amounts of cellulose, (1→3)-

β-glucans, (1→6)-β-glucans and (1→3; 1→6)-β-glucans (Mélida et al., 2013) (Figure 4, Table 

2). Besides these polysaccharides, chitin is found as an order-specific or species-specific cell 

wall component in some oomycetes (Bartnicki-Garcia, 1968; Cameron & Taylor, 1976; Mélida 

et al., 2013; Novaes-Ledieu et al., 1967; Reiskind & Mullins, 1981; Sietsma et al., 1969). The 

oomycete cell wall (OCW) mainly comprises 80-90% glucans, 5-10% proteins and 1-2% lipids 

(Tokunaga & Bartnicki-Garcia, 1971).  Although the presence of cellulose in the OCW was 

historically recognised as a characteristic feature of oomycetes, pioneering biochemical 

approaches suggested that cellulose is a relatively minor component (4-21%) whereas (1→3)-

β-glucans and  (1→6)-β-glucans were reported to represent 60-80% of the total cell wall 

carbohydrates (Bartnicki-Garcia, 1968; Cameron & Taylor, 1976; Reiskind & Mullins, 1981; 

Sietsma et al., 1969; Sietsma et al., 1975; Zevenhuizen & Bartnicki-Garcia, 1969). However, 

techniques such as glycosidic linkage analysis by gas chromatography coupled to mass 

spectrometry were not frequently used in this pioneering research, so the actual amount of 

cellulose was underestimated in several instances where the specific detection of (1→4)-β-

linked glucosyl residues was not accounted for. In addition, no chitin was found in any of these 

studies. Ultrastructural analysis by electron microscopy confirmed the presence of two distinct 

layers within the OCW, similar to the organisation of the FCW. Early studies revealed that the 

inner layer of the OCW contains cellulose microfibrils, possibly cross-linked with other types 

of glucans, and an outer layer consisting mainly β-1,3-glucans with β-1,6 linkages (Hunsley & 

Burnett, 1970; Sietsma et al., 1975).  

 

In a more recent study by Mélida et al. (2013), a comprehensive analysis of OCW was 

performed to characterise the extracellular carbohydrates found in ten species belonging to the 

Peronosporales and Saprolegniales orders. Unlike the pioneering work mentioned above, 

Mélida et al. (2013) employed a combination of solvent-specific extractions and linkage 

analysis that enabled the identification and quantification of crystalline and non-crystalline cell 

wall polysaccharides and the glycosidic linkages they contain. This approach revealed a 

significantly higher percentage of cellulose (30-50%) within the oomycete cell wall glucans 

(Mélida et al., 2013). The quantity of non-cellulosic glucans, predominantly (1→3)-β-glucans, 



  Chapter 1 ─ Literature review 
 

11 
 

accounted for approximately 20-30% of the total glucans present in the OCW (Mélida et al., 

2013). The researchers proposed three distinct types of cell walls across the 10 species analysed, 

based on the distinctive features of their carbohydrate content. The cell wall of Phytophthora 

species was classified as type I, which is characterised by the absence of chitin but the presence 

of >3% mannosyl and glucuronosyl residues (small amounts) in the alkali-soluble fraction 

compared to the other two cell wall types. The cell walls of the Saprolegniales genera Achlya, 

Leptolegnia, Saprolegnia and Dictyuchus were classified as type II. In these cell walls, a small 

amount of chitin was detected (<5%) together with unexpected 1,3,4-linked glucosyl residues, 

implying the existence of cross-links between β-1,3-glucans and cellulose. The cell walls from 

another Saprolegniales, Aphanomyces, were classified as type III, characterised by a higher 

content of chitin (>5%), which distinguishes them from the type II OCW. Interestingly, the type 

III cell wall also contained 1,6-linked GlcNAc residues, which had been previously reported 

only in some bacterial polysaccharides. Although Mélida et al. (2013) provided valuable 

insights into the OCW composition, their study included two Phytophthora species only and no 

other Peronosporomycetes. Therefore, would be interesting to perform further similar 

carbohydrate analyses on different Peronosporomycetes, including species responsible for 

downy mildews, i.e., species from the Pythiales, Albuginales, Rhipidiales and Leptomitales 

orders, as well as members from the early diverging Haliphthorales and Haptoglossales orders, 

which have not been researched to date. However, the obligate lifestyle and holocarpic nature 

of some oomycetes may limit our ability to purify their cell wall material without 

contaminations from the host cell walls. 

 
Figure 3: Cell wall model of the fungus Candida albicans (Adapted from Gow et al., 2012) 
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Figure 4: Model of an oomycete cell wall. The inner cell wall layer (pink shade) is cellulose-

rich and may contain small amounts of chitin depending on the species. The outer cell wall 

layer (yellow shade) contains essentially β-glucans and mannoproteins.  

 

In general, cell wall models of fungi and oomycetes derived from the experimental results 

summarised above indicate that the crystalline polymers such as chitin in fungi (Figure 3) and 

cellulose in oomycetes (Figure 4) occur essentially in the inner layers of the corresponding cell 

walls, while the outer layers of the cell walls largely consist of the less crystalline polymers 

(1→3)-β-glucans and mannans.  

4.1 Cellulose: a linear chain of (1→4)-β-glucosyl residues 

Cellulose is a biopolymer found in various organisms such as plants, algae, oomycetes, bacteria 

and some invertebrate marine animals from the tunicate phylum. It consists of linear chains of 

glucosyl residues linked by β-(1→4) linkages (Figure 5), stabilised by intramolecular H bonds. 

Owing to the β-(1→4) stereochemistry, each residue is rotated by 180° with respect to its 

neighbour (Figure 5). The length of the cellulose chains varies depending on the source and 

extraction techniques (Rajinipriya et al., 2018; Somerville, 2006). Individual chains aggregate 

via many intermolecular H bonds to form mechanically strong, water-insoluble crystalline 

microfibrils, which stabilise the cell wall as well as the cell structure, tissues, and entire plant 

(Jarvis, 2003).  Plant cell walls are typically rich in cellulose, ranging from around 20% to 40% 

in primary cell walls to up to over 50% in secondary cell walls of woody tissues, and 95% in 

cotton fibres (Cosgrove & Jarvis, 2012; Jarvis, 2003; Zhong & Ye, 2014).  
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Figure 5: Cellulose structure. Cellulose consists of linear chains of glucosyl residues linked 

through (1→4)-β-glycosidic bonds (Reprinted with permission from {Rajinipriya et al., 

2018}. Copyright {2018} American Chemical Society.) 

 
Crystalline cellulose may occur as four distinct allomorphs, as demonstrated by X-ray 

diffraction and solid-state 13C-NMR, referred to as cellulose I, II, III, and IV (Moon et al., 2011) 

(Figure 6). Cellulose I is the native form of cellulose that occurs in nature. Two allomorphs of 

cellulose, designated cellulose Iα and Iβ, are distinguishable by subtle differences in H bonding 

which result in a slightly different crystalline phase. Cellulose Iβ is predominant in plant cell 

walls whereas cellulose Iα is the major allomorph found in bacterial cellulose (Atalla & 

Vanderhart, 1984). However, both forms typically co-exist in the same biological source, albeit 

one form is usually much more abundant in a given organism than the other.  

 
Figure 6: Allomorphs of cellulose. Allomorphs II, III and IV derive from cellulose I, the native 

form of cellulose found in nature. (Reprinted with permission from {Ulaganathan et al, 2015}. 

Copyright {2015} Bentham Science Publishers.) 

 

Cellulose I microfibrils consist of parallel chains, i.e., the reducing ends of all cellulose chains 

point in the same direction, whereas cellulose II comprises anti-parallel chains. The alkali 

treatment of cellulose I changes the direction of the chains of cellulose I and reorganise the 
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chains into an anti-parallel orientation (Klemm et al., 2005) (Figure 6). This process is poorly 

understood, but it is believed that the alkaline treatment provokes a swelling of cellulose or a 

complete dissociation of individual chains, with disruption of H bonds, to form the more 

metastable cellulose II. This allomorph is well-known for its smooth texture and is widely 

utilised as so-called ‘regenerated cellulose fibres’ in the textile industry. Cellulose II has been 

reported in very rare occasions in nature, e.g., in one algal species (Sisson, 1938) and one 

bacterial strain grown in high-viscosity medium (Kuga et al., 1993). Cellulose III is an 

intermediate form between cellulose I and cellulose II and can be produced by chemical 

treatment of either cellulose I or cellulose II (Figure 6). Cellulose IV is a disorganised form of 

cellulose I (Wada et al., 2004) found in the cell wall of oomycetes and primary cell walls of 

plants (Bulone et al., 1992; Chanzy et al., 1979; Helbert et al., 1997). This allomorph can also 

be chemically derived from cellulose I and cellulose III by heat treatment in presence of 

glycerol (Figure 6) (Dai et al., 2018; El Seoud et al., 2019; Ulaganathan et al., 2015). 

4.2 Glucans: (1→3)-β- and (1→3, 1→6)-β-Glucans 

(1→3)-β-Glucans are one of the main components of both fungal and oomycete cell walls. This 

type of polysaccharide provides tensile strength and contributes to the stabilisation of the size 

and shape of cells. In the yeast S. cerevisiae, (1→3)-β-glucan chains comprise approximately 

1500 glucosyl units linked by β-1,3-linkages. The chains are moderately branched, and the 

polymer represents 50-55% of the cell wall dry weight (Klis et al., 2002; Manners et al., 1973; 

Xie & Lipke, 2010). Both fungi and oomycetes contain branched (1→3)-β-glucans, with the 

branching points taking place on the C6 of some of the main-chain β-1,3-linked glucosyl 

residues (Figure 7). These branched (1→3)-β-glucans are stabilised in the cell wall matrix by 

hydrogen bonding between neighbouring polymers (Klis et al., 2006; Latgé, 2007). In fungi, 

the (1→6)-β-branches are irregularly distributed along the (1→3)-β-glucan chains, which 

prevents crystallisation of the polymers (Klis et al., 2002). 
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Figure 7: Chemical structure of (1→3)-β-glucans with a branching point at position 6. 

(Reprinted with permission from {Abuajah, 2017}. Copyright {2017} Springer Nature.) 

 
In oomycetes, it has been reported that Phytophthora species contain higher proportions of 

(1→3)-β-glucans and branched (1→3, 1→6)-β-glucans, i.e., about 40% altogether of the whole 

cell wall carbohydrates (Table 2) compared to linear (1→6)-β-glucans, which represent no more 

than 3% of the cell wall (Melida et al., 2013; Rahar et al., 2011; Rouhier et al., 1995; Tondolo 

et al., 2017). Linear (1→3)-β-linked glucans play an important stabilising role during the 

formation and remodelling of the cell wall at different growth stages of Phytophthora sp., and 

also trigger plant immune responses during infection (Bartnicki-Gracia, 1983; Doke & 

Tomiyama, 1980; Waldmüller et al., 1992). In addition, Zeković et al. (2008) showed that 

branched (1→3, 1→6)-β-glucans act as storage carbohydrates in oomycetes (Zeković et al., 

2005).  

4.3 Chitin: a linear chain of (1→4)-β-linked N-acetylglucosaminyl 
residues 

Chitin is a homopolymer of β-1,4-linked N-acetyl-D-glucosaminyl (GlcNAc) residues (Figure 

8). It is found in all fungal species, but some oomycetes have also been shown to contain small 

amounts of chitin, not exceeding a few percent (Table 2) (Berezina, 2016).  
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Figure 8: Chemical structure of chitin, a polymer of β-1,4-linked N-acetyl-D-glucosaminyl 

residues (GlcNAc). (Reprinted with permission from {Nasrollahzadeh et al., 2023}. Copyright 

{2023} Springer Nature.) 

 

For example, the cell walls of Saprolegnia species contain 1-2% GlcNAc residues, while the 

Aphanomyces euteiches cell walls contain more than 5% GlcNAc residues. This is one of the 

features used to distinguish the oomycete types II and III cell walls (Mélida et al., 2013). On 

the other hand, the Peronosporales P. infestans and P. parasitica lack GlcNAc residues in their 

cell walls (Table 2), suggesting that they are devoid of chitin (Melida et al., 2013). As opposed 

to the situation in oomycetes, chitin is found in all fungal cell walls, such as Ascomycetes, 

Basidiomycetes, Deuteromycetes, and Zygomycetes (Elsoud & El Kady, 2019). It is important 

to note that, across all oomycetes, the presence of chitin has been reported only in some 

members of the Saprolegniales order (Badreddine et al., 2008; Bulone et al., 1992; Guerriero 

et al., 2010). However, it remains elusive whether all genera of Peronosporomycetes are devoid 

of chitin. A recent study based on the use of wheat germ agglutinin (WGA) showed the presence 

of chitin in zoospores and released sporangia from P. capsici and P. sojae (Cheng et al., 2019). 

However, the results are not entirely conclusive as WGA is not strictly specific for chitin and 

they contradict the findings of Mélida et al. (2013), which are based on more direct chemical 

evidence. 

4.4 Mannans 

Mannans are minor components of the OCW, present only in alkali-soluble cell wall extracts 

(Mélida et al., 2013). The highest amounts of mannans are found in the type I OCW. it has been 

suggested that most of the detected mannans arise from surface glycoproteins such as 

mannoproteins, which are separable by alkali or hot water extraction (Ayers et al., 1976; Keen 

& Legrand, 1980). Compared to the OCW, the well-characterised cell walls of the yeast S. 

cerevisiae and fungus C. albicans contain higher proportions of glycosylated proteins, 
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including mannoproteins, a high proportion of which are synthesised in the form of 

glycosylphosphatidylinositol (GPI) anchored protein (Ibe & Munro, 2021). In addition, some 

mannoproteins in fungal species are covalently linked to β-1,3-glucans via oligosaccharide 

sidechains. Similar to the situation in fungi, it has been proposed that the GPI-anchors present 

in the oomycete plasma membranes are involved in the attachment and/or subsequent release 

of glycosylated proteins and mannans in the cell wall (Jiang et al., 2006; Kharel et al., 2021). 

In oomycetes, mannoproteins are historically considered to not only cement β-glucans within 

the cell wall, but also to act as adhesive substances through which zoospores attach to the host 

cell during infection (Erwin et al., 1983). 

5 Cell wall biosynthesis in oomycetes 

As indicated in the previous section, the main constituents of the OCW are cellulose and (1→3)-

β-glucans. In addition, some species contain small amounts of chitin. These three types of 

carbohydrate polymers are synthesized by membrane-bound enzymes, which belong to the 

glycosyltransferase (GT) family. The GTs involved in the biosynthesis of cellulose, (1→3)-β-

glucans and chitin catalyse the repetitive transfer of glycosyl residues from activated sugar 

donors, i.e., UDP-glucose or UDP-N-acetylglucosamine, to the acceptor polysaccharidic 

chains, thereby forming new glycosidic bonds and elongating individual chains (Saxena et al., 

1995). There are 116 GT families present in the carbohydrate-active enzyme (CAZy) database 

(www.cazy.org). The cellulose (CESA) and chitin (CHS) synthases belong to GT family 2, 

whereas the 1,3-β-glucan synthases (FKS) are classified in GT family 48. This classification is 

based on sequence similarities, mode of catalytic action and, where available, structural 

information. 

5.1 Cellulose biosynthesis 

The oomycete CESA enzymes use UDP-glucose as a substrate to extend the polysaccharide 

chains of (1→4)-β-glucans, a mechanism accompanied by an inversion of the configuration of 

the anomeric carbon from α in the sugar donor (UDP-glucose) to β in the acceptor (cellulose) 

(Aloni et al., 1982; Bureau & Brown, 1987; Graf et al., 2013; Lairson et al., 2008). CESA 

proteins for multimeric complexes in the plasma membrane that can be visualised by electron 

microscopy. In plants these complexes are designated as ‘rosettes’ owing to their six-fold 

symmetry whereas bacterial CESAs occur as linear arrays of proteins (Brown, 1996; Mueller 

& Brown, 1980). The arrangement of the cellulose synthase complexes (CSC) in brown algae, 

which are phylogenetically related to oomycetes, is linear but there is no experimental evidence 

of the arrangement of CSC in oomycetes (Brown, 1996; Mueller & Brown, 1980). It is assumed 
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that the size and shape of cellulose microfibrils are determined by the number of CESA proteins 

in CSC and the geometry of the CSC, e.g., rosettes in plants versus linear complexes in bacteria.  

 

The first cellulose synthase gene (CesA) was identified in 1990 and shown to encode the 

catalytic subunit of the bacterium Gluconacetobacter xylinus CesA complex (Brown Jr & Lin, 

1990; Wong et al., 1990). This discovery led to the identification of many more CesA genes in 

a large diversity of organisms. In 2008, Grenville-Briggs et al. reported the presence of four 

CesA genes in P. infestans (Grenville-Briggs et al., 2008), and the same number of CesA genes 

was also found later in the Saprolegniales Pythium (Blum et al., 2010; Blum & Gisi, 2012; 

Grenville-Briggs et al., 2008). By comparison, the model plant Arabidopsis thaliana contains 

10 CesA genes, among which seven (CesA1, CesA2, CesA3, CesA4, CesA6, CesA7, CesA8) 

have different roles in primary and secondary cell wall synthesis (Arioli et al., 1998; Desprez 

et al., 2007; Persson et al., 2007). Interestingly, phylogenetic analysis showed that the CesA 

genes of Phytophthora group together in a separate clade, distinct from both plant and bacterial 

CesAs, but relatively close to cyanobacterial CesA genes (Figure 9) (Fugelstad et al., 2009; 

Grenville-Briggs et al., 2008).  
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Figure 9: Phylogenetic analysis of cellulose synthase (CesA) genes. Pi, Phytophthora 

infestans; Pr, Phytophthora ramorum; Ps, Phytophthora sojae; Sm, Saprolegnia monoica; celA, 

CesA from Agrobacterium tumefaciens; bcsA, CesA from Gluconacetobacter xylinus ATCC 

23769; Ci, Ciona intestinalis; Dd, Dictyostelium discoideum; At: Arabidopsis thaliana. 

(Reprinted with permission from {Fugelstad et al., 2009}. Copyright {2009} Fungal Genetics 

and Biology.) 

 

The presence of cellulose in the OCW is vital and the polymer plays a key role in the different 

life stages by being involved in the strengthening or weakening of the cell wall to allow 

expansion when required (Grenville-Briggs et al., 2008). Also, cellulose in P. infestans is 

crucial for the successful infection of potato epidermal cells (Mach, 2008). Expression profiling 

of CesA genes during different life cycle stages of P. infestans and infection of potato tissues 

indicated their upregulation during cysts and appressorium formation, both involved in the 

initiation of plant tissue colonisation by the pathogen (Grenville-Briggs et al., 2008) (Figure 

10).  
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Figure 10. Expression of CesA genes during different stages (mycelium, sporangia, 

zoospores, cysts, and appressoria) of the life cycle of P. infestans and after 12, 24, 33, 

48, 56, 72 h post-inoculation in a susceptible potato cultivar (adapted from Grenville-

Briggs et al., 2008). (Reprinted with permission from {Grenville-Briggs et al., 2008}. 

Copyright {2008} The Plant Cell.) 

 
The study also showed that silencing by RNAi of the entire CesA gene family (CesA1, CesA2, 

CesA3, and CesA4) reduced cellulose content by more than 50% in the appressorial cell wall, 

significantly decreasing pathogenicity (Grenville-Briggs et al., 2008). The results strongly 

suggested that the CesA genes have vital roles in appressorium formation, uniform cell wall 

structure and, indirectly, pathogenicity. However, the incomplete nature of the RNAi gene 

silencing approach used in this study makes the results difficult to fully interpret. Hence 

silencing of each individual gene is required to better understand the precise role of each CesA 

genes in Phytophthora throughout the life cycle and infection process. 

 

In a more recent study, RNA silencing of the CesA3 gene in Hyaloperonospora arabidopsidis 

revealed that this gene is crucial for the pathogenicity of this oomycete pathogen (Bilir et al., 

2019). In addition, it was also shown that CesA1 is vital for cell wall formation, germination of 

cysts and successful infection (Li et al., 2022; Pang et al., 2020). The hyphae of CesA1 

knockout mutants present a thicker inner cell wall in P. capsici and higher sensitivity to 

carboxylic acid amide fungicides, which have been shown to bind directly to CESA proteins 

(CAAs) (Li et al., 2022). Moreover, the deletion of CesA1 is accompanied by an altered cell 

wall composition, i.e., a decrease in cellulose content and a lower extent of cross-linking 

between cell wall polysaccharides, revealed by lower amounts of 1,4,6-linked glucosyl residues 
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and 1,3,4-linked glucosyl residues compared to the wild-type P. capsici strain (Li et al., 2022). 

In a different study on P. capsici, it was shown that the CESA1 protein produces cellobiose and 

interacts with other CESA proteins to form cellulose microfibrils in an unknown complex 

manner (Pang et al., 2020). Compared to CesA1 and CesA3, the CesA2 and CesA4 genes have 

been less studied in oomycetes and their roles still needs to be elucidated. Interestingly, unlike 

CESA proteins from other taxonomic groups, all predicted oomycete CESA proteins, except 

for CESA3, contain an N-terminal Pleckstrin Homology (PH) domain, which has been 

suggested to be involved in the regulation, trafficking and/or targeting of the CESA proteins to 

the plasma membrane (Fugelstad et al., 2012). 

5.2 (1→3)-β-Glucan biosynthesis 

  (1→3)-β-Glucan synthases from GT family 48 are found in plants, fungi, and 

oomycetes (Douglas et al., 1994; Li et al., 2003). All use UDP-glucose as a substrate and, in 

fungi, some require the presence of GTP to catalyse the formation of (1→3)-β-glucans 

(Shematek et al., 1980). Silencing both the Fks1 and Fks2 genes encoding these enzymes is 

lethal in S. cerevisiae (Beauvais et al., 2001; Douglas, 2001). Furthermore, a recent study on 

the biochemical, structural and functional characterisation of FKS1 in the yeast showed that the 

enzymatic activity of the protein is sensitive to the membrane environment (Hu et al., 2023). 

The structure of FKS was solved by cryo electron microscopy, which revealed a membrane-

embedded part consisting of 17 transmembrane (TM) helices connected by elongated loops, 

and a large catalytic cytosolic part (Figure 11). The latter separates TM helices ‘1 to 6’ from 

helices ‘7 to 17’ and includes an N-terminal domain and a conserved GT48 domain (Hu et al., 

2023; Lairson et al., 2008). The crystal structure of the protein revealed a close interaction with 

lipids from the plasma membrane (Figure 11). Interestingly, purified FKS enzymes from S. 

cerevisiae solubilised using glyco-diosgenin (GDN) and CHAPS as detergents showed 

different biochemical activities, which was attributed to the mode of interaction of the 

detergents with the membrane environment, hence lipids, indirectly affecting the activity of the 

protein. The membrane environment was also shown to play a role in echinocandin resistance 

observed in clinically important fungi (Healey et al., 2012; Hu et al., 2023; Satish et al., 2019). 
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Figure 11: Cryo-EM map of FKS1 from S. cerevisiae viewed parallel to the membrane. 

The map is segmented into four parts shown in the figure with different colours to highlight the 

domain organisation of FKS1. (Reprinted with permission from {Hu et al., 2023}. Copyright 

{2008} Springer Nature.) 

 

Like fungi, oomycetes genomes from the Peronosporales and Saprolegniales orders contain 

multiple Fks orthologs (Klinter, 2021). However, there is no experimental evidence for the 

function and architecture of FKS proteins in oomycetes. In fungi, FKS knockout mutants 

showed a decreased amount of β-1,3-glucans in the cell wall, which resulted in defective hyphae 

and spore production with a decreased formation of functional appressoria (Hu et al., 2023; 

Oliveira-Garcia & Deising, 2013). However, the consequences of Fks gene deletion in 

oomycetes are unknown. To date, P. insidiosum is the only oomycete species that has been 

found to be susceptible to the fungal FKS inhibitors from the echinocandin family (Yolanda & 

Krajaejun, 2020). With the availability of an increasing number of oomycete genomes and 

progress made on the optimisation of CRISPR-Cas9 gene editing in oomycetes, it is expected 

that the functional characterisation of cell wall biosynthetic genes will become possible in the 

near future. Indeed, the difficulty to genetically manipulate oomycetes, including the challenges 

associated with the generation of stable mutants, has been a bottleneck in the functional 

characterisation of oomycete genes.  
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In yeast, the Kre5 and Kre6 genes are required for the biosynthesis of (1→6)-β-glucans and for 

the formation of β-(1→6) branching points in (1→3)-β-glucans (Lesage & Bussey, 2006; 

Roemer et al., 1994). RNAi silencing of both genes in the ascomycete Colletotricum 

graminicola was accompanied by the formation of morphologically altered appressoria, 

including phenotypes such as swelling, bursting and reduced adhesion capability, which are 

similar to the phenotypes of FKS knockdown mutants (Oliveira‐Garcia & Deising, 2016; 

Oliveira Silva et al., 2022). Although the function of Kre5 and Kre6 is not fully understood, 

experimental data suggest that they play a role in processing or modifying β-glucans, possibly 

by transglycosylation to introduce branching points and/or cross-links with other 

polysaccharides. The products of these genes belong to the glycoside hydrolase family 16, 

which further suggests that they may be involved in breaking down or modifying glucan chains 

by transglycosylation. There are currently no studies available on the oomycete orthologs of 

the Kre5 and Kre6 genes, hence whether these are involved in the biosynthesis of (1→6)-β-

glucans remains to be determined.  

In summary, genes involved in the biosynthesis of linear (1→3)-β-glucans, (1→6)-β-glucans 

and branched (1→3; 1→6)-β-glucans in oomycetes are yet to be firmly identified and 

characterised to ultimately establish their role in cell growth and development, reproduction, 

pathogenicity, and disease establishment and progression.  

5.3 Chitin biosynthesis in oomycetes 

Chitin synthase (Chs) genes are present in both fungi and oomycetes. Some of these genes have 

specialized functions during different stages of the life cycles, with various levels of expression 

during specific developmental phases (Cheng et al., 2019; Guerriero et al., 2010; Kong et al., 

2012; Papi et al., 2016; Shaw et al., 1991; Weber et al., 2005). For example, S. cerevisiae has 

three distinct CHS isoforms, namely ScCHS1, ScCHS2, and ScCHS3, which have distinct 

biological roles and biochemical properties: ScCHS1 is involved in the repair of cell wall scars 

following cell division (Cabib et al., 1989); ScCHS2 facilitates the creation of the septum before 

cell division (Sburlati & Cabib, 1986; Shaw et al., 1991); and ScCHS3 contributes to cell wall 

chitin synthesis under environmental stress (Valdivia & Schekman, 2003). 

 

Most Saprolegniales have 5 or, less frequently, 6 Chs genes, and early diverging oomycetes, 

like Eurychasmales dicksonii, have 6 Chs genes (Klinter et al., 2019). Interestingly, 1-2 Chs 

genes are found in Phytophthora species, although the presence of chitin in Phytophthora cell 

walls has not been demonstrated (Mélida et al., 2013). In P. infestans, the use of the chitin 

synthase inhibitor nikkomycin Z leads to cell death despite the absence of detectable chitin the 
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the cell wall of the micro-organism. Contradicting with this situation, P. sojae whose genome 

contains two Chs paralogues (Tyler et al., 2006; Cheng et al., 2019) is not affected by the 

presence of nikkomycin Z (Hinkel & Ospina-Giraldo, 2017) and is able to tolerate gene 

disruption during host infection (Cheng et al., 2019). Hence the function of Chs genes in 

different oomycete species from the same genus is elusive. 

 

In a recent study, however, the first structure of an oomycete CHS protein was determined, 

showing that CHS1 from P. sojae consists of two main domains, an N-terminal cytoplasmic 

domain and a C-terminal membrane-embedded domain (Chen et al., 2022), which confirmed 

the earlier predictive bioinformatic data (Briolay et al., 2009; Guerriero et al., 2010). The N-

terminal end of the cytoplasmic domain designated NTD (‘N-terminal domain) contains several 

sub-domains, i.e., a signal peptide (SP), a so-called microtubule-interacting and trafficking 

domain (MIT), and a linkage domain (LG) (Figure 12). The NTD domain is followed by a 

cytoplasmic GT domain, whose active site comprises a substrate-binding site and a so-called 

‘cave’, which is the synthetic reaction site of the protein. The C-terminal membrane domain 

consists of 7 transmembrane (TM) helices, which form a translocating channel to discharge the 

growing chitin chain to the extracellular cell wall compartment (Figure 12) (Chen et al., 2022).  

 
 

Figure 12: Domain architecture of chitin synthase 1 (CHS1) from Phytophthora sojae 

(adapted from Chen et al, 2022). 

 

A flexible swinging loop acts as a ‘gate-lock’ in the doorway of the translocating channel to 

ensure that only one UDP-GlcNAc donor is present between the catalytic site and the gateway 

of the translocating channel. The swinging loop blocks the entrance of the substrate binding 

pocket, preventing the binding of more than one UDP-GlcNAc substrate during the biosynthetic 

reaction. After catalysis, the swinging loop opens to allow the entrance of another UDP-

GlcNAc molecule while the extended chain is translocated across the translocating channel. 

This catalytic/translocation cycle is repeated multiple times to form long chains of chitin that 

are ultimately fully extruded and released in the extracellular space until biosynthesis is 

complete. The study proposed that the translocating channel can accommodate a chitin chain 

that consists of 7 (1→4)-β-linked GlcNAc residues. The chitin synthesized in vitro by the P. 
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sojae CHS1 protein has been shown to be α-chitin, which consists of anti-parallel chains of 

chitin (Chen et al., 2022). In several earlier studies, it was hypothesised that chitin synthase 

activity is activated by free GlcNAc (Keller & Cabib, 1971; Orlean, 2012; Sburlati & Cabib, 

1986), which may act as a positive effector for chitin biosynthesis (Horsch et al., 1996; 

Mcmurrough et al., 1971). However, Chen et al. (2022) showed that GlcNAc alone does not 

significantly impact the enzymatic activity of CHS1. However, the concomitant addition of 

GlcNAc and divalent cations is accompanied by an increase in the enzymatic activity of CHS1 

(Chen et al., 2022). 

 

A unique feature of oomycetes CHS proteins, compared to any other known CHS from other 

organisms, is the presence of an N-terminal MIT domain (Brown et al., 2016; Guerriero et al., 

2010; Jiang et al., 2013; Klinter et al., 2019). It was suggested that the MIT domain plays a role 

in the dimerization of CHS1 in P. sojae (Chen et al., 2022) and that it is involved in intracellular 

transport, interaction with the abundant membrane component phosphatidic acid, and 

regulation of oomycete CHS enzymes (Brown et al., 2022; Brown et al., 2016; Guerriero et al., 

2010; Rzeszutek et al., 2019). In addition, it was suggested that the dimeric form of CHS1 in 

P. sojae may facilitate the formation of chitin sheets by aligning single chitin chains in a parallel 

fashion (Chen et al., 2022). However, it remains that the chitin polymer has not been detected 

in Phytophthora species through biochemical analysis (Mélida et al., 2013), hence the actual 

ability of CHS proteins to form chitin in vivo remains to be demonstrated. 

 

Researchers have discovered a functional connection between CHS enzymes and chitin 

deacetylases (CDA) in fungi. CDA proteins modify chitin to produce its deacetylated form 

called chitosan. Typically, chitosan contains at least than 50% deacetylated residues, i.e., 

glucosamine, but the proportion of these with respect to GlcNAc residues varies to a large extent 

depending on the microbial origin of the chitosan polymer. In fungi, the deletion of CDA leads 

to the same phenotype as in strains where some CHS genes have been deleted (Geoghegan & 

Gurr, 2016; Odenbach et al., 2009). It is hypothesized that pathogenic fungi can reduce the risk 

of detection by the host by modifying chitin into chitosan, thereby promoting successful 

infection. Another study showed that mutant Oryza sativa plants that produce a bacterial 

chitosanase (chitosan degrading enzyme) exhibit improved resistance to the rice blast fungus 

Magnaporthe oryzae, implying that chitosan helps fungi evade the plant immune response by 

acting as a weaker activator of the host defense pathways compared to chitin (Kouzai et al., 

2012). This proposed strategy of chitin deacetylation to evade the host immune response has 

not been studied in oomycetes. Interestingly, a recent study identified putative CDA genes in 
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the plant-pathogenic oomycetes P. sojae and P. aphanidermatum, but orthologs of these genes 

are not present in the oomycete fish pathogen S. parasitica, suggesting that CDA proteins are 

specific to plant pathogens and might play a similar tole as in fungal phytopathogens (Leonard 

et al., 2018). Mutation of CDA genes by RNAi or CRISPR-Cas9 will help to determine the role 

of CDA and chitosan in oomycetes. 

5.4 Mannan biosynthesis  

In fungi, mannans are present either on the cell wall surface or within the cell wall, covalently 

bound to glucans or chitin (Fontaine et al., 2000). The cell surface mannans play an important 

resistance role against antifungal drugs and the host immune response (Gow & Hube, 2012). 

Genes encoding mannosyltransferases, such as Mnn1-2, 4-6, 9, 12, and 14, are essential for 

maintaining the structure and function of the cell wall in C. albicans (Gentzsch & Tanner, 1997; 

Hall et al., 2013). However, fungal mannans confer less rigidity to the cell wall compared to 

other major polysaccharides and they do not influence cell shape (Garcia-Rubio et al., 2020). 

Although some mannans are present in alkali soluble fractions of oomycete cell walls (Mélida 

et al., 2013), mannosyltransferase genes have not been identified in oomycetes. The recently 

published genomes of different fish and plant pathogenic oomycetes offer an opportunity to 

identify genes orthologs to fungal mannosyltransferase genes. A comparative analysis of 

Phytophthora genomes shows that species from this genus contain putative 

mannosyltransferase genes which are similar to the S. cerevisiae genes that code for 

mannosyltransferases from GT families 32, 62, and 71, i.e., Och1, Amp1, Mnn1,2,5, 

respectively (Gao et al., 2021). The products of these genes may be present in Golgi membranes 

and contain N-terminal transmembrane domains as proposed for their fungal counterparts 

(Figure 13). It has been hypothesised that the catalytic domains sit in the Golgi lumen where 

GDP-mannose is used as a substrate to produce mannan chains (Gao et al., 2021). Similar to 

the role of chitosan in fungi, it has been proposed that the cell surface mannoproteins from P. 

megasperma suppress the immune response of the plant host, but this has to be firmly 

demonstrated (Gao et al., 2021). Further studies are required to decipher the role of mannans 

in the OCW and their biosynthesis process.  

 

In summary, based on the information available to date and summarised in the previous 

sections, significant progress has been made about the genes and proteins involved in the 

formation of the OCW. However, much remains to be investigated and experimentally 

demonstrated to elucidate the precise function of the identified genes in cell growth, cell wall 

integrity and infection of animals and plants, and the mode of action of their products. Figure 
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13 shows a schematic of the different biosynthetic enzymes involved in OCW formation, their 

domain organisation and subcellular location, and their connection to the nucleotide-sugar 

biosynthetic and interconversion pathway. 

 

 
 

Figure 13: Proposed model summarising the biosynthesis of oomycete cell wall 

polysaccharides. ER: Endoplasmic reticulum, TM: Transmembrane helix, PH: Pleckstrin 

homology domain, MIT: Microtubule interacting and trafficking domain, CESA: cellulose 

synthase protein, FKS: glucan synthase protein, CHS: chitin synthase, GDP-Man: GDP-

mannose, UDP-Glc: UDP-glucose, UDP-GlcNAc: UDP-N-acetylglucosamine, GT: 

Glycosyltransferase.  

6 Current strategies for the control of oomycete diseases 

Various approaches can be utilised to prevent and manage the dissemination of oomycetes that 

cause disease in a wide range of aquatic and terrestrial organisms. Principles and methods for 

plant disease management were first introduced by Whetzel in 1929 (Whetzel, 1929) and  are 

considered essential to tackle the devastating effects of pathogenic oomycetes in crop 

production and aquaculture.  

 

Avoidance is an approach to prevent disease by selecting a time or location where there is no 

inoculum, or the environment is not favourable for infection. A pathogen can be avoided by 

selecting unfavourable conditions for pathogen growth, spread, and transmission or by 

manipulating the environment to create such conditions. In Australia, the management of P. 

cinnamomi involves opening the canopy structure to allow sunlight to reach the ground and 

inhibit the growth of Phytophthora and Pythium species in seedlings (Panth et al., 2020). In 

fish farming, avoidance tactics are employed by selecting locations, water sources, and fish 

species that are less prone to infection (Benavent-Celma et al., 2022). However, the ability to 
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use avoidance methods to control the spread of fish pathogens like Saprolegnia species in 

aquaculture may be limited by climate change (Benavent-Celma et al., 2022). Exclusion is 

another important method for controlling oomycete diseases. This process prohibits the 

introduction of diseased inoculum into an unaffected area. Strict hygiene should be maintained 

to avoid the dispersal of oomycetes in unaffected agricultural fields, forests, and fish farms 

(Benavent-Celma et al., 2022; Hayden et al., 2013). Once a pathogenic oomycete enters a site, 

such as an agricultural plot, eradication must be implemented to eliminate the pathogen before 

its dispersal in the farm. Combining approaches, such as removing the host plant by burning or 

uprooting, and soil fumigation by using metham sodium, can eradicate the newly introduced 

pathogen (Dunstan et al., 2010; Hansen, 2008). However, the success of eradication methods 

is generally limited for pathogenic oomycetes due to the rapid dispersal characteristics of this 

class of micro-organisms in the environment (Derevnina et al., 2016).  

 

After the establishment of an oomycete pathogen in a forest, crop field or fish farm, protection 

and therapy can be used based on the principle of disease management, which typically relies 

on the use of chemicals (Whetzel, 1929). Fungicides like phosphonates, phenylamides and 

copper compounds are frequently applied in agricultural fields to control plant pathogenic 

oomycetes (Hayden et al., 2013) (Table 3).  

 

Table 3: Commonly used fungicides to control plant and fish pathogenic oomycetes. The 

risk of resistance is described according to the Fungicide Resistance Action Committee (FRAC) 

(www.frac.info). 
Chemicals Advantage Disadvantage Resistance 

risk 

Reference 

Phosphonates 
- fosetyl 
aluminium 
- potassium 
salts of 
phosphorous 
acid 

Inhibition of plant 
pathogens and 
stimulation of host 
defense 

Unable to fully 
eradicate the pathogen 

Low (Garbelotto et al., 
2009; King et al., 
2010; Pilbeam et al., 
2011) 

Phenylamides 
- metalaxyl 
- mefenoxam 

Inhibition of sporangia 
production in 
Phytophthora species 

Limited use to avoid 
negative impacts on 
the environment 

High (Cohen & Coffey, 
1986; Erwin & 
Ribeiro, 1996) 

Copper 
compounds 

Protection of the host 
plant, but no lasting 
effect  

Causes heavy metal 
toxicity 

Low (Hayden et al., 2013) 

Agricultural 
lime (CaCO3) 

Reduces infection caused 
by Aphanomyces 
invadans in fish 

Unable to eradicate the 
pathogen 

Low (Kamilya & Baruah, 
2014) 

Carboxylic 
Acid Amide 
(CAA) 
fungicides 

Interfere with cellulose 
biosynthesis leading to 
reduced hyphal growth 

Unable to eradicate the 
pathogen 

Moderate (Gisi & Sierotzki, 
2015) 
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Malachite green is a well-known chemical that can control Saprolegnia parasitica, a 

devastating fish pathogen, but this dye has been banned in many countries due to its 

carcinogenic effect (Culp et al., 2006; Meyer & Jorgenson, 1983; Srivastava et al., 2004). None 

of the available fungicides are as effective as malachite green. Developing resistant plant 

varieties is another conventional method to control oomycete diseases. However, the long-term 

effectiveness of resistant plant varieties is limited due to the adaptation capacity of pathogenic 

oomycete strains (Sharma et al., 2021). Overall, the current control strategies for oomycetes are 

either not entirely efficient or not environmentally friendly. This situation has spurred an 

ongoing pursuit for new and alternative approaches to manage pathogenic oomycetes. 

Interestingly, the polysaccharides found in the OCW are vital for the micro-organisms. Thus, 

cell wall biosynthesis is an excellent target for disease control, e.g., through inhibition of the 

glycosyltransferases involved in the polymerisation of essential cell wall polysaccharides.  

7 Cell wall biosynthesis as a target for disease control 
 
The major components of the OCW, such as cellulose and β-1,3-glucans, as well as minor 

polysaccharides like chitin that play an essential role in cell integrity, represent an ideal target 

for anti-oomycete drugs. In this section, we discuss the main compounds that are currently 

available and have an effect on cell wall biosynthesis.   

7.1 Inhibitors of cellulose biosynthesis 

Mandipropamid (MPD) is a carboxylic acid amide (CAA) fungicide that shows inhibitory 

effects on phytopathogenic oomycetes by affecting cellulose biosynthesis (Blum et al., 2010). 

Studies have shown that MPD causes abnormal hyphal morphology and defects in germ tube 

formation in oomycetes (Blum et al., 2010; Cai et al., 2021). MPD targets CESA3 in 

Peronosporomycetes. Mutations in one of the transmembrane domains of the enzyme confers 

moderate resistance against MPD and other CAA compounds, suggesting that these inhibitors 

interfere with the stability of the membrane-spanning domains of CESA3 (Blum & Gisi, 2012). 

Other CAA fungicides such as dimethomorph, flumorph, iprovalicarb, and benthiavalicarb are 

used to control oomycetes, but all confer a moderate resistance risk in oomycetes, mainly 

Peronosporomycetes (Gisi & Sierotzki, 2015). 

 

2,6-Dichlorobenzonitrile (DCB) is an inhibitor of cellulose biosynthesis that decreases the 

number of cellulose synthesizing complexes in the plasma membrane of plant cells by 

interfering with their mobility (DeBolt et al., 2007; Liu et al., 2017). While mycelial growth of 
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P. infestans was not affected at concentrations as high as 100 µM (Grenville-Briggs et al., 

2008), S. monoica mycelial growth was reduced by 40% when treated with 200 µM DCB 

(Fugelstad et al., 2009). However, a similar concentration of DCB blocks the release of 

zoospores and germ tube formation in encysted zoospores of P. infestans (Grenville-Briggs et 

al., 2008). The difference in DCB susceptibility between these two organisms (Fugelstad et al., 

2009; Grenville-Briggs et al., 2008) may be due to differences in their cell wall composition, 

including the amount of cellulose and the branching pattern of cell wall carbohydrates such as 

(1→3)-β- and (1→3, 1→6)-β-glucans. However, the actual mode of action of DCB against 

oomycetes, including whether it does interfere with cellulose biosynthesis, remains unknown. 

7.2 Inhibitors of β-glucan biosynthesis 

Echinocandins are a well-known class of antifungal agents that inhibit the enzymes responsible 

for the formation of β-glucans in the cell walls of fungi (Odds et al., 2003). Among this class 

of antifungal agents, caspofungin, anidulafungin, and micafungin are three well-characterised 

echinocandins that have powerful activity against fungal pathogens of humans, for example, 

Aspergillus, Candida, and Pneumocystis species (Gil-Alonso et al., 2015; Perfect, 2017; Souza 

& Amaral, 2017). Treatment with echinocandins disrupt the cohesive association of (1→3)-β-

glucans and (1→6)-β-glucans in the cell wall and eventually causes the death of fungal cells as 

a result of the inhibition of (1→3)-β-glucan biosynthesis (Kathiravan et al., 2012; Song & 

Stevens, 2016). Caspofungin binds the fungal glucan synthase FKS1 and acts as a non-

competitive inhibitor of the enzyme. Studies on C. albicans suggest that (1→3)-β-glucans are 

unmasked in the presence of this inhibitor, which leads to an increased detection of the glucans 

by the immune receptor dectin-1, which ultimately enhances the host immune response 

(Eschenauer et al., 2007; Goncalves et al., 2016; Marakalala et al., 2013). Moreover, exposure 

to caspofungin seems to not only cause changes in the glucan network but also reduces 

ergosterol content and, most strikingly, increases chitin content, which results in a relatively 

thicker cell wall (Pfaller et al., 2008). These observations highlight a range of effects on the 

fungal cells, but the precise underlying molecular mechanisms are unclear, some of which 

might be an indirect effect of the inhibition of (1→3)-β-glucan synthases. It remains that the 

combined effect of caspofungin and CHS inhibitors may result in effective disease control, but 

this has yet to be tested against fish of plant pathogenic oomycetes. 

 

Based on the efficiency of caspofungin on several fungal species, it was suggested that this type 

of inhibitor might be efficient against oomycetes. A first study evaluated the susceptibility of 

the pathogenic oomycete P. insidiosum to caspofungin (Pereira et al., 2007). It was shown that 
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the use of caspofungin decreased lesion size in infected rabbits, but this positive effect did not 

last upon termination of exposure to the compound (Pereira et al., 2007). Later, the assessment 

of caspofungin, anidulafungin and micafungin to control pythiosis was tested in humans and 

other mammals. Caspofungin was the most efficient compound at the lowest concentrations 

tested, with morphological alterations observed in the pathogen (Argenta et al., 2010; Jesus et 

al., 2015; Jesus et al., 2014; Loreto et al., 2014; Pereira et al., 2007; Permpalung et al., 2019; 

Permpalung et al., 2015; Susaengrat et al., 2019; Worasilchai et al., 2018; Zanette et al., 2015). 

However, echinocandins showed no inhibitory effect on pathogenic Saprolegnia species, 

despite the presence of at least 10 putative glucan synthases in these micro-organisms. 

Differences in susceptibility to echinodandins observed between oomycetes and fungi may 

reflect different properties of their glucan synthases. 

 

Poacic acid is a recently discovered natural antifungal isolated from hydrolysates of grasses 

(Piotrowski et al., 2015).  It was shown that this compound is active against both oomycetes 

and fungi, and that it acts by inhibiting the remodelling of (1→3)-β-glucans through direct 

binding to the polysaccharide chains (Piotrowski et al., 2015). Furthermore, poacid acid 

significantly alters hyphal growth of P. sojae grown in axenic conditions for 7 days (Piotrowski 

et al., 2015). Interestingly, the combined application of poacic acid and caspofungin revealed a 

synergistic effect on fungal growth, but the same was not observed when the echinocandin was 

replaced with the chitin synthase inhibitor nikkomycin Z (Piotrowski et al., 2015). It was 

suggested that poacic acid targets the cell wall through a mechanism that is distinct from that 

of caspofungin, i.e., that poacic acid affects cell wall integrity through a non-specific 

mechanism rather than by direct binding to (1→3)-β-glucans (Piotrowski et al., 2015). Despite 

these promising observations, the inhibitory effect of poacic acid has not been tested on other 

pathogenic oomycetes such as members of the Saprolegniales order. Further research is 

therefore needed to determine whether the inhibitory effect of poacic acid can be generalised to 

multiple oomycete species, and also to gain further insight into the precise mode of action of 

the inhibitor.  

7.3 Inhibitors of chitin biosynthesis 

Despite chitin being a minor cell wall component of some oomycetes, this polymer plays a vital 

role in the growth and development of the species in which it is found (Badreddine et al., 2008; 

Cheng et al., 2019; Klinter et al., 2019; Rzeszutek et al., 2019). Thus, CHS inhibitors are 

expected to be efficient against the oomycete species that have been shown to contain chitin in 
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their cell walls. Nikkomycin Z and polyoxin D are structural analogues of UDP-GlcNAc, the 

substrate of CHS, and some of the most efficient inhibitors of fungal CHS.  

 

Nikkomycins were isolated from the bacterium Streptomyces tendae in the 1970’s. This group 

of competitive inhibitors of CHS show high affinity for the enzyme (Behr et al., 2001). 

Nikkomycin Z is the most potent inhibitor and was shown to inhibit CHS1 and CHS3 in yeast, 

but its efficiency against CHS2 required the use of much higher concentrations of the inhibitor 

(Gaughran et al., 1994). Similar inhibitory activity has been reported in vitro in the oomycetes 

S. parasitica and S. monoica (Guerriero et al., 2010; Rzeszutek et al., 2019). In these species, 

inhibition of CHS activity by nikkomycin Z results in decreased hyphal growth and hyphal tip 

bursting. Despite the absence of chitin in Phytophthora species, nikkomycin Z has a similar 

inhibitory effect on Phytophthora hyphal growth as in Saprolegnia species, except for P. sojae 

(Fuechtbauer et al., 2018; Guerriero et al., 2010; Hinkel & Ospina-Giraldo, 2017). However, 

in a recent study in which the crystal structure of CHS1 was solved, biochemical assays 

performed in vitro on the purified enzyme from P. sojae showed that nikkomycin Z does inhibit 

CHS1 activity; in addition the detailed mode of interaction of the inhibitor with the protein was 

deduced from the structure of the enzyme-inhibitor complex (Chen et al., 2022). Despite the 

demonstration of the efficacy of nikkomycin Z against several pathogenic oomycetes, the 

inhibitor is not used in agriculture and aquaculture essentially because of its high costs of 

production. Interestingly, a synergistic effect has been observed against Aspergillus, Rhizopus 

and Candida species when nikkomycin Z is used in combination with echinocandins such as 

caspofungin (Walker et al., 2010), but this combination of cell wall biosynthesis inhibitors has 

not been tested on oomycetes.  
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Figure 14: Structure of nikkomycin Z and polyoxin D (adapted from Li et al., 2009). 

(Reprinted with permission from {Li et al., 2009}. Copyright {2009} Microbiology Society.) 

 

Polyoxin D is another specific CHS inhibitor that efficiently blocks the growth of pathogenic 

fungi and yeasts. In addition, it was shown that polyoxin D reduced mycelial growth and cell 

wall chitin content in Saprolegnia monoica, but without any impact on the morphology of 

hyphal cells (Bulone et al., 1992). Similar observations were made in other oomycetes, i.e., 

Leptomitus, Apodachlyella, and Apodachlya (Dietrich & Campos, 1978; Huizar & Aronson, 

1985; Huizar & Aronson, 1986). However, amore recent study showed that polyoxin D has no 

efficacy in controlling fruit rot disease of apples caused by Phytophthora cactorum under field 

conditions (Hill & Hausbeck, 2008). Another CHS inhibitor, plagiochin, is a derivative of bis-

bibenzyl that significantly alters the expression of Chs genes in fungi, but its effect on 

oomycetes has not been investigated (Guo et al., 2008; Wu et al., 2010; Wu et al., 2008).  

8 The future of oomycete disease control 

Currently, the most effective approaches to control oomycete diseases rely on the use of 

chemicals. However, using repeatedly the same chemical agent can result in genetic changes 

and development of resistance to pesticides in pathogens. Hence novel alternative strategies 

that have minimal impact on the environment and human health are needed for the management 

of pathogenic oomycetes. In this section, we present alternative approaches that hold potential 

for the control of oomycete diseases, such as transgenic approaches, antimicrobial peptides 

(AMP), double stranded RNA (dsRNA), biological control, and genome editing (Figure 15).   
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Figure 15: Potential strategies for the control of oomycete diseases. CHS: Chitin synthase; 

CESA: Cellulose synthase; FKS: β-1,3-Glucan synthase; NoPV1: a novel peptide aptamer 

named ‘No Plasmopora viticola 1’; α-P2: phage number 1 against α-tubulin; TK VI: 

Trichokonin VI. 

8.1 RNA silencing  

Gene silencing using RNA interference (RNAi) was first introduced in 1998 (Fire et al., 1998). 

This approach uses double-stranded RNAs (dsRNAs) to prepare small interfering RNA 

(siRNA) duplexes that bind the target mRNA, which subsequently degrades, leading to ‘gene 

silencing’. It can be applied to the treatment of diseases caused by bacteria, viruses, and fungi 

(Whitten, 2019).  

 

In 2006, a first study showed the efficacy of dsRNA in plant disease management (Wang et al., 

2016). Dicer-like 1 (DCL1) and Dicer-like 2 (DCL2) are plant proteins that process dsRNA to 

form siRNA duplexes. It was shown that the combined application of DCLs and dsRNA on 

plants infected by Botrytis cinerea significantly decreased the growth and development of the 

fungus (Wang et al., 2016). A more recent study showed that genes involved in vesicle 

trafficking are good targets to tackle various pathogenic fungi and oomycetes. Indeed, RNAi 

applied to this type of genes resulted in successful control of the downy mildew disease in grape 

plants caused by Plasmopara viticola (Cai et al., 2021; Haile et al., 2021; Qiao et al., 2021). 

Since cell wall biosynthetic enzymes are vital for cell growth and development, research has 
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been undertaken to target the corresponding mRNA using RNAi. For example, it was shown 

that RNAi-mediated silencing of the Chs1 gene severely affects the growth of B. cinerea (Nerva 

et al., 2020). In another study, about 50% of the cellulose content was reduced in the cell wall 

of P. infestans when the entire family of CesA genes were silenced using RNAi, resulting in 

decreased infection in potato (Grenville-Briggs et al., 2008). These data indicate that genes 

related to cell wall biosynthesis and modification are promising targets. However, the success 

of RNAi gene silencing for plant disease management mostly depends on uptake rate of 

dsRNAs by the pathogenic cells. For example, low level of dsRNAs uptake has been observed 

in P. infestans (Gebremichael et al., 2021; Qiao et al., 2021). Moreover, the formulation of 

dsRNA used and the environment in the field, such as exposure to UV light, heat, and microbial 

interactions, are major factors that affect the delivery of dsRNAs into target cells. Hence, more 

research is required to better understand and determine dsRNAs uptake in different pathogenic 

oomycetes, and efficient sprayable formulations need to be developed.  

8.2 Antimicrobial peptides  

Antimicrobial peptides (AMPs) are produced by various organisms in response to biotic and 

abiotic stresses (Montesinos, 2007).  AMPs are charged, hydrophobic and highly structurally 

stable peptides of 10–50 amino acid long, which translates into a molecular mass of 2–9 kDa 

(Pelegrini et al., 2011). They are synthesised by plant cells as a response to, e.g., drought, 

salinity, cold, wounding and pathogen invasion (Montesinos, 2007). Various classes of AMPs 

have been identified in plants, such as defensins, thionins, snakins, cyclotides, lipid transfer 

proteins, heveins, knottins, harpinins, and 2S albumins. These are effective against different 

phytopathogens. For example, several cysteine-rich and circular AMPs from the defensin 

family that exhibit strong antifungal activity have been identified in the last 10 years (Nawrot 

et al., 2014) (Table 4). Some exert their lethal effect through binding to chitin and/or glucans 

in the fungal cell wall (Bleackley et al., 2019). The plant defensin NaD1 (Nicotiana alata 

defensin 1) kills Fusarium oxysporum cells by interacting first with β-1,3-glucans in the fungal 

cell wall (Van Der Weerden et al., 2008). The data suggest that NaD1 subsequently 

permeabilizes cell membranes and eventually causes cells death through the increased 

production of reactive oxygen species (ROS) and cytoplasmic granulation. The presence of β-

1,3-glucans in the OCW suggests that NaD1 and other plant AMPs with similar activity may 

be active against pathogenic oomycetes.  
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Table 4 : Examples of plant defensins and susceptible phytopathogenic fungi and 

oomycetes.  

Defensin Source 

Binding to cell wall 
polysaccharide Activity against pathogen 

Reference 
  Chitin Glucan Cellulose Fungi Oomycetes  

NaD1 Nicotiana 
alata 

Yes Yes Not 
known 

Damages the (1→3)-β-
glucan-rich layer, initiates 
ROS production, disrupts 
cytoplasm, activates high 
osmolarity glycerol (HOG) 
pathway, but has no effect 
on the cell wall integrity 
(CWI) pathway, can cause 
cell death of Fusarium 
oxysporum and 
Saccharomyces cerevisiae 

Not known (Bleackley et 
al., 2019; Hayes 
et al., 2013; Van 
Der Weerden et 
al., 2008) 

DmAMP1 Dahlia 
merkii 

No  No  Not 
known 

Binds sphingolipids, sparks 
higher K+ efflux and Ca2+ 
uptake, activates the CWI 
pathway, causes cell death 
of Candida albicans 

Expression of 
DmAMP1 in 
papaya increases 
resistance against 
P. palmivora 

(Parisi et al., 
2019; Zhu et al., 
2007) 

RsAFP2 Raphanus 
sativa 

Not 
known 

Not 
known 

Not 
known 

Triggers the MAPK 
signalling cascade, which 
induces the CWI pathways, 
causes apoptosis in C. 
albicans 

Agrobacterium 
mediated 
transformation of 
tomato plants 
showed 
resistance against 
P. infestans 

(El-Siddig et al., 
2011; Thevissen 
et al., 2012) 

Msdef1 Medicago 
sativa 

Not 
known 

Not 
known 

Not 
known 

Interacts with 
glucosylceramides, 
activates the MAPK 
signalling cascade and 
CWI pathway, disrupts 
homeostasis due to Ca2+ 
uptake and eventually 
causes excessive branching 
of hyphae in Fusarium 
graminearum 

Not known (Muñoz et al., 
2014; 
Ramamoorthy 
et al., 2007; 
Spelbrink et al., 
2004) 

Lm-def Lepidium 
meyenii 

Not 
known 

Not 
known 

Not 
known 

Not known Recombinant 
NusA:Lm-def 
protein inhibits 
hyphal growth of 
P. infestans. 

(Solis et al., 
2007) 

cdef1 Capsicum 
annum 

Not 
known 

Not 
known 

Not 
known 

Transgenic tomato plants 
expressing cdef1 show 
resistance against Fusarium 
sp.  

Transgenic 
tomato plants 
expressing cdef1 
show resistance 
against P. 
infestans. 

(Zainal et al., 
2009) 

 

A recent study showed that a synthetic plant defensin named NoPV1 (No Plasmopara viticola 

1) could specifically suppress P. viticola in infected grapevine (Colombo et al., 2020; Colombo 

et al., 2015). NoPV1 disrupts cellulose biosynthesis by binding to the CESA2 protein of P. 

viticola, which indirectly affects germ tube formation by zoospores (Colombo et al., 2020). 

Another synthetic defensin, α_P2, significantly inhibits P. capsici by interrupting microtubule 
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polymerization (Lee et al., 2019). Future detailed studies of the effect of combinations of 

multiple dsRNAs with cell wall inhibitors and AMPs may allow the development of new 

integrated pest management (IPM) systems for plant pathogens. 

8.3 Biological control 

Biological control is a technique based on the use of living organisms, such as epiphytic or 

endophytic bacteria and mycoparasites, to control disease-causing agents, e.g., pathogenic fungi 

or oomycetes (Stenberg et al., 2021). For example, Trichoderma is a well-known fungus that is 

commercially available and used to control P. infestans and fungal diseases (Kariuki et al., 

2020; Stephan et al., 2005). Pythium oligandrum is a mycoparasitic oomycete that uses 

effectors and enzymes to cause cell wall degradation in plant pathogenic fungi and oomycetes 

(Gerbore et al., 2014; Liang et al., 2020). Other examples of efficient biocontrol agents include 

antagonistic bacterial species active against oomycetes such as root-associated epiphytic or 

endophytic bacteria. Some Pseudomonas and Bacillus species are well-studied antagonistic 

bacteria with inhibitory characteristics against different species of Phytophthora (Figure 15).  

Such bacteria can be isolated based on their direct inhibition of hyphal growth in in vitro 

cultures of the target pathogen. This approach has facilitated the identification of many 

antagonistic bacteria that can reduce the rate of hyphal growth, cause lysis of zoospores, and 

interrupt germ tube formation in cysts of P. infestans, P. capsici, and many other oomycete 

species (Bailly & Weisskopf, 2017; Caulier et al., 2018; De Vrieze et al., 2020; Joller et al., 

2020; Khatun et al., 2018). Bacterial biocontrol agents produce bioactive compounds and 

enzymes that contribute to the disintegration of the cell walls of plant pathogens, such as (1→3)-

β-glucanases, cellulases, and chitinases (Fadiji & Babalola, 2020). For example, the chitinase 

released by Streptomyces hygroscopicus stops hyphal growth of a wide range of pathogenic 

fungi by degrading chitin as a key structural component of fungal cell walls (Haggag & Abdallh, 

2012). Such approaches are highly promising for the treatment of plant diseases caused by 

oomycetes. 

8.4 Genome editing 

CRISPR/Cas9 is one of the gene editing methods that opens opportunities for the efficient 

treatment of diseases of plants, animals, and humans. In 2016, the method was adapted and 

applied for the first time to an oomycete species, P. sojae (Fang et al., 2017; Fang & Tyler, 

2016). Later, mutations of Chs1 generated by CRISPR/Cas9 in P. capsici and P. sojae led to 

compromised hyphal growth and impaired pathogenicity (Cheng et al., 2019). Furthermore, a 

recent study identified several genetic factors which could be used for producing CRISPR/Cas9 
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knockdowns to increase resistance in wheat against fungal diseases (Taj et al., 2022). Similar 

studies are required for pathogenic oomycetes to develop resistant plant varieties, for instance 

by targeting genetic factors that control cellulose, glucan and chitin biosynthesis, as well as 

other cell wall-related signalling pathways. Unlike traditional genetic modifications of 

organisms that involve transgenes, CRISPR/Cas9 does not introduce foreign genes into the 

plant genome. As a result, plants that have been genetically altered using this technique are less 

subject to legal restrictions.  

9 Conclusion 

Compared to fungi, oomycetes and their cell walls have been extensively less studied. However, 

the cell walls of oomycetes are excellent targets for the development of novel strategies for 

disease control, as presented above. Hence considerable efforts are currently made to decipher 

cell wall biosynthesis in oomycetes as well as other vital pathways in these micro-organisms. 

It is expected that efficient disease management will arise from this research by combining 

several of the approaches presented in the previous sub-sections and that these will be 

applicable to animal and plant diseases caused by a diversity of oomycete species. The topic of 

this PhD thesis falls within this scope, with the study of the cell wall of Phytophthora 

cinnamomi and the mode of action of a cell wall inhibitor and an AMP that blocks the growth 

of the pathogen.  

10 Outstanding questions for future areas of research 

 The OCW is a complex network of polysaccharides, mainly composed of cellulose and 

other β-glucans. How are these polysaccharides distributed in different layers of the 

OCW and how do they interact to form a coherent extracellular matrix? 

 What are the critical roles of mannans and mannoproteins in the regulation of oomycete 

growth, development, and pathogenicity? 

  What are the enzymes responsible for the biosynthesis of (1→3)-β-glucans and 

branched (1→3; 1→6)-β-glucans in oomycetes? Are these enzymes vital for the growth, 

development, and pathogenesis of oomycetes? 

 The presence of crosslinks between cellulose, (1→3)-β-glucans and (1→3; 1→6)-β-

glucans has been shown using fine cell wall polysaccharide analyses. Which 

events/enzymes are required for the formation of these crosslinks and how is there 

activity regulated? 
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 The presence of chitin deacetylases in the oomycete genome has been shown using in-

silico analysis. Do these enzymes have any role in cell wall structure and modification 

in oomycetes? 

 Which combination of cell wall inhibitor(s) and modern biotechnological approaches 

(RNAi silencing/biological control agents/gene editing) is most efficient for disease 

control?  

 Do plants produce antimicrobial peptides as a response to infection by oomycetes and 

how efficient are these for protection against infection? How do plant AMPs interact 

with molecular components of pathogenic oomycetes?  
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Abstract 

The Nicotiana alata Defensin 1 (NaD1) antimicrobial peptide has demonstrated antifungal 

activity but its mode of action in oomycetes remains unknown. Here we investigated whether 

NaD1 exerts a similar inhibitory activity against phytopathogenic oomycetes and combined 

multiple approaches to shed light on its mechanism of action. The effect of NaD1 was tested 

against four different Phytophthora species, with further focus on Phytophthora cinnamomi. 

Exposure to the peptide led to cytoplasmic granulation, hyper-branching, and suppression of 

apical dominance. Scanning and transmission electron microscopy revealed changes in cell wall 

thickness and morphology, while glycosidic linkage analysis revealed a difference in cellulose 

content, suggesting an altered cell wall composition and ultrastructure in NaD1-treated hyphae. 

In fungi, hyper-branching and suppression of apical dominance are linked to disrupted Ca2+ 

channel activity. Interestingly, our data show that the NaD1-induced inhibition of hyphal 

growth in P. cinnamomi is rescued by addition of extracellular Ca2+, while K+ and Na+ were 

ineffective. In addition, analysis of cytosolic Ca2+ by fluorescence microscopy using Fluo-3-

AM revealed a disruption in calcium homeostasis by NaD1. Results from RNA sequencing 

experiments were consistent with this observation, showing a decreased expression of genes 

encoding cellulose synthase and Ca2+ transport proteins in treated hyphae. Our data suggest that 

NaD1 inhibits the growth of Phytophthora species by interfering with intracellular Ca2+ 

homeostasis and by modifying cell wall biosynthesis and properties. This information can be 

exploited to develop new successful control strategy.  
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Introduction 

The oomycetes are a class of Heterokonts morphologically and ecologically analogous to the 

fungi. They have colonised every continent on the planet as saprotrophs and obligate biotrophs 

(Yang, 2017). Terrestrial oomycetes are primarily parasites of vascular plants and comprise 

many devastating pathogens including causative agents of common root rot, or foliar diseases 

such as downy mildew, stem rot, and leaf blight (Derevnina et al., 2016). The most well-known 

terrestrial genus is Phytophthora (“plant destroyer”), discovered through the investigation of 

the catastrophic European potato blight of the 1840s, which contains ~142 species (Kamoun, 

2006; Kasuga et al., 2012). Globally, the economic cost to agriculture due to Phytophthora 

infections is estimated to be USD ~7 billion per annum (Derevnina et al., 2016; Fisher et al., 

2012; Haverkort et al., 2008). However, aggressive and invasive Phytophthora species also 

present a significant danger to natural ecosystems (Hansen et al., 2012; Judelson, 2012; Jung et 

al., 2013; Yang et al., 2017). Illustrative of this threat is Phytophthora cinnamomi, a species 

that infects a large diversity of crops, including cultivated fruit and vegetables, and ~5000 

woody tree species worldwide (Kamoun et al., 2015). In Australia, more than 2500 native plant 

species are susceptible to this soil-borne pathogen (Hardham, 2005). Understanding the biology 

of Phytophthora is of high importance for the management of biodiversity and ecological 

stability (Wilson et al., 2020).  

With these economic and ecological impacts in mind, numerous studies conducted over the last 

decades have detailed the mechanisms that have underpinned the extraordinary expansion of 

oomycetes, especially their strategies to overcome host resistance. These include a malleable 

mating system through sexual and interspecific hybridization; an enhanced fitness through 

production of larger population; variations in ploidy to enhance vigour and pathogenicity; and 

the use of effectors to mitigate plant defense responses (Bozkurt et al., 2012; McDonald & 

Linde, 2002; Schornack et al., 2009; Thines, 2014). Anti-infective strategies have emerged 

from these studies. However, given the paucity of resistance genes in hosts of invasive 

Phytophthora, implementing breeding and transgenic programmes is complex, costly and 

laborious (Ramalingam et al., 2020; Vega-Arreguín et al. 2017). Chemical pesticides have had 

impact in reducing yield losses due to Phytophthora, but several have been banned because of 

their detrimental effects on human health and the environment (Cabras & Angioni, 2000; 

Nicolopoulou-Stamati et al., 2016). Accordingly, there is currently a strong incentive to 
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develop novel, sustainable and targeted methods to control Phytophthora. In recent years, plant 

antimicrobial peptides (AMPs) have been the focus of several research groups for their 

inhibitory activity against the growth of a wide range of pathogenic fungi (Hayes et al., 2013; 

Lay & Anderson, 2005; Poon et al., 2014). But how efficacious AMPs are against challenging 

Phytophthora infectious species remains unknown. 

 

AMPs are a structurally diverse class of bioactive compounds deployed by many organisms as 

central components of their innate immunity (Bulet et al., 2004; Koehback and Craik, 2019). 

Defensins are among the largest AMP families. Typically 45–54 amino acid residues long, they 

are non-toxic to plant cells and can be rapidly marshalled at infection sites (Stotz et al., 2009), 

or in response to environmental stress (Lay et al., 2003). Understanding the biochemistry of 

plant defensins is a significant undertaking given their broad range of activities, which include 

binding to specific lipids to induce anti-fungal activities; conferral of heavy metal tolerance; 

synthesis of reactive oxygen species; and membrane permeabilisation (Parisi et al., 2019). 

Several models have been proposed, e.g., carpet and toroidal pore models, to describe how 

defensins interact with the negatively charged plasma membrane (Brogden, 2005). The increase 

in cell permeability subsequent to alteration of the stability of the plasma membrane is known 

to cause cell leakage and death (Teixeira et al., 2012). Nicotiana alata Defensin (NaD1) is a 

defensin synthesised by ornamental tobacco to protect its reproductive organs from diverse 

pathogenic fungi. It is active against a diversity of fungal species not limited to plant pathogens, 

e.g., Botrytis cinerea, Candida albicans, Aspergillus niger, Saccharomyces cerevisiae and 

Fusarium oxysporum (Hayes et al., 2013; Lay et al., 2003; Lay & Anderson, 2005; Poon et al., 

2014; van der Weerden et al., 2008). NaD1 activity involves binding to the fungal cell surface, 

followed by membrane permeabilization and cell death through induced oxidative damage 

(Hayes et al., 2013). Evidence also exists that NaD1 interacts with the membrane by binding to 

phosphatidic acid (Järvå et al., 2018). Furthermore, NaD1 has been shown to exert its anti-

fungal activity through the inhibition of the high-osmolarity glycerol (HOG) pathway (Hayes 

et al., 2013; Tam et al., 2015).  

 

The wide range of targets and broad activities of NaD1 highlights its remarkable potential as a 

therapeutic tool. As yet, no study has determined whether NaD1 exhibits an inhibitory effect 

on oomycetes. Here, we investigated the effect of NaD1 on Phytophthora species and gained 

knowledge into its probable mechanism of action. We demonstrate that NaD1 arrests hyphal 

growth and sporangia development, modifies cell wall composition and biosynthesis, 

destabilises calcium homeostasis, suppresses apical dominance, and affects intracellular 
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organelles in P. cinnamomi. RNA-Seq results revealed that NaD1 significantly affects the 

expression of calcium transport and cellulose biosynthesis genes. In addition, retarded hyphal 

growth and suppression of apical dominance were observed in three other Phytophthora 

species, P. cambivora, P. nicotianae, and P. citricola, which suggests broad activity against the 

Phytophthora genus and provides a foundation for the development of a Phytophthora control 

strategy. 

Materials and Methods 

Source and cultures of Phytophthora species 

Phytophthora cinnamomi (DAR 77502), P. citricola (DAR 64697), P. cambivora (DAR 

67503), and P. nicotianae (DAR 63044) strains were purchased from the Plant Pathology & 

Mycology Herbarium in New South Wales, Australia. All species were maintained on potato 

dextrose agar (PDA), V8-agar, or pea broth agar (PBA) at 25°C in the dark. Cultures for 

experimental work were prepared by placing seven-day-old mycelial plugs at the centre of Petri 

dishes containing V8-agar medium and sterilized poppy seeds distributed over the surface of 

the Petri dishes. After 5 days of culture at 25°C in the dark, each poppy seed covered with 

mycelium was transferred into a well of 24-well plates (Corning Inc., AZ, USA) containing 500 

µl of potato dextrose broth (PDB). The plates were used for diverse experiments, as described 

in the following sections. 

NaD1 treatment 

The NaD1 peptide used in our work was a generous gift from Professor Marilyn Anderson (La 

Trove University, Australia). For NaD1 treatment, individual wells of 24-well plates prepared 

as described above were supplemented with 1.625, 3.125, 6.25, 12.5, 25, 50, 75, 80 and 100 

µM NaD1 dissolved in water. The selection of the dose range was based on a prior study 

conducted on Candida albicans (Hayes et al., 2018). A control was performed in the same 

conditions in the absence of NaD1. The inhibitory activity of NaD1 on the growth of all 4 

Phytophthora strains was quantified as described by Reyes-Chilpa et al. (1997) after 48 h of 

incubation, using 3 replicates for each concentration of NaD1 and the following formula: 

% Inhibition = (A – B) / A×100 

where, A is the colony diameter in the control performed in the absence of NaD1 (expressed in 

cm), and B is the colony diameter measured in the presence of NaD1. Morphological alterations 

were observed using an Olympus ix70 inverted microscope. Based on the results obtained from 

these assays, 50 µM NaD1 was selected as the optimal concentration providing significant 
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inhibition (percent growth inhibition >70%), but not preventing growth, for all other 

experiments. 

Effect of NaD1 on the formation of sporangia 

Poppy seeds covered with mycelium from P. cinnamomi were incubated in the dark for three 

days at 25 °C in wells of 24-well plates containing 500 µl sterilized Milli-Q water in the absence 

(control) and presence of 50 µM NaD1 (Corning Inc, US). The mycelium in each cell was 

washed three times with water, transferred to new wells containing 500 µl sterilized Milli-Q 

water and incubated for three more days. The presence of sporangia was assessed three 

biological replicates using an Olympus ix70 inverted microscope. 

Scanning (SEM) and Transmission (TEM) Electron Microscopy  

Mycelial cells were collected from the periphery of colonies and fixed for 24 h in 2.5% (v/v) 

glutaraldehyde, 4% sucrose and 4% formaldehyde (Solarbio, Beijing, China). Samples for TEM 

were stained in 2% osmium tetroxide for 2 h at room temperature and pre-embedded in 1% 

agarose. The agarose blocks and the samples for SEM were subsequently dehydrated in 5 

consecutive steps of 30 min each using a series of aqueous ethanol solutions (30%, 50%, 70%, 

80%, 90%, v/v). The 90% ethanol solution was then replaced with a 1:1 mixture of 

ethanol:propylene oxide and the samples were incubated for 30 min in this solution, followed 

by 1 h incubation in 100% propylene oxide (ProScieTech C156). A Leica EM CPD300 critical 

point dryer was used to dry the SEM samples, which were subsequently coated with ultra-thin 

carbon and observed using a FEI ESEM Quanta 450 FEG microscope. SEM images were 

recorded from two biological replicates. After dehydration, the TEM agarose blocks were 

embedded in 100% Procure Araldite resin (ProScieTech, Australia) and polymerization was 

carried out for 24 h in a 60°C oven. The resin blocks were sectioned using a Leica UC6 

ultramicrotome fitted with a diamond knife to obtain slices of 70-80 nm, which were deposited 

on carbon-coated TEM grids and observed with a FEI Tecnai G2 Spirit TEM microscope.  

Preparation and fractionation of cell wall polysaccharides 

Four biological replicates of the control and NaD1-treated mycelia from P. cinnamomi were 

collected after 48 h of growth and used for cell wall preparation as described earlier (Mélida et 

al., 2013). Briefly, the samples were snap-frozen and ground in liquid nitrogen using a mortar 

and pestle. The resulting powder was extracted at room temperature under constant agitation 

using 70% (v/v) ethanol for 6, 8, and 12 h, and the ethanol-insoluble material was recovered by 

centrifugation at 4,000 × g for 10 min at 4°C. The pellets were resuspended in 70% ethanol and 
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filtered through glass-fiber filters (GF/A; Whatman), washed 6 times with 70% ethanol, 6 times 

with acetone and kept overnight in a fume hood at room temperature to dry completely. The 

dried cell walls were fractionated into an alkali-soluble fraction (ASF) and an alkali-insoluble 

fraction (AIF) (Mélida et al., 2013). For this purpose, 50 mg of dried cell walls was mixed with 

15 ml of 80% (vol/vol) methanol containing 5% (wt/vol) KOH and 0.1% (wt/vol) NaBH4, and 

the samples were heated for 15 min at 100°C. After cooling, the ASF and AIF fractions were 

collected by centrifugation at 4,000 × g for 10 min and the extraction step in methanolic KOH 

was repeated three times. The AIF material was washed three times with 0.5 M acetic acid to 

neutralize the excess of KOH. The first wash was added to the ASF solution and the pH was 

adjusted to 6 with glacial acetic acid. The AIF and ASF solutions were dialyzed (SnakeSkin™ 

Dialysis Tubing, 3.5K MWCO, 22 mm) against Milli-Q water, freeze-dried and stored in a 

desiccator prior to monosaccharide and glycosidic linkage analyses.  

Monosaccharide and glycosidic analysis 

Monosaccharide analysis was performed as described by Comino et al. (2013), with some 

modifications. The freeze-dried ASF and AIF samples (1-2 mg) from the four independent 

biological replicates were hydrolysed with 2 M trifluoroacetic acid (TFA) at 121°C for 3 h. The 

TFA-resistant materials from each sample were further hydrolysed with 6 N HCl at 100°C for 

16 h, and the resulting solution was dried in a centrifugal vacuum concentrator (Melida et al., 

2013). For each sample, TFA and HCL aliquots were diluted 20 times with distilled water and 

derivatized with 1-phenyl-3-methyl-5-pyrazolone (PMP). Ten μL of 0.5 mM 2-deoxy glucose 

was added to each sample as an internal standard. The derivatized monosaccharides were 

separated using an Agilent 1200 high performance liquid chromatography (HPLC) fitted with 

a Phenomenex Kinetex C18 column (2.6 μm C18 100 × 3 mm 100Å). Ten microlitres of each 

sample were injected and the separation was carried out at 30 °C using a gradient of eluents A 

(10% acetonitrile, 40 mM ammonium acetate pH ∼6.8) and B (70% acetonitrile) at a flow rate 

of 0.8 mL/min. The elution gradient was 8 to 16% B over 12 min and the derivatized 

monosaccharides were detected at 250 nm. The molar percentage of each monosaccharide in 

the samples was calculated based on standard curves obtained from solutions of the following 

reference monosaccharides: mannose, ribose, rhamnose, glucosamine, glucuronic acid, 

galacturonic acid, glucose, galactose, xylose, arabinose, and fructose.  

 

Glycosidic linkage analysis was performed as described earlier (Pettolino et al., 2012) on the 

ASF and AIF fractions from three biological replicates of the control and NaD1-treated mycelia. 

The freeze dried ASF and AIF materials (0.5 mg) were suspended in 200 µl of dry dimethyl 
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sulfoxide (DMSO) to pre-swell the samples, in particular cellulose, prior to the addition of 10 

µl of a DMSO solution containing sulphur dioxide (0.3 mg sulphur dioxide/l DMSO) and 5 µl 

of diethyl amine. The samples were then sonicated in a sonicator bath for 30 min and 

permethylated alditol acetates were prepared as described earlier (Mélida et al., 2013). The 

sugar derivatives were analyzed on an Agilent 7890B/5977B GC–MS instrument fitted with a 

VF-23 ms capillary column (30 m × 0.25 mm, 0.25µm) (Agilent Technologies, CA, USA) using 

helium as the carrier gas. The following temperature program was used: 165°C to 175°C at 1°C 

/min; 175°C to 195°C at 0.5°C/min; 195°C to 210 °C at 2 °C/min; 210 °C to 250°C at 10 °C 

/min, followed by a plateau at 250°C for 6.5 min (total run time 68 min). The permethylated 

alditol acetates were fragmented by electron-impact mass spectrometry and the mass spectra 

from the resulting fragments were compared to those available in the CCRC Spectral Database 

(glygen.ccrc.uga.edu) for identification of glycosidic linkages. 

RNA sequencing  

To identify genes that are differentially expressed during the NaD1 treatment, we performed a 

transcriptomics analysis by RNA sequencing (RNA-Seq). RNA was successively extracted 

from a two-day-old mycelium using the Spectrum™ Plant total RNA Kit (Sigma-Aldrich, MO, 

USA), treated with DNase I (New England Biolabs, MA, USA) and cleaned and concentrated 

using the RNA Clean & Concentrator Kit (Zymo research, CA, USA). The quality of extracted 

RNA was checked by spectrophotometry using a Thermo Scientific Nanodrop (Thermo Fisher 

Scientific, MA, USA) and an Agilent 2100 Bioanalyzer. Library construction and RNA-Seq 

were performed at the South Australian Genomics Centre (SAGC) using their fee-for-service 

facility. Briefly, RNA samples were run on a Novaseq 6000 S1 Lane (2x100 bp, v1.5 

chemistry). Stranded polyA libraries were prepared using the Nugen Universal Plus mRNA-

seq kit (Part No. 0508, M01442 v2). Denaturing and on-board clustering was done using 

Illumina protocol 15048776 v15 according to the manufacturer’s protocol. The quality of 

sequencing reads was assessed using FASTQC 

(www.bioinformatics.babraham.ac.uk/projects/fastqc/). RNA-seq reads from five technical 

replicates were aligned to the P. cinnamomi reference genome ASM1869171v1 using STAR 

2.7.8a in 2-pass mode (Dobin et al., 2012). Gene count values were determined using the 

featureCounts program (Liao et al., 2013). SAM/BAM file manipulation was performed using 

Samtools (Danecek et al., 2021) and BamTools (Barnett et al., 2011). The detection of 

differentially expressed genes (DEGs) between the NaD1 treated and control samples was 

performed using the DESeq2 pipeline with the count matrix data derived from the 

featureCounts output. 
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Identification, phylogenetic and expression analysis by qPCR of genes encoding voltage 

gated calcium channels and cell wall biosynthetic enzymes  

Genes encoding Voltage Gated Calcium Channels (VGCC) were preliminary identified as 

differentially expressed based on RNA-Seq data. In addition, Blast searches were performed 

against different types of VGCC, i.e., L-, P/Q-, T-, R-, and N-type, to construct a phylogenetic 

tree and analyse the predicted structural differences between the Phytophthora sequences and 

similar sequences from the following species: Homo sapiens, Gorilla gorilla, Nomascus 

leucogenys, Malassezia restricta, Selaginella moellendorffii, Pongo abelii, Pan troglodytes, 

Cimex lectularius, Zymoseptoria tritici, Entomortierella parvispora, and Mus musculus. 

Sequences were aligned with the P. cinnamomi VGCC sequences and InterProScan, together 

with manual inspection of published crystal structures, was used to confirm domain structure 

(Gauberg et al., 2022; Zheng & Mackrill, 2016). In addition to VGCC genes, a gene encoding 

a putative stretch-activated ion channel involved in calcium influx and homeostasis was found 

to be differentially expressed in P. cinnamomi. The product of this genes, MID1, was therefore 

included in our bioinformatic and qPCR analyses. 

 

Data from cell wall analyses suggested differences in polysaccharide content. Hence we also 

performed Blast searches against the NCBI databases to identify genes that code for key 

putative cell wall related enzymes in P. cinnamomic and other oomycetes, i.e., chitin synthases 

(Chs), cellulose synthases (CesA) and glucan synthases (Fks). Phylogenetic analysis of these 

genes was performed by aligning the P. cinnamomi sequences with their orthologues followed 

by maximum likelihood estimation using FastTree (Geneious Prime version 2022.1.1).  

 

For q-PCR analysis, cDNA was synthesised from purified RNA using the Invitrogen superscript 

IV kit (Invitrogen, CA, USA). The q-PCR was performed as described elsewhere (Burton et 

al., 2008) using a Thermal cycler C1000 Touch instrument (Bio-Rad, USA).  Reaction mixtures 

consisted of 2 µl cDNA (1:20 dilution in water) and 8 µl of iTaq Universal SYBR Green 

supermix. Primers were used at a concentration of 4 µM and the amplification conditions were 

as specified in Supplementary Table 1. Four reference genes were used as previosule described, 

namely Ws21 (40S ribosomal protein S3A), Tub-b (β-tubulin), Ubc (Ubiquitin-conjugating 

enzyme), and G6pdh (glyceraldehyde-3-phosphate dehydrogenase) (Supplementary Table 2).  

The cell wall, VGCC and MID1 target genes were: CesA1 (KAG6610888.1), CesA2 

(KAG6610748.1), CesA3 (KAG6583257.1), CesA4 (KAG6583016.1), Chs1 (KAG6617362.1), 

Chs2 (KAG6622452.1), Fks1a (KAG6621264.1), Fks1b (KAG6596129.1)¸ Fks1c 
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(KAG6616379.1)¸ Fks1d (KAG6616627.1), Fks2a (KAG6610049.1), Mid1 (KAG6591006.1), 

Pmca3 (KAG6587129.1), Pmca1 (KAG6623208.1), Pmca2 (KAG6614297.1), Vgcc2 

(KAG6604562.1), and Vgcc3 (KAG6622298.1) (Supplementary Table 3).  

Hyphal growth recovery using cations  

As several Vgcc genes were found to be differentially expressed, we analyzed the effect of 

CaCl2 on P. cinnamomi hyphae treated with NaD1, and investigated whether other cations, i.e., 

K+ and Na+, affected hyphal growth in a similar manner. For this purpose, individual poppy 

seeds covered with mycelium were transferred in wells of 24-well plates containing 500 µl 

PDB, 50 µM NaD1 and varying CaCl2 concentrations (0, 12.5, 25, 50, 100 mM). Plates were 

incubated at 25°C for 48 h, after which growth was assessed by observation with an Olympus 

ix70 inverted microscope. A similar approach was used to test the effect of KCl (0, 12.5, 25, 

50, 100 mM) and NaCl (0, 12.5, 25, 50, 100 mM).  

 

An L-type Ca2+ channel blocker, nifedipine, was used as a positive control and tested on the 

mycelium in the same conditions as above at 4, 8, 15, 31, 62, 125, 250, 500 and 1000 µM. In 

addition, a test to rescue the inhibition by nifedipine and associated phenotype was performed 

by adding 3, 6, 12.5, 25, 50, 100, 200 mM CaCl2 in the samples. The levels of free cytosolic 

calcium were estimated using the Fluo-3-AM probe after 48 h culture in PDB in the following 

conditions: 50 µM NaD1; 50 µM NaD1 + 50 mM CaCl2; 250 µM nifedipine; 250 µM nifedipine 

+ 25 mM CaCl2. Fluo-3-AM was then added to each well at a final concentration of 150 μM 

and the cultures were incubated at 37°C for 1 h. The excess of dye was washed with 500 µl 

phosphate buffered saline (PBS) twice for 5 min and green fluorescence indicative of the 

presence of calcium was detected using a Nikon Ni-E fluorescence microscope fitted with a 

450-490 nm excitation filter and a 520 nm emission filter. Images from three biological 

replicates were recorded using an exposure time of 40 ms. 

Statistical analyses 

All statistical analyses were performed using the SPSS software (version 26.0; Chicago, IL, 

USA). Numerical data are presented as the mean ± standard error of the mean (SEM). 

Independent T-test P-values ≤0.05 (*), ≤0.01 (**) and ≤0.001 (***) are shown to highlight 

significant differences. 
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Results 

Effect of NaD1 on the growth of Phytophthora species and formation of sporangia 

Hyphal growth of P. citricola, P. cambivora, P. nicotianae and P. cinnamomi was significantly 

inhibited in the presence of 50 µM NaD1 (Figure 1a). The extent of inhibition was similar for 

all species, with the strongest inhibition observed for P. citricola (86%) followed by P. 

cambivora (83%), P. nicotianae (75%), and P. cinnamomi (74%) (Figure 1a-1b). P. cinnamomi 

is a broad-host pathogen of crops and a serious threat to the ecosystem across all continents. 

Hence we decided to focus on this species for further analysis despite its relatively lower 

sensitivity to NaD1 compared to the other species tested. Observation of the mycelium under 

the inverted microscope revealed cytoplasmic granulation, irregular and hyper-branched hyphal 

cells in the NaD1-treated samples compared to the control performed in the absence of the 

peptide (Figure 1c). In addition, NaD1 completely inhibited the formation of sporangia in P. 

cinnamomi compared to the control (Figure 1d). Similar observations were made on the three 

other species tested (not shown). 
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Figure 1: Effect of NaD1 on the growth and morphology of Phytophthora species.  

(a) Hyphal growth of P. cinnamomi, P. citricola, P. cambivora, and P. nicotianae in the 

presence of 50 µM NaD1. (b) Percentage of inhibition of mycelial growth in the presence of 50 

µM NaD1 (number of biological replicates = 5). (c) Morphology of hyphal cells of P. 

cinnamomi in the absence (control) and presence of NaD1. The NaD1 treatment induced 

suppression of apical dominance (black arrow) and cytoplasmic granulation (white arrow). (d) 

Sporangia development in P. cinnamomi in the absence and presence of NaD1. Scale bars = 

100 µm. 
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Electron microscopy analysis of the effect of NaD1 on hyphal cells of P. cinnamomi  

SEM observations showed that the control hyphal cells of P. cinnamomi appeared as tubular 

filaments with a smooth surface appearance (Figure 2a). In contrast, cells exposed to NaD1 had 

a shrivelled and uneven morphology, and some appeared as distorted filaments. In addition, 

most cells were covered by granular structures that seem to bulge out from the hyphal cells 

(Figure 2b).  
 

 
 

Figure 2: Scanning electron microscopy (SEM) imaging of hyphal cells of P. cinnamomi. 

Images show smooth mycelial surfaces in the absence of NaD1 (control, panel a), while 

exposure to NaD1 led to the formation of granular structures (black arrow, panel b) at the 

surface of the cells as well as distorted hyphae. Scale bars = 5 µm. 

 

TEM was used to better understand the effect of NaD1 on the ultrastructure of the cells. Images 

showed a typical ultrastructure in the control hyphae, with an intact cell wall and cell 

membrane, normally distributed organelles, including mitochondria, nucleus, Golgi bodies, 

lysosomes, endoplasmic reticulum, and vacuoles (Figure 3a-3b). After treatment with NaD1, 

the cell wall was twice as thick compared to the untreated cells and slightly denser to electrons. 

The plasma membrane was also altered, exhibiting a significantly higher number of 

invaginations. Additionally, a higher density of vesicles was present in proximity to the plasma 

membrane compared to the control (Figure 3c-3d). Interestingly, the cell wall surface of the 
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treated hyphae was covered with electron-dense granular structures of irregular shape (Figure 

3d), reminiscent of the extracellular granules observed by SEM (Figure 2b). 

 

 

Figure 3: Transmission electron microscopy (TEM) imaging of hyphal cells of P. 

cinnamomi.  

TEM transversal (a-b) and longitudinal (e) sections of control cells not exposed to NaD1 and 

transversal (c-d) and longitudinal (f) sections of cells treated with the peptide. Black arrows 

indicate vesicles near the plasma membrane. Cell wall thickness was measured as indicated 
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with the double arrow spanning the wall of the control and NaD1-treated cells. M: 

mitochondria; V: vacuole; N: nucleus; NU: nucleolus; ER: endoplasmic reticulum; G: Golgi 

bodies; CM: cell membrane; CW: cell wall.  Scale bars = 1 µm. 

Effect of NaD1 treatment on the cell wall composition of P. cinnamomi   

The total cell wall composition of the control cells and cells treated with NaD1 was 

reconstituted from the data obtained from the AIF and ASF fractions. As expected, 

monosaccharide analysis showed that glucose is the major component of the cell wall of P. 

cinnamomi hyphae, representing 89% (molar percentage) of the total ethanol insoluble material 

(Supplementary Figure 1). The other monosaccharides detected were mannose, galactose, 

glucuronic and galacturonic acids, with mannose (5% of the cell wall material) being the most 

abundant of these minor sugars. No acetylglucosamine indicative of the presence of chitin was 

detected, which is consistent with previous results on other Phytophthora species (Melida et 

al., 2013). The cell wall monosaccharide composition of the mycelium exposed to NaD1 was 

nearly identical to that of the control cells, with a minor increase in glucose content and a slight 

decrease in mannosyl residues (Supplementary Figure 1).  
 

 

Figure 4: Glycosidic linkage analysis of cell wall polysaccharides from P. cinnamomi cells 

grown in the absence of NaD1 (control) and exposed to the peptide (NaD1). 
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The data are presented as the mean ± standard error of the mean, with n = 3 independent 

biological replicates. T-test P-values ≤0.01 (**) are shown for differences between the control 

and NaD1-treated cells. 

 

To determine whether more subtle structural differences were induced by the NaD1 treatment, 

we performed a glycosidic linkage analysis on the AIF and ASF fractions of the cell walls from 

the control and NaD1-treated cells, and combined the data to reflect the amounts of each linkage 

type in the total cell walls (Figure 4). As expected, the major types of linkages detected in the 

control cells corresponded to 1,3-linked and 1,4-linked glucosyl residues, representing around 

32% and 35% of the total cell wall linkages, respectively. Terminal glucosyl residues were the 

next most abundant (13%), followed by 3,6-linked glucosyl residues (7%). Each of the multiple 

remaining glycosidic linkage types detected did not exceed 2%. The total amount of linkages 

from glucosyl residues represents 95% of the total cell wall linkages, which is consistent with 

the data obtained by monosaccharide analysis. The 1,4-linked glucosyl residues can be 

considered as arising from cellulose since starch-like polysaccharides do not occur in 

oomycetes as evidenced by the observation that amylase treatment does not influence 

glucosidic linkage profiles in Phytophthora species (Mélida et al., 2013). Interestingly, the 

NaD1 treatment led to a significant decrease in the content of 1,4-linked glucosyl residues, from 

35% in the control cells to 25% in the NaD1 samples, which reveals a decrease in cellulose 

content. Conversely, the proportion of 1,3-linked glucosyl residues increased from 32% in the 

cell walls of the control cells to 36% in the NaD1-treated hyphae. A similar trend was observed 

for the terminal and 3,6-linked glucosyl residues, whose proportions were increased by 4% and 

7%, respectively, compared to the control cells. The 3,6-linked glucosyl residues are indicative 

of the presence of 3,6-branching points in (1,3)-β-glucans, and terminal glucosyl residues 

reflect the proportion of branched chains in a polysaccharide as well as chain length. Hence the 

observed increase of both linkage types in the cell walls from the NaD1-treated cells strongly 

suggests an increase in the degree of branching of (1,3)-β-glucans compared to the control, 

possibly accompanied by a reduced chain length. In summary, these data indicate that the 

observed decreased in cellulose content in the NaD1-treated cells is compensated by an 

increased proportion of branched (1,3)-β-glucans. 

Transcriptomic analysis by RNA-Seq and qPCR 

The RNA-Seq data showed that the expression of 694 genes was significantly altered in the 

NaD1-treated cells compared to the control, including 103 up-regulated genes and 591 down-

regulated genes (fold change ≥1.5 and adjusted P value <0.05). In light of the structural 
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differences observed after cell wall glycosidic linkage analysis, we specifically targeted genes 

involved in cell wall formation, in particular genes involved in cellulose and (1,3)-β-glucan 

biosynthesis, to determine whether their expression profile was altered following cell exposure 

to NaD1. Sequence homology searches and phylogenetic analyses showed that four putative 

cellulose synthase genes are found in P. cinnamomi, which we named CesA1, CesA2, CesA3, 

and CesA4 based on their similarity with gene orthologues from other species. In addition, five 

putative glucan synthase genes named Fks1a, b, c and d, and Fks2a, as well as two chitin 

synthase genes named Chs1 and Chs2 were identified (Supplementary Figure 2). The RNA-

Seq data revealed that CesA1, CesA2, CesA3 and Chs1 tend to be slightly downregulated upon 

cell exposure to NAD1, but not above a significant threshold (Figure 5a). Conversely, Chs2 

was slightly upregulated in the NaD1 treated hyphae as well as Fks2a, however were less robust 

in the latter case (Figure 5a). All other cell wall related genes analyzed (CesA4, Fks1a, Fks1b, 

Fks1c, Fks1d) were not differentially expressed (not shown). 

 

Figure 5: RNA-Seq analysis of genes involved in cell wall biosynthesis and calcium 

transport. 

(a) Expression analysis of cell wall related genes, namely cellulose synthase (CesA), chitin 

synthase (Chs), and glucan synthase (Fks) genes. (b) As in (a) but for genes involved in 

calcium transport and homeostasis: Pmca, Mid1 and Vgcc genes.  All data are presented as the 

mean ± standard error of the mean (n = 5). T-test P-values ≤0.05 (*), ≤0.01 (**) or actual 

values are shown to highlight the most significant differences. 
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Interestingly, three of the four Vgcc genes identified in P. cinnamomic, namely Vgcc1-3, were 

significantly downregulated (Figure 5b). We also identified that NaD1 exposure led to 

downregulation of a gene encoding a plasma membrane Ca2+ ATPase named PMCA3, whereas 

the similar Pmca1 and Pmca2 genes were upregulated (Figure 5b). This class of proteins control 

calcium efflux in P. cinnamomi (Zheng & Mackrill, 2016). In addition, the expression of Mid1, 

a gene that encodes a calcium channel protein, was downregulated in the NaD1 treated cells. 

MID1 controls calcium homeostasis by uptaking calcium from the environment (Milhem, 

2019). Overall these data suggest that the expression of diverse calcium transporters is 

differently affected when cells are exposed to NaD1. 

 

To confirm the RNA-Seq data presented above, we performed qPCR analysis on 11 cell wall 

biosynthetic genes (CesA1-4, Chs1-2, Fks1a-d, Fks2a) and 6 genes involved in calcium 

transport and homeostasis Pmca1 (KAG6614297.1), Pmca2 (KAG6587129.1), Pmca3 

(KAG6623208.1), Vgcc2 (KAG6604562.1), Vgcc3 (KAG6622298.1), and Mid1 

(KAG6591006) (Figure 6).  Despite extensive efforts to design primers for Vgcc1 it was not 

possible to obtain data for this gene, hence it was excluded from the q-PCR analysis. In addition, 

Vgcc4 was not found to be differentially expressed by RNA-Seq and was therefore not included 

in the q-PCR analysis. 
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Figure 6: q-PCR analysis of putative P. cinnamomi genes involved in cell wall biosynthesis 

and calcium transport. 

Relative normalized expression of CesA (a) and Fks (b) genes, and genes involved in calcium 

transport, i.e., Vgcc, Pmca and Mid1 genes (c). The data are represented as the mean ± standard 

error of the mean (n = 3). T-test P-values ≤0.05 (*) and ≤0.01 (**) are indicated to highlight 

significant differences between the control and NaD1-treated samples. 

 

The q-PCR data obtained for the cellulose synthase genes were in keeping with the RNA-Seq 

data, with a slight decrease in expression for CesA1, CesA2, and CesA3, but no difference for 

CesA4 compared to the control cells (Figure 6a). The higher expression of Chs2 and Fks2a 

observed in the RNA-Seq data (Figure 5a) was not confirmed by q-PCR (Supplementary Figure 

4). Conversely, analysis by q-PCR of the Fks1a-d genes showed some differences in level of 

expression between the control and NaD1 cells, which were not observed by RNA-Seq (Figure 

6b). However, statistical analysis of the q-PCR data suggests these differences are not 

significant. In agreement with the RNA-Seq data, the Pmca1 and Pmca2 genes related to 

calcium transport were confirmed by q-PCR to be upregulated, and Vgcc3 to be downregulated. 

Although both RNA-seq and q-PCR data showed the same trend for the expression of Pmca3 

and Vgcc2 genes (downregulation) the differences observed in the q-PCR experiments were not 
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significant (Figure 6c). In contrast to the decreased expression of Mid1 observed in the RNA-

Seq experiment, no difference was detected by q-PCR.  

NaD1 affects calcium transport in P. cinnamomi 

Following the demonstration that the expression of several genes involved in calcium transport 

and homeostasis is affected when cells of P. cinnamomi are exposed to NaD1, we next 

determined more directly whether calcium transport is indeed affected by the peptide. For this 

purpose, we first used several concentrations of nifedipine, a known L-type calcium channel 

blocker, to determine whether the phenotype observed in the presence of NaD1 is reproduced 

by exposure to the inhibitor. The data showed that the growth of hyphal cells of P. cinnamomi 

is severely affected in the presence of 250 µM nifedipine, to a similar extent as with NaD1 

(Figure 7). Growth inhibition was reverted when the medium containing the inhibitor was 

supplemented by 25 mM calcium, showing that growth inhibition is indeed due to blockage of 

calcium transport by nifedipine (Figure 7). Interestingly, a similar result was obtained in these 

rescue experiments when nifedipine was replaced by NaD1, suggesting that NaD1 does affect 

calcium transport (Figure 7).  

  

Figure 7: Effect of CaCl2 on growth recovery of hyphal cells of P. cinnamomi exposed to 

NaD1 and nifedipine. 

a) control (DMSO); b) 250 µM nifedipine; c) 250 µM nifedipine + 25 mM CaCl2; d) control 

(water); e) 50 µM NaD1; f) 50 µM NaD1 + 50 mM CaCl2 
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Figure 8: Effect of CaCl2 on the recovery of P. cinnamomi cells exposed to nifedipine and 

NaD1 and assay of intracellular calcium by fluorescence microscopy. The green 

fluorescence intensities reflect the relative quantities of free cytosolic Ca2+. 

i-ii) control (cells in PDB medium); iii-iv) 50 µM NaD1; v-vi) 250 µM nifedipine; vii-viii) 50 

µM NaD1 + 50 mM CaCl2; ix-x) 250 µM Nifedipine + 25 mM CaCl2. Cytosolic Ca2+ was 

detected by using the Fluo-3-AM fluorophore; the intensity of the green fluorescence reflects 

the concentration of free cytosolic Ca2+. Scale bars = 100 µm. 

The relative amount of free intracellular Ca2+ was evaluated by fluorescence microscopy 

using the Fluo-3-AM probe. Further substantiating an effect of NaD1 on calcium transport, 

the concentration of free cytosolic calcium was significantly decreased in the presence of 

NaD1 to a similar extent as with nifedipine, and this effect could be reverted when calcium 

ions were added in the medium (Figure 8). The observed effects of NaD1 on hyphal growth 

seem to be specific to alteration of calcium transport as neither KCl nor NaCl were able to 

revert the inhibitory effect of the peptide (Supplementary Figure 3). 

Discussion 

Plant defensins, and more generally antimicrobial peptides, represent a powerful resource for 

the development of next-generation therapeutics against microbial pathogens relevant to the 

agricultural, veterinary and medical sectors (Dracatos et al., 2014; van der Weerden et al., 2008) 

(Wang et al., 2016). Their breadth of biochemical activities suggests a commensurate range of 

targets, from the enormous diversity of pathogenic micro-organisms to human tumour cells. 

However, many defensins remain uncharacterised and their mode of action undefined. The 

defensin NaD1 from Nicotiana alata has been shown to bind to cell wall lipids and cause 

membrane permeabilisation in filamentous fungi and tumour cells (Dracatos et al., 2014; Lay 
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et al., 2003; van der Weerden & Anderson, 2013; van der Weerden et al., 2008). However, the 

inhibitory effect of NaD1 or any other plant defensin against oomycetes has not been 

investigated and characterized at the biochemical level. Instead, prior studies have focused on 

transgenic plants that express Nicotiana megalosiphon defensin 2 (NmDef02) and an antifungal 

peptide from Medicago sativa (alfAFP). In these studies, NmDef02 was shown to increase 

resistance to P. infestans infection, but alfAFP was not efficient (Gao et al., 2000; Portieles et 

al., 2010). Since NaD1 is a well-characterized plant defensin and its mechanism of action is 

well-described in fungi (Hayes et al., 2013; van der Weerden et al., 2008), it offers a promising 

starting point to investigate the efficacy of this class of antimicrobial peptides against 

pathogenic oomycetes.  

 

In this report, we have analysed the effect of NaD1 on hyphal growth of four different 

Phytophthora spp., namely P. cinnamomi, P. citricola, P. cambivora and P. nicotianae. The 

data showed that 50 µM NaD1 strongly suppressed apical dominance in all four species, which 

resulted in hyper-branched hyphae, and significantly reduced hyphal growth and colony area. 

These effects were accompanied by cytoplasmic granulation, extensive vacuolation and 

inhibition of sporangial development. This suggests that NaD1 can efficiently inhibit mycelial 

growth of multiple pathogenic Phytophthora species. We subsequently focused our work on P. 

cinnamomi as this species is considered one of the top ten most devastating oomycete 

phytopathogens (Kamoun et al., 2015). As NaD1 is known to exhibit direct cytotoxic activities 

on pathogenic fungi by interacting with phospholipid bilayers (Payne et al., 2016), we 

hypothesised that it may act in a similar manner on oomycetes. SEM observations of cells 

exposed to NaD1 revealed the presence of granular structures on the surface of hyphae. In other 

instances, the hyphae were severely distorted and leaked. TEM observations revealed that the 

cell wall, cell membrane, mitochondria, and vesicles activity of hyphae were affected in the 

presence of NaD1 (Figure 3c). Additionally, the accumulation of vesicles close to the plasma 

membranes suggests an increased vesicle trafficking and intensive secretion activity toward the 

cell wall (Figure 3d). In the filamentous fungus Fusarium oxysporum, NaD1 binds to the cell 

wall and permeabilizes the plasma membrane to affect the integrity of the fungal cells (van der 

Weerden et al., 2008). Similarly, the electron-dense granular structures visible on the surface 

of the P. cinnamomi cells may reflect cytoplasmic leakage prior to cell death (Figure 3d).  

TEM images revealed a thicker cell wall in the P. cinnamomi hyphae treated with NaD1, and 

glycosidic linkage analysis showed a significant decrease in 1,4-linked glucosyl residues, which 

is indicative of a reduced abundance of cellulose (Figure 4). Consistent with these observations, 

transcript abundance analysis of putative cellulose synthase genes revealed that CesA1, CesA2, 
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and CesA3 were downregulated in both RNA-Seq (Figure 5a) and q-PCR experiments (Figure 

6a). Further, we show that NaD1 caused a significant increase in 3,6-linked glucosyl residues, 

which indicates a higher degree of branching of the 1,3-glucans in the cell wall (Figure 4). Our 

report is consistent with a recent study that showed that CesA1 knockout mutants in P. capsici 

had decreased cellulose content and altered glycosidic linkages indicative of branched 

polysaccharides and/or crosslinks between cell wall polysaccharides, i.e., 4,6-linked glucosyl 

residues, and 3,4- linked glucosyl residues (Li et al., 2022).  

 

In summary, our results suggest that NaD1 affects cellulose biosynthesis and the branching 

pattern of 1,3-linked glucans, resulting in mechanically weaker cell walls with reduced tensile 

strength and, potentially, an increase in cell wall permeability and cell death. Chitin is not 

detected in the cell walls of Phytophthora hyphal cells (Mélida et al., 2013), but it has been 

reported to occur in low abundance in zoospores and sporangia (Cheng et al., 2019). In keeping 

with the results from (Mélida et al., 2013), no N-acetylglucosaminyl residues indicative of 

chitin were detected in our monosaccharide analysis of mycelial cells, and no significant or 

consistent variation in gene expression for the chitin synthase genes (Chs) was observed.  

 

The growth, morphological and developmental effects of NaD1 on Phytophthora species 

described in this report are associated with calcium homeostasis in fungi (Naveena Lavanya 

Latha & Maruthi Mohan, 2011; Spelbrink et al., 2004; Zheng & Mackrill, 2016). In fungal 

species, apical dominance is a key character which regulates the formation of lateral branching 

in vegetative hyphae (Rayner, 1991). It has been reported that a high calcium gradient in hyphal 

tips regulates apical dominance, and therefore branching pattern, in filamentous cells (Schmid 

& Harold, 1988). Hence a disturbance in calcium signalling typically causes hyperbranching in 

hyphal tips (da Silva Ferreira et al., 2007). Some plant defensins have been shown to interact 

with calcium signalling pathways. For example, the defensin MsDef1 from Medicago sativa 

seeds was reported as a blocker of mammalian L-type calcium channels (Allen et al., 2008; 

Ramamoorthy et al., 2007; Ramamoorthy et al., 2007; Spelbrink et al., 2004). However, plant 

defensins are diverse and others, such as the Rs-AFP2 defensin from Raphanus sativus (radish) 

seeds and MtDef2 from M. sativa, have been shown to have no interaction with calcium 

transport (Spelbrink et al., 2004). Although NaD1 has been extensively studied in fungi, its 

relationship with calcium signalling pathways has not been reported yet. In our study, 50 mM 

CaCl2 was sufficient to decrease the inhibitory effect of NaD1 on hyphal growth (Figure 7), 

whereas no recovery was observed with either NaCl and KCl. Nifedipine, a well-known L-type 

calcium channel blocker, was used as positive control and mimicked the NaD1 phenotype on 
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P. cinnamomi hyphal growth. In P. capsici nifedipine blocks calcium channels, and it has been 

proposed that this could lead to decreased pathogenicity and virulence (Liu et al., 2016). In P. 

cinnamomi, both NaD1 and nifedipine inhibited calcium transport inside the hyphal cells, 

resulting in lower intracellular calcium levels as detected with Fluo-3-AM (Figure 8). It is 

plausible that the NaD1-mediated disruption of Ca2+ homeostasis in P. cinnamomi causes the 

observed organelle abnormalities.  

 

Our work demonstrates parallels between the biochemical activity of NaD1 in fungal and 

Phytophthora species. In fungi, NaD1 loses its anti-microbial activity in the presence of 

physiological salt (NaCl) at high concentrations (~100 mM) (Bleackley et al., 2019; McColl et 

al., 2018). In addition, the same reports indicate that decreased levels of 1,3-β-glucans restored 

anti-fungal activity of NaD1 within yeast cells. As shown in our work, NaCl and KCl additions 

in the medium did not decrease the NaD1 anti-microbial activity in Phytophthora species, as 

opposed to CaCl2 (Supplementary Fig 3). These results indicate that the antagonistic mechanism 

of NaD1 is different in fungi and oomycete (Phytophthora) species.  

 

In Fungi, Ca2+ ATPases (PMCAs) regulate and maintain calcium homeostasis by transporting 

Ca2+ ions (calcium efflux) from the cytosol to internal stores to circumvent calcium toxicity 

(Pittman, 2011). Interestingly, vacuolar PMCA is also required for pathogenesis caused by 

Candida albicans (Luna-Tapia et al., 2019). Another plasma membrane protein, the stretch-

activated Ca2+-permeable channel component MID1, is an important channel for calcium influx 

in fungi (Ozeki-Miyawaki et al., 2005), and is necessary for regulating vegetative growth 

(Cavinder et al., 2011). Moreover, it has role in cell wall biosynthesis, host penetration, and 

virulence of fungi (Bormann & Tudzynski, 2009; Xie et al., 2019). In our study, we propose 

that NaD1 altered gene transcript levels of the homologues of these proteins in P. cinnamomi, 

which consequently may be similarly correlated with decreased growth and development.  

 

Voltage Gated Calcium channels (VGCC) are multi-subunit membrane-bound proteins that are 

activated by membrane depolarization (Moran & Zakon, 2014; Stephens et al., 2015). The 

presence of VGCCs and their role in calcium influx and homeostasis is well-known in fungi 

(Lange & Peiter, 2019). However, oomycete VGCCs have not been well studied and their 

biochemistry is not well understood (Zheng & Mackrill, 2016). Oomycetes encode numerous 

VGCC homologs which bear a resemblance to vertebrate VGCCs and have been shown to act 

as Ca2+ channel inhibitors, suppressing apical dominance of mycelial growth in an aquatic 

oomycete Achlya bisexualis (Stephens et al., 2015; Zheng & Mackrill, 2016).  Some of the 
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identified putative Vgccs in P. cinnamomi were downregulated in presence of NaD1, albeit with 

some discrepancies between the RNA-Seq and q-PCR data, suggesting that the activity of 

VGCC proteins in oomycetes is correlated with growth and development and, indirectly, 

pathogenicity. However, their precise molecular mechanism needs to be further investigated 

and direct evidence that NaD1 blocks calcium channel activity remains to be demonstrated. In 

summary, these results show that calcium homeostasis in P. cinnamomi was altered in the 

presence of NaD1, likely due to modified expression levels of genes involved in the regulation 

of calcium influx and efflux.  

 

In conclusion, the work presented here provides a valuable foundation to understand the 

biochemical interaction between the plant defensin NaD1 and a devastating phytopathogenic 

oomycete, P. cinnamomi. The anti-oomycete activity of NaD1 demonstrated here alongside its 

known inhibitory effect on fungal cells show evident potential of NaD1 as an effective broad-

spectrum anti-microbial agent.  
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Supplementary Figures 

 

Supplementary Figure 1: Cell wall monosaccharide composition of P. cinnamomi cells 

grown in the absence (Control) and presence of NaD1.   
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Supplementary Figure 2: Phylogenetic analysis of genes involved in cell wall biosynthesis 

from different oomycete species.  

Phy = Phytophthora; Sap = Saprolegnia; Aph = Aphanomyces; Pyt = Pythium; Pla = 

Plasmopara. The tree was generated using alignment-based algorithm followed by maximum 

likelihood estimation using FastTree. The CesA, Chs, and Fks genes of P. cinnamomi are 

highlighted in purple, red, and pale green, respectively. 
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Supplementary Figure 3: Recovery assays showing that the addition of KCl (a) and NaCl 

(b) in cultures of P. cinnamomi cells exposed to NaD1 did not revert growth inhibition. 

Control: cells grown in the absence of NaD1. 
 

 

 

Supplementary Figure 4: q-PCR analysis of putative chitin synthase (Chs) genes from P. 

cinnamomi. 

Relative normalized expression of the two putative Chs genes identified in P. cinnamomi. The 

data are represented as the mean ± standard error of the mean (n = 3).  
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Supplementary Tables 

Supplementary Table 1: Thermal cycling conditions for each gene used for q-PCR 

analysis. 

Gene 

name 

Gene ID Initial 

denaturation 

Denaturation Annealing Extension End of 

extension 

Ws21 

Tub-B 

Ubc 

G6pdh 

KAG6576187.1 

KAG6611174.1 

KAG6597952.1 

KAG6611192.1 

95 °C for 3 

min 

95 °C for 

10s 

55 °C for 

10s 

72 °C for 

30s 

84 °C for 

15s 

Chs1 

Chs2 

KAG6617362.1 

KAG6622452.1 

95 °C for 3 

min 

95 °C for 

10s 

55 °C for 

10s 

72 °C for 

30s 

83 °C for 

15s 

CesA1 

CesA2 

CesA3 

CesA4 

KAG6610888.1 

KAG6610748.1 

KAG6583257.1 

KAG6583016.1 

95 °C for 3 

min 

95 °C for 

10s 

60 °C for 

10s 

72 °C for 

30s 

80 °C for 

15s 

Fks1a 

Fks1b 

Fks1c 

Fks1d 

Fks2a 

KAG6621264.1 

KAG6596129.1 

KAG6616379.1 

KAG6616627.1 

KAG6610049.1 

95 °C for 3 

min 

95 °C for 

10s 

65 °C for 

10s 

72 °C for 

30s 

84 °C for 

15s 

Vgcc2 

Vgcc3 

Pmca2 

Pmca3 

KAG6604562.1 

KAG6622298.1 

KAG6614297.1 

KAG6587129.1 

95 °C for 3 

min 

95 °C for 

10s 

58 °C for 

10s 

72 °C for 

30s 

84 °C for 

15s 

Pmca1 

Mid1 

KAG6623208.1 

KAG6591006.1 

95 °C for 3 

min 

95 °C for 

10s 

58 °C for 

10s 

72 °C for 

30s 

85 °C for 

15s 
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Supplementary Table 2: Primers corresponding to each of the reference genes used in q-

PCR analysis. 

Gene 

name 

Gene ID FW primer sequence (5’-3’) REV primer sequence (5’-

3’) 

Ws21 KAG6576187.1 TGGCAAGGAGATCGAG

AAGGCC 

TCGACTCCACCAGCTG

GTCCTCC 

Tub-B KAG6611174.1 CCCAACAACATCAAGG

CTAGCG 

GGTGGCGTCCTGGTAC

TGCTGG 

Ubc KAG6597952.1 CCACTGCAACATCAAC

GCCAACG 

GGCGTACTTGGCGGTC

CATTCGC 

G6pdh KAG6611192.1 GGCAAGCAGGCCGCAT

TCGTGCG 

GTTCACCAGCTCGTCGC

TCTCC 

 

Supplementary Table 3: Primers specific to the cell wall related genes analyzed by q-
PCR. 

Gene 

name 

Gene ID FW primer sequence (5’-3’) REV primer sequence (5’-

3’) 

Chs1 KAG6617362.1 CCGGTGCTGTACATCTTC

GTGGC 

CGCTGGTCCTCTGCGA

GGGCGGC 

Chs2  KAG6622452.1 ACGTACTTCGTGTCGAG

CTCGTGC 

CTTGTAGTGCGCCTGCC

ACTCGG 

CesA1  KAG6610888.1 CGGTGACTCGATGCTGT

GCGC 

CCAACAGCGATGGAGA

TGGAGCCC 

CesA2 KAG6610748.1 AACAGCATCCAGACGTC

GCACGG 

CCACGACGTTGCCCTG

GTCC 

CesA3 KAG6583257.1 TTCTTGCCCGTGACGTTC

TGCCG 

GTCTTTGCCCGTCACAC

GCGCC 
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CesA4 KAG6583016.1 CCTGGCAAGTCAGCTG

GGCCCC 

TACCCGAAGATGGAGT

GGTTGGGC 

Fks1a KAG6621264.1 GAAGATGCGCAAGGAC

GCCGAGGC 

TGCCTGCGAGCCGTTG

AGTGTCCG 

Fks1b KAG6596129.1 GACTTGTCCGCCACGA

ACGCCGAGC 

CCGGGTACTGCTGCGA

CTGCAGG 

Fks1c KAG6616379.1 GCACCAAGGGCGAGAT

GGAGGC 

TCTATGGTGCGCTGCCA

GCAGG 

Fks1d  KAG6616627.1 CGCGCAAGTCGCAACA

CACGG 

TGGACAGCTTGACGAT

ACGAGCGC 

Fks2a KAG6610049.1 GCCATCATGTCGGAGG

AGGAGCG 

GAATGGCGGAGAAATC

GCTCGTGG 

Vgcc2 KAG6604562.1 ACGTTTGCCAATGTATG

AAGGCG 

GCCGTCGTCGTCACAA

CTG 

Vgcc3 KAG6622298.1 ACGTTTGCCAATGTATG

AAGGCG 

GCCGTCGTCGTCACAA

CTG 

Pmca1 KAG6623208.1 AAACTGAGCTTCGCCG

CGC 

CGCCGCCAATCTGCTCC

TT 

Pmca2 KAG6614297.1 ACAGTGCACTAACAGC

GCGC 

CCTCAGCAGCTTGTGG

CTG 

Pmca3 KAG6587129.1 TGTTGACGTTCAGCAGC

GCC 

CCCCTGGATAACGCGC

GTA 

Mid1 KAG6591006.1 GACCAGCAAGACCGCC

GC 

CCGTCCGAGTCGCGCTT

G 
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Abstract 

Chitin is a biopolymer that plays an essential role in the growth and development of fungi and 

some oomycete species. Paradoxically, the cell walls of oomycetes from the Phytophthora 

genus are devoid of chitin despite the presence of putative chitin synthase genes in their 

genomes, and hyphal growth of these micro-organisms is severely affected by nikkomycin Z, a 

competitive inhibitor of chitin synthases. Here, we aimed to determine the mode of action of 

nikkomycin Z in Phytophthora species and shed light on the function of the chitin synthase 

genes in these micro-organisms. We first confirmed that nikkomycin Z inhibits mycelial growth 

of several species, namely Phytophthora cinnamomi, Phytophthora cambivora, Phytophthora 

citricola, and Phytophthora nicotianae. Further characterisation using P. cinnamomi as a model 

species revealed that exposure to nikkomycin Z is accompanied by tip bursting and abnormal 

hyphal growth as well as a decreased level of cellulose in the hyphal cell walls. In addition, 

treatment with the inhibitor affected the level of expression of genes playing vital roles in the 

micro-organism, i.e., genes related to cell wall biosynthesis, the uridine diphosphate N-

acetylglucosamine pathway, glycosylphosphatidylinositol (GPI) anchored proteins, effector 

proteins, and chitin deacetylases. Our data suggest that nikkomycin Z has a wide range of 

effects on Phytophthora species that might be useful in guiding the development of future anti-

oomycete drugs.   

Keywords: Chitin synthase, hyphal growth, nikkomycin Z, oomycetes, Phytophthora, RNA-
Seq. 

 



Chapter 3 ─ Nikkomycin Z inhibits Phytophthora species 

116 
 

Introduction 

Phytophthora cinnamomi is a notorious oomycete phytopathogen infecting ~5000 plant species 

and is among the most devastating invasive species currently known, posing a significant threat 

to both natural ecosystems and horticulture worldwide (Cahill et al., 2008; Jung et al., 2013; 

Kamoun et al., 2015). The pathogen is distributed throughout temperate and tropical regions. 

However, it is most destructive in Mediterranean climates (Shearer et al., 2007). The scale of 

the threat posed by P. cinnamomi is exemplified by the situation in the South-West botanical 

province of Western Australia, a region renowned for biodiversity, where 40% of the 5710 

recorded plant species is vulnerable. Aware of this significant problem, the 1999 Australian 

Environment Protection and Biodiversity Conservation (EPBC) Act includes provisions to 

protect native plants from the dieback disease caused by P. cinnamomi. Recommendations 

include an integrated disease management approach which includes the use of hygiene 

measures and chemicals, such as phosphonates, potassium phosphite and phenylamide 

fungicides (Belisle et al., 2019; "Environment protection and biodiversity conservation act," 

1999; Hu et al., 2010). Carboxylic acid amide (CAA) fungicides are also being used to control 

Phytophthora diseases, and the Fungicide Resistance Action Committee (FRAC) is proposing 

new recommendations each year for optimal usage of CAA fungicides to avoid the risk of 

resistance development. However, in recent years insensitivity to these chemicals has been 

reported in oomycete phytopathogens, including several species of Phytophthora (Cai et al., 

2021; Chen et al., 2012; FRAC Recommendations for CAA fungicides 2023; Gent et al., 2020; 

González-Tobón et al., 2020; Rubin et al., 2008). Indeed, one significant drawback of these 

compounds is that they cannot completely eradicate Phytophthora from an infected area, which 

increases the risk of emergence of resistance. Consequently, existing procedures to protect 

native plants from Phytophthora infections largely depend on hygiene measures, e.g., regular 

sanitation, the use of disease free-soil and plant materials, optimized fertilization processes, and 

adequate drainage. Enforcing these measures in agricultural fields and native forests, where 

these pathogens are most easily spread, presents many insurmountable challenges. It is 

therefore necessary to develop new methodologies to control Phytophthora species so that we 

can safeguard crops and protect natural ecosystems already challenged by human activities and 

(a)biotic stresses.  

Cell walls are extracellular polysaccharide-rich matrices that surround the cells of many 

organisms, providing mechanical support and protection from the external environment. In 

microbial pathogens, cell walls are the primary point of contact with the host. Cell wall 

composition is highly diverse and complex, even among closely related species. In oomycetes 
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and other microbial pathogens this diversity presents a challenge for developing effective and 

broad-spectrum antimicrobial agents. However, it also offers opportunities for developing 

targeted therapies that exploit the unique features of specific cell wall structures. A promising 

approach for controlling oomycete diseases involves targeting the enzymes responsible for the 

biosynthesis of major cell wall polysaccharides such as cellulose and β-1,3-glucans, and, in 

some oomycetes, chitin (Blum et al., 2010; Blum & Gisi, 2012; Guerriero et al., 2010; Hinkel 

& Ospina-Giraldo, 2017; Piotrowski et al., 2015).  

The composition of a typical Phytophthora cell wall consists of approximately 34% cellulose, 

20% β-1,3-glucan, and 18% β-1,3;1,6-glucan (Li et al., 2022; Mélida et al., 2013). At the time 

of writing, no N-acetylglucosamine (GlcNAc), the constituent monosaccharide of chitin, has 

been detected in the cell wall of Phytophthora hyphae through biochemical analysis (Li et al., 

2022; Mélida et al., 2013). Despite this observation, Phytophthora species contain 1 to 2 chitin 

synthase genes, nominally chitin synthase 1 (Chs1) and chitin synthase 2 (Chs2) (Klinter et al., 

2019). It has been reported that the Chs1 gene in P. sojae, which is an ortholog of the Chs genes 

found in other Phytophthora species that have only one Chs gene (Klinter et al., 2019), exhibits 

significantly high expression levels during asexual reproduction, including during sporangia 

development, formation of mature zoospores, and germination of encysted zoospores (cysts) 

(Cheng et al., 2019; Hinkel & Ospina-Giraldo, 2017). Furthermore, Cheng et al. (2019) 

demonstrated that asexual reproduction stages exhibited fluorescence signals when stained with 

wheat germ agglutinin (WGA), indicating the presence of chitin in the cell walls formed during 

this part of the cell cycle. Thus, it can be hypothesised that chitin biosynthesis may occur during 

asexual reproduction to strengthen the cell coat of specialised cells such as zoospores, whose 

composition differs from the typical composition of oomycete cells from other life stages 

(Bartnicki-Garcia, 1983).  

Interestingly, even though the mycelial growth stage is devoid of chitin in Phytophthora 

species, this class of micro-organisms shows sensitivity to the chitin synthase inhibitor 

nikkomycin Z (Cheng et al., 2019; Fuechtbauer et al., 2018; Hinkel & Ospina-Giraldo, 2017). 

Nikkomycin Z is a natural compound produced by Streptomyces species that shows promise as 

an antifungal agent and is currently undergoing Phase 1 clinical trials for the treatment of fungal 

diseases in humans and animals (Larwood, 2020). In fungi, nikkomycin Z competitively binds 

the catalytic domain of chitin synthases (CHS), affecting chitin biosynthesis and overall fungal 

growth (Bentz et al., 2021; Sass et al., 2021). Similarly, most tested Phytophthora species have 

been found to be sensitive to nikkomycin Z, but some, such as P. sojae, are less sensitive to the 

compound (Cheng et al., 2019; Hinkel & Ospina-Giraldo, 2017). However, a recent study 
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showed that nikkomycin Z blocks the activity of a recombinant form of CHS1 from P. sojae, 

which was expressed and purified from HEK293F cells following recombinant plasmid 

transfection (Chen et al., 2022). Therefore, further research is necessary to understand the 

precise mechanism and conditions by which nikkomycin Z inhibits mycelial growth in 

Phytophthora species, particularly in the absence or limited presence of chitin biosynthesis. A 

comprehensive analysis of this phenomenon is required to understand the role of chitin 

biosynthesis in Phytophthora and discover potential new target sites for designing future anti-

oomycete drugs to control this phytopathogenic group. 

 Here, we provide a detailed examination of the effects of nikkomycin Z on the 

devastating phytopathogen P. cinnamomi. We first examined the effect of nikkomycin Z on the 

growth and ultrastructure of P. cinnamomi hyphal cells using optical and electron microscopy. 

This was followed by the characterization of the cell wall composition of P. cinnamomi and 

transcriptomic analysis to investigate the effect of the inhibitor on gene expression. The data 

shed light on the different cell and biochemical processes affected by nikkomycin Z, which 

paves the way for the development of novel anti-oomycete compounds. 

Materials and Methods 

Phytophthora strains 

Four Phytophthora species, i.e., P. cinnamomi, P. citricola, P. cambivora, and P. nicotianae, 

were obtained from the Plant Pathology & Mycology Herbarium in New South Wales, 

Australia. Mycelial cultures of all species were maintained in Petri dishes containing potato 

dextrose agar (PDA) as a growth medium on which sterilized poppy seeds were evenly 

distributed. After 5 days of culture at 25°C in the dark, the seeds covered by mycelium were 

used as an inoculum for liquid medium.  

Nikkomycin Z treatment 

Individual poppy seeds covered with mycelium from each of the four Phytophthora species 

were transferred to each well of 24-well plates (Corning Inc, US) containing 500 µl of liquid 

potato dextrose broth (PDB) and different concentrations of nikkomycin Z: 65, 125, 250, 500 

and 1000 µM. A control was performed in the absence of nikkomycin Z. After 48 h incubation, 

the minimal inhibitory dose of nikkomycin Z was determined by observing the inhibitory effect 

of the molecule on mycelial growth and the percentage of growth inhibition was determined as 

described earlier (Reyes-Chilpa et al., 1997). This experiment was repeated three times for each 

Phytophthora species. 
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Optical and electron microscopy observations 

Based on the growth inhibition rate, the selected dose of Nikkomycin Z was tested on the four 

Phytophthora species. At first, an Olympus ix70 inverted microscope was used to observe any 

morphological difference in Phytophthora species exposed to nikkomycin Z. The control and 

nikkomycin Z treated mycelia of P. cinnamomi were subjected to both Scanning Electron 

Microscopy (SEM) and Transmission Electron Microscopy (TEM) analysis. The mycelia were 

grown for two days and incubated in a fixative solution containing 2.5% (v/v) glutaraldehyde, 

4% formaldehyde and 4% sucrose overnight. TEM and SEM samples were incubated in 2% 

osmium tetroxide for 2 h and the TEM samples were pre-embedded in a 1% agar block. After 

fixation, a series of aqueous ethanol solutions of 30%, 50%, 70%, 80%, 90% (v/v) was used to 

dehydrate the SEM and TEM samples (30 min incubation in each ethanol solution). Samples 

were then washed with ethanol: propylene oxide (1:1) (30 min) and 100% propylene oxide 

(ProScieTech C156) (1 h). SEM samples were dried using a Leica EM CPD300 critical point 

dryer and the agar pre-embedded TEM samples were embedded in 100% resin (Procure 

Araldite, ProScieTech, AUS) at 60°C in an oven for one day. An ultramicrotome (Leica EM 

UC6) was used for sectioning the TEM samples, which were subsequently deposited carbon-

coated TEM grids. Besides, SEM samples were securely mounted on SEM stubs following 

ultra-thin carbon coating. Finally, the samples were observed using a FEI Tecnai G2 Spirit TEM 

microscope and a FEI Quanta 450 FEG Environmental SEM microscope. 

Preparation of cell wall polysaccharides 

The control and nikkomycin Z treated mycelia from P. cinnamomi (48 h old) were collected 

separately from three replicates and washed five times with sterilised Milli-Q water. Mycelia 

from multiple control and nikkomycin Z wells were pooled into respective groups, and cell 

walls were prepared as described earlier (Mélida et al., 2013). For this purpose, the control and 

nikkomycin Z samples were snap-frozen and ground in liquid nitrogen using a mortar and 

pestle, and cell walls were prepared by incubating the powders in 70% (vol/vol) ethanol for 6, 

8 and 12 h on a rotator at room temperature (RT). The cell wall materials were successively 

recovered by centrifugation at 4,000 × g for 10 min at 4°C, resuspended and washed 6 times by 

filtration through glass-fibre filters (GF/A; Whatman) using 70% ethanol and 100% acetone. 

The cell walls were dried overnight at RT after the last wash with acetone. About 15 ml of 80% 

(vol/vol) CH3OH containing 5% (wt/vol) potassium hydroxide and 0.1% (wt/vol) sodium 

borohydride was added to 50 mg of the cell walls from each sample type (control and 

nikkomycin Z treated). The suspensions were heated for 15 min at 100°C and the resulting 
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alkali soluble fraction (ASF) and alkali insoluble fraction (AIF) were recovered by 

centrifugation at 4,000 × g for 10 min. This step was repeated three times. After the third 

extraction, 5 ml of 0.5 M acetic acid was added to the AIF material to wash the alkali insoluble 

fractions. Next, the wash solution was added to the ASF. The pH of the ASF was then adjusted 

to 6 with acetic acid. The AIF and ASF fractions were dialyzed against 25 litres of Milli-Q 

water using SnakeSkin™ dialysis tubes of 3.5K MWCO and 22 mm diameter. The dialyzed 

AIF and ASF fractions were stored at RT until further analysis. The entire process was repeated 

three times to prepare samples from three independent biological replicates. 

Monosaccharide analysis 

Total sugar analysis of the AIF and ASF fractions were performed as described by Comino et 

al. (2013) with some amendments. Approximately 1-2 mg of AIF and ASF material from the 

control cells and their counterpart exposed to nikkomycin Z was hydrolysed in two subsequent 

steps using 2 M trifluoroacetic acid (TFA) at 121°C followed by 6 N HCl at 100°C (Mélida et 

al., 2013). The hydrolysates were diluted 20 times in distilled water and the PMP (1-phenyl-3-

methyl-5-pyrazolone)/ammonia reagent was used to derivatize the monosaccharides in the 

hydrolyzates.  An internal standard (0.5 mM 2-deoxy glucose) was added to each sample and 

the excess of PMP was removed by two consecutive extractions with di-butyl ether. The PMP 

derivatives were then separated using an Agilent 1200 high-performance liquid 

chromatography (HPLC) fitted with a C18 Phenomenex Kinetex column (particle size: 2.6 μm; 

pore size: 100 Å; column dimension 100 × 3 mm;). A sample volume of 10 µl was injected, 

and the eluent flow rate was 0.8 mL/min at a temperature of 30°C. Eluent A consisted of 10% 

acetonitrile and 40 mM ammonium acetate pH 6.8, while Eluent B consisted of 70% 

acetonitrile. The elution gradient was increased from 8 to 16% (B) over 12 min, and absorbance 

was measured continuously at 250 nm. Standard curves were produced using monosaccharide 

standards (mannose, ribose, rhamnose, glucosamine, glucuronic acid, galacturonic acid, 

glucose, galactose, xylose, arabinose, fructose). The monosaccharide content of each sample 

was determined from peak areas relative to the standard curves and expressed as molar 

percentage. 

Glycosidic linkage analysis 

Glycosidic linkage analysis was performed as described earlier (Mélida et al., 2013). Firstly, 

0.5 to 1 mg of ASF and AIF samples were separately immersed in 200 μL of dry dimethyl 

sulfoxide (DMSO) in a glass tube. Next, 10 μL of DMSO containing 0.3 mg L−1 sulphur dioxide 

and 5 μL of diethyl amine were added and the samples were sonicated for 20 min. 
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Permethylated alditol acetates were prepared as described earlier (Mélida et al., 2013) and 

analyzed on an Agilent 7890B/5977B GC–MS instrument fitted with a VF-23 ms capillary 

column (30 m × 0.25 mm, 0.25 µm) (Agilent Technologies, CA, USA) using helium as the 

carrier gas. The following temperature program was used: 165°C to 175°C at 1°C /min; 175°C 

to 195°C at 0.5°C/min; 195°C to 210 °C at 2 °C/min; 210 °C to 250°C at 10 °C /min, followed 

by a plateau at 250°C for 6.5 min (total run time 68 min). The permethylated alditol acetates 

were fragmented by electron-impact mass spectrometry and the mass spectra from the resulting 

fragments were compared to those available in the CCRC Spectral Database 

(glygen.ccrc.uga.edu) for identification of glycosidic linkages.  

RNA extraction and cDNA synthesis 

P. cinnamomi hyphae were grown for 48 h in 24-well plates with and without nikkomycin Z. 

The hyphae were washed with sterilized distilled water, and immediately pulverized in liquid 

nitrogen using a mortar and pestle. RNA extraction was performed using the Spectrum Plant 

Total RNA Kit (Signa-Aldrich, ST. Louis, MO, USA) by following the manufacturer’s 

instructions, and DNA was hydrolyzed using DNase I (New England Biolabs, Ipswich, MA, 

USA). The RNA Clean & Concentrator Kit from Zymo Research (Irvine, CA, USA) was used 

to improve RNA purity. The quality of purified RNA was assessed using a Thermo Scientific 

Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA) and Agilent 2100 Bioanalyzer. 

Library construction and RNA-Seq were performed at the South Australian Genomics Centre 

(SAGC) using their fee-for-service facility, as described below. cDNA was synthesized using 

the Invitrogen Superscript IV kit (Invitrogen, Carlsbad, CA, USA) and preserved at -20 °C for 

further analysis by q-PCR.  

Library construction and RNA sequencing 

The RNA samples prepared as described above were sequenced on a Novaseq 6000 S1 Lane 

using 2x100 bp, v1.5 chemistry. Nugen Universal Plus mRNA-seq kit (Part No. 0508, M01442 

v2) was used to generate stranded polyA libraries. The Illumina protocol 15048776 v15 was 

followed for the process of denaturation and on-board clustering. FASTQC 

(www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to assess the quality of 

sequencing reads. STAR 2.7.8a in 2-pass mode (Dobin et al., 2012) was used to align all reads 

(five technical replicates per treatment group) to the reference genome (ASM1869171v1) of P. 

cinnamomi. Gene count values were determined using featureCounts (Liao et al., 2013).  

Samtools (Danecek et al., 2021) and BamTools (Barnett et al., 2011) were used to manipulate 

the SAM/BAM files. Differentially expressed genes (DEGs) were identified by comparing the 
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control and treatment sets using the DESeq2 pipeline. The count matrix data were obtained 

from the featureCounts output. In addition, to examine the replication of each group of 

transcriptomes, principal component analysis (PCA) was performed.  

Gene Ontology enrichment analyses 

The Blast2 GO software (https://www.blast2go.com/) was used to perform GO annotation. 

Adjusted p-value (padj) less than 0.05 and Log2FC is the fold change) greater/less than 1.5 were 

used for screening DEGs. In addition, the WEGO and TopGO software were used for Gene 

Ontology (GO) enrichment analysis to elucidate GO functional classification, such as cellular 

components, molecular functions, and biological processes. We also used clusterProfiler to 

compare enriched terms in a dot plot image. 

q-PCR analysis of cell wall biosynthetic genes identified as differentially expressed by 

RNA-Seq  

qPCR analysis was performed as described earlier (Burton et al., 2008). Three biological 

replicates were used for qPCR validation, and three technical replicates were included for the 

amplification reactions. Four reference genes selected based on the report from Yan et al. 

(2006) were used, i.e., Ws21 (40S ribosomal protein S3A), Tub-b (β- tubulin), Ubc (Ubiquitin-

conjugating enzyme), and G6pdh (glyceraldehyde-3-phosphate dehydrogenase). The following 

cellulose synthase (CesA), chitin synthase (Chs) and glucan synthase (Fks) genes involved in 

cell wall polysaccharide biosynthesis and identified as described in the previous Chapter of this 

Thesis were analysed: CesA1 (KAG6610888.1), CesA2 (KAG6610748.1), CesA3 

(KAG6583257.1), CesA4 (KAG6583016.1), Chs1 (KAG6617362.1), Chs2 (KAG6622452.1), 

Fks1a (KAG6621264.1), Fks1b (KAG6596129.1), Fks1c (KAG6616379.1), Fks1d 

(KAG6616627.1), Fks2a (KAG6610049.1).  The primers used for each gene were as described 

in the previous Chapter of this Thesis.  

Statistical analyses 

Graphical presentation and statistical analysis were made using the SPSS statistical software 

(version 26.0; Chicago, IL, USA) and GraphPad Prism (Version 9). The data are presented as 

the mean ± standard error of the mean (SEM). Significance levels for differences were 

determined using independent t-tests and one-way ANOVA, with * indicating p ≤ 0.05, ** 

indicating p ≤ 0.01, and *** indicating p ≤ 0.001. The post hoc analysis, specifically Tukey’s 

test, was utilized to determine if there were significant differences between specific groups. 
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Results 

Nikkomycin Z inhibits hyphal growth and alters the morphology and ultrastructure of 

Phytophthora hyphae 

The effect of nikkomycin Z, a well-known competitive inhibitor of chitin synthases, was 

analyzed on four Phytophthora species, P. cinnamomi, P. citricola, P. cambivora, and P. 

nicotianae. In the presence of 500 µM nikkomycin Z, P. citricola showed the highest growth 

inhibition (74%), followed by P. cambivora (70%), P. cinnamomi (51%), and P. nicotianae 

(30%) (Figure 1A-1B). This concentration of inhibitor severely affected the morphology of the 

hyphae compared to the control. Indeed, in the presence of nikkomycin Z, cells appeared 

thinner, distorted and their tips swelled before eventually bursting, leading to cell death (Figure 

1C). These effects are similar to the previously reported effect of 200 µM nikkomycin Z on 

Saprolegnia monoica, a pathogenic oomycete of salmonids (Guerriero et al., 2010). As 

indicated in the previous Chapter of this Thesis, we decided to focus the next parts of our study 

on P. cinnamomi because this species is economically and environmentally more important 

than the others. It is indeed a pathogen of a broader range of commercial crops and other plants 

occurring in a large diversity of ecosystems across all continents.  
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Figure 1: Effect of nikkomycin Z on mycelial growth and morphology of 4 selected 

Phytophthora species. 

 (A) Mycelial growth of P. cinnamomi, P. cambivora, P. citricola, and P. nicotianae after 48 h 

in a 24-well plate in the absence and presence of 500 µM nikkomycin Z. (B) Inhibition of 

mycelial growth (%) of each Phytophthora species compared to control. ’**’ indicates 

significant difference with p ≤ 0.01 (n = 5). (C) Mycelial growth in the absence (panels a, c, e, 

g) and presence (b, d, f, h) of nikkomycin Z. Scale bars = 10 µm.  

SEM observations of the P. cinnamomi hyphae grown in the absence of nikkomycin Z revealed 

a smooth and uniform cell surface (Figure 2A-2B). In the presence of the inhibitor (500 µM), 

the hyphal tips appeared shrivelled (Figure 2C), knotted (Figure 2D) and, confirming the 

observations by optical microscopy (Figure 1C), swelling followed by tip bursting occurred, 

leading to a loss of cell integrity and ultimately cell death (Figure 2E-2F).  
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Figure 2: Scanning electron microscopy (SEM) showing the morphology of P. cinnamomi 

hyphal cells exposed to 500 µM nikkomycin Z.  

(A, B) Control performed in the absence of nikkomycin Z. (C-F) Growth in the presence of 

nikkomycin Z showing: (C) Wrinkled and thinner hyphal cells resulting from hyphal tip 

bursting; (D) knotted hyphae; (E) hyphal tip bursting; and (F) swelled hyphal tip. The 

experiment was repeated two times. Scale bars = 5 µm. 

TEM observations were made to gained further insight into the subcellular ultrastructural 

changes that accompany these morphological abnormalities. As expected, the untreated control 

hyphae were characterized by intact organelles, plasma membrane and cell wall (Figure 3A-

3B). In the presence of the inhibitor, diverse detrimental effects on intracellular organelles and 

the cell wall were observed, such as extensive vacuolization (Figure 3C-3F), plasmolysis 

(Figure 3D) accompanying the extracellular release of the cytoplasmic content and organelles 

through the bursting area of the hyphal tip (Figure 3F), thicker and irregular cell walls (Figure 

3E-3G; Supplementary Figure 1), and disorganised cellular components (Figure 3H). These 

results clearly demonstrate that nikkomycin Z severely affects hyphal growth, cell morphology, 

ultrastructure, and stability in Phytophthora species, despite the absence of detectable chitin in 

their cell walls (Mélida et al., 2013). 
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Figure 3: Transmission electron microscopy (TEM) images of P. cinnamomi hyphal cells 

in the presence of 500 µM nikkomycin Z.  

Transverse (A) and longitudinal (B) sections of control cells not exposed to the inhibitor. 

Abnormal morphological and ultrastructural features in cells treated with nikkomycin Z (C-H). 

Scale bars = 1 µm. 

Nikkomycin Z affects the cell wall composition of P. cinnamomic hyphal cells 

Monosaccharide analysis was performed to determine whether the morphological effects of 

nikkomycin Z on the cell wall of P. cinnamomi reflect differences in cell wall polysaccharide 

composition. The nikkomycin Z-treated cells were characterized by a significantly decreased 

proportion of mannosyl residues and increased amounts of glucosyl residues in the ASF fraction 

(Figure 4), which represented about 25% of the total cell wall, the remaining 75% 

corresponding to the AIF material. Moreover, the proportion of glucuronosyl residues was 

significantly increased in both the AIF and ASF materials (Figure 4). No N-acetylglucosamine 

indicative of the presence of chitin was detected in these fractions, consistent with the earlier 

observation that hyphal cells of Phytophthora species are devoid of chitin (Mélida et al., 2013).  
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Figure 4: Monosaccharide composition of the mycelial cell wall of P. cinnamomi grown in 

the absence (control) and in the presence of 500 µM nikkomycin Z.  

Carbohydrate analysis of (A) Alkali Insoluble Fraction (AIF) and (B) Alkali Soluble Fraction 

(ASF) from four independent biological replicates (N = 4). ‘*’ indicates p ≤ 0.05. 

 

 

Figure 5: Carbohydrate composition of mycelial cell wall from P. cinnamomi grown in the 

absence (control) and in the presence of 500 µM nikkomycin Z.  

Glycosidic linkage analysis was performed on three technical replicates from three independent 

biological replicates (N = 3). ‘**’ indicates p ≤ 0.01, and ‘*’ indicates p ≤ 0.05. 
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Glycosidic linkage analysis revealed that cell wall content in glucosyl and galactosyl residues 

changed significantly following treatment with nikkomycin Z. Indeed, the proportion of 1,4-

linked glucosyl residues and 1,3-linked galactosyl residues significantly decreased. Owing to 

the decreased content in 1,4-linked glucosyl residues, which are most abundant in untreated 

control cells, 1,3-linked glucans became the most abundant polysaccharides in the cells exposed 

to nikkomycin Z (Figure 5). 

RNA-Seq analysis reveals widespread shifts in gene expression upon nikkomycin Z 

exposure 

To gain insight into the mechanism of nikkomycin Z inhibition of P. cinnamomi, RNA 

sequencing was performed to evaluate the differences in gene expression caused by exposure 

to the inhibitor. Principal component analysis (PCA) showed that the control and treated 

samples were clearly grouped into two independent clusters with good agreement between 

biological replicates (Figure 6A). The variance value for the first principal component (PC1) 

was 68% and 18% for the second principal component (PC2). In total 8928 DEGs were 

identified in P. cinnamomi after exposure to 500 µM nikkomycin Z for 48 h. Among these, 565 

DEGs were upregulated, and 2057 DEGs were downregulated with a log2FC (fold change) ≥1.5 

and adjusted P value (padj) ≤ 0.05 (Figure 6B).  

 

Figure 6: Principal component and Differentially Expressed Genes (DEGs) analysis of the 

P. cinnamomi hyphal cells grown in the presence of 500 µM nikkomycin Z.  

(A) The analysis was performed on five biological replicates; orange dots = control; green dots 

= cells exposed to nikkomycin Z. (B) Number of DEGs in P. cinnamomi grown in the presence 

of nikkomycin Z (N = 5). 

Out of the top 30 downregulated genes (Table 1), 6 genes were found to be uncharacterised; 

and of the top 30 upregulated genes, 7 were found uncharacterized (Table 2). The gene with the 

highest fold change (down) encoded ‘Calcyphosin-like protein’ (KAG6622322.1). In the top 
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30 upregulated gene list, the most differentially upregulated gene was isoflavone reductase P3 

(KAG6613123.1) with 22.56 log2FC. Another two genes encoding pyruvate phosphate di-

kinase and acetyl-CoA acetyltransferase, were upregulated with 21.7577 and 19.739 log2FC 

ratios, respectively. All the other upregulated genes with > 3 log2FC are listed in Table 2.  

 

 

Figure 7: Gene Ontology (GO) enrichment analysis of differentially expressed genes 

(DEGs) in the mycelium of P. cinnamomi grown in the presence of 500 µM nikkomycin Z. 

The percentage of genes based on enriched terms in the cellular components, molecular 

functions, and biological processes are shown as an effect of cell exposure to nikkomycin Z. 

Blue bars indicate downregulated DEGs and red bars indicate upregulated DEGs. 

However, only 58.76% (332 genes) of significantly upregulated DEGs and 39.20% (806 genes) 

of significantly downregulated DEGs were functionally annotated (Table 3) in the 

ASM1869171v1 reference genome. GO enrichment analysis revealed that 970 differentially 

expressed genes (277 up, 693 down) were associated with the molecular function ontology, 448 

genes (128 up, 320 down) were associated with a biological process ontology, and 205 genes 

(63 up, 142 down) to the cellular component ontology (Table 3, Figure 7). The top 28 enriched 

GO terms were visualised in a dotplot, which shows the ratios between expected and observed 

gene counts for each GO process (Figure 8). These data indicate the highest number of genes 

of enzyme pathways ontologies were associated with peptidase activity, acyltransferase 
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activity, catalytic activity related to ‘acting on RNA’, structural molecular activity and 

acyltransferase activity (Figure 8).  

 

Figure 8: Dot plot of enriched Gene Ontology (GO) terms.  

The figure depicts the 28 Gene Ontology (GO) processes with the highest gene ratios arranged 

in increasing order of gene ratio. The dots in the graph are scaled according to the number of 

genes in the significant Differentially Expressed Genes (DEGs) list linked with the specific GO 

term, while different colours of dots represent the adjusted p-values. 

RNA-Seq shows modified gene expression in carbohydrate pathways and pathogenicity 

after nikkomycin Z treatment 

As presented above, structural modifications were observed in the cell wall of P. cinnamomic 

hyphal cells exposed to nikkomycin Z. Thus, in our RNA-Seq analysis, particular attention was 

given to cell wall biosynthesis-related genes. Analysis of DEGs revealed that 3 cellulose 

synthase genes (CesA1, CesA2, CesA3), 2 glucan synthase genes (Fks1b, Fks1c), and the chitin 

synthase 1 gene (Chs1) were significantly downregulated in the cells exposed to nikkomycin 
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Z, whereas one glucan synthase gene (Fks2a) was upregulated in the presence of the inhibitor 

(Figure 9A).  

 

Figure 9: Gene expression analysis of cell wall genes by RNA-Seq (A) and q-PCR (B, C, 

D) in cells exposed to 500 µM nikkomycin Z.  

The genes analyzed are cellulose synthase (CesA), chitin synthase (Chs), and 1,3-β-glucan 

synthase (Fks) genes (biological replicates: N = 5 for RNA-Seq and N = 3 for q-PCR analysis). 

‘**’ indicates p ≤ 0.01, and ‘*’ indicates p ≤ 0.05.  

UDP-GlcNAc is a nucleotide-sugar used as a substrate in the hexosamine biosynthetic pathway 

(HBP) leading to the biosynthesis of chitin. It is also a substrate of enzymes involved in the 

synthesis of various glycoconjugates such as GPI anchors and N- and O-linked glycans (Vetting 

et al., 2005). The HBP is found in most eukaryotes and is composed of four highly conserved 

enzymes: Glutamine-fructose-6-phosphate aminotransferase (GFAT/GFA1), 

Phosphoglucomutase (PGM/AGM1), UDP-N-acetylglucosamine pyrophosphorylase 

(UAP/UAP1) and glucosamine-6-phosphate N-acetyltransferase (GNA1/GNA) (Milewski et 

al., 2006). Our RNA-Seq experiment revealed that three of genes that code for these enzymes 

were up (Uap1) and downregulated (Pgm and Gfat) in the presence of nikkomycin Z (Table 4). 

GPI anchors are an end product of the HBP pathway, and we found 8 genes that code for 

putative GPI anchor proteins that were differentially up- (4 genes) or down- (4 genes) regulated 

(Table 5).  
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Phytophthora pathogens secrete effector proteins into host plants to facilitate infection (Jiang 

et al., 2008; Wang & Jiao, 2019; Win et al., 2007). These proteins have the ability to manipulate 

the host immune response and promote disease development (Qiao et al., 2015). We found 87 

DEGs of putative Rxlr effector genes, among which 82 were downregulated by up to 6-fold. 

Furthermore, 7 putative Crn effector genes were differentially expressed, all of which were 

significantly downregulated by up to 5-fold (Figure 9). In Phytophthora species, Necrosis-

inducing Phytophthora proteins (NPP1) or necrosis inducing proteins (NIP) typically contain a 

secretion signal peptide at their N-terminus and belong to a superfamily of apoplastic effectors 

which are secreted and possess phytotoxic activity (Feng et al., 2014). Among the 11 

differentially expressed putative Npp1 effector genes, 9 were significantly downregulated up to 

4-fold (Figure 10). Disorganised cellular organelles were observed in treatment group (Figure 

3C-3H) as presented above. Potentially related to this phenotype, RNA-Seq data revealed that 

12 genes encoding intracellular organelle membrane-related proteins were downregulated and 

3 genes were upregulated in the presence of nikkomycin Z (Table 6). 

 

Figure 10: Heatmap of hierarchical clustering indicating differentially expressed genes 

(DEGs) involved in the pathogenicity of P. cinnamomi grown in the presence of 

nikkomycin Z.  

Upregulation and downregulation of genes are indicated using a colour scale with each heatmap 

related to (A) RxLR effectors, (B) CRN effectors, and (C) Necrosis inducing phytophthora 

protein 1 (NPP1) genes using DEGs analysis. The numbers on the scales denote 

‘log2FoldChange’. Number of biological replicates = 5.  

In addition, other top downregulated genes included those that encode five Retroelement pol 

Polyproteins, two Cobalamin synthesis proteins and single copies of unc-50 protein, Integrase 

catalytic core protein, Copia protein, putative secreted RxLR effector protein, CRN protein, 

protease inhibitor EpiC2B, putative endo-1,4-β-glucanase, myrosinase-binding protein, mucin-
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like protein, L-threonine dehydratase biosynthetic IlvA, acidic fibroblast growth factor 

intracellular-binding protein, proline-rich protein, glutamate carboxypeptidase, sodium-

dependent phosphate transporter, white protein (Table 1). The ratio of log2FC ranged from 4 to 

8 times for these genes after nikkomycin Z treatment.  

Quantitative real-time PCR validation 

A total of 11 genes associated with cell wall biosynthesis was selected for validation of RNA-

Seq data by q-PCR (Figure 9B-D). Overall, transcriptional trends obtained by q-PCR were 

consistent with the RNA-Seq data (Figure 9B-D). In particular, the putative cellulose synthase 

genes CesA1, CesA2 and CesA3 were found to be significantly downregulated in both 

experiments, while CesA4 transcript levels remained unaltered in both q-PCR and RNA-Seq 

(Figure 9A, 9C). In addition, both experiments showed significant downregulation of the 

putative glucan synthase genes Fks1b and Fks1c in the presence of nikkomycin Z, and no 

change in transcript levels for Fks1a and Fks1d (Figure 9A, 9D). Transcript levels of Chs1 and 

Fks2a followed similar dynamics in both experiments after exposure to nikkomycin Z, but the 

change was not considered statistically significant in the q-PCR analysis, as opposed to the 

RNA-Seq data. The expression of Chs2 was not significantly affected by nikkomycin Z in both 

experiments. 

Discussion 

Oomycetes are a class of organisms with morphologies and life strategies analogous to that of 

fungi, despite diverging about 500 Ma (Matari & Blair, 2014). A major distinction between the 

lineages is the composition of their cell walls, i.e., oomycetes have cell walls made primarily 

of cellulose and other glucans, while fungal cell walls are devoid of cellulose and 

characteristically contain chitin (Aronson et al., 1967; Badreddine et al., 2008; Bulone et al., 

1992; Guerriero et al., 2010). In filamentous fungi, approximately 10-20% of the total cell wall 

(dry weight) is chitin, and their genomes contain ~3-10 chitin synthase genes (Chs) (Cohen, 

2001; Lenardon et al., 2010).  Chitin is observed in some oomycetes too, although in very low 

abundance and its function in this class of micro-organisms remains obscure. Both 

Aphanomyces and Saprolegnia contain 4-5 Chs genes and a small amount of 

chitin/chitosaccharides can be detected in their hyphal cell walls by quantitative 

monosaccharide and linkage analyses (Badreddine et al., 2008; Bulone et al., 1992; Guerriero 

et al., 2010; Mélida et al., 2013). Indeed, the presence or absence of chitin in oomycete cell 

walls is a crucial distinction between two major oomycete taxonomic groups, the Saprolegniales 

and the Peronosporomycetes. Monosaccharide and glycosidic linkage analysis of the cell wall 
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of two Phytophthora species (Phytophthora infestans and Phytophthora parasitica) failed to 

detect GlcNAc residues (Mélida et al., 2013). These results are supported by the carbohydrate 

analyses presented here.  However, Phytophthora do harbour 1 to 2 Chs genes, and show 

vulnerability to the chitin synthase inhibitor nikkomycin Z. Only a few Phytophthora species 

have been tested against nikkomycin Z and many remain to be tested, notably P. cinnamomi. 

Additionally, how nikkomycin Z modifies the cell wall structure of Phytophthora species has 

not been examined. Our results demonstrate that nikkomycin Z not only affects the expression 

of chitin biosynthesis genes but also — presumably through secondary effects to gene 

expression — alters other cell wall biosynthetic pathways, ultimately changing cell wall 

structure and intracellular organisation of P. cinnamomi. The transcriptome analysis presented 

here shows that this inhibitor significantly affects the expression levels of cellulose and other 

glucan synthase genes, as well as the expression of genes that code for effectors and enzymes 

from the HBP pathway.  

The precise role of chitin and consequently Chs in Phytophthora remains to be fully resolved. 

Several gene expression studies reveal Chs1 to be expressed during the germination of cysts 

and zoospores, whilst Chs2 showed very weak transcription levels across all life stages (Cheng 

et al., 2019; Hinkel & Ospina-Giraldo, 2017). Therefore, Chs1 in Phytophthora species may be 

involved in asexual reproduction and pathogenesis, whereas the probable function of Chs2 

remains obscure. The relationship between the copy number of Chs genes, functional 

differentiation of Chs homologues and nikkomycin Z sensitivity is puzzling.  It has previously 

been observed that P. sojae, with two chitin synthase genes (Chs1, Chs2), exhibits reduced 

hyphal sensitivity to nikkomycin Z compared to species that contain single copies (Chs1), such 

as P. capsici (Cheng et al., 2019; Hinkel & Ospina-Giraldo, 2017). This led to the conclusion 

that resistance to nikkomycin Z is modulated by gene copy number. However, in our study we 

show that P. cinnamomi, with two Chs genes, is less sensitive to nikkomycin Z than P. 

nicotianae, a species with a single Chs (Figure 1).  

In Saprolegnia species, nikkomycin Z induces swelling and bursting of the hyphal tip, which 

may indicate the presence of chitin in this location (Guerriero et al., 2010). Similarly, we also 

observed some hyphal tips of newly formed branches swelled, eventually bursting in all tested 

Phytophthora species (Figure 1, 2 and 3). The higher susceptibility of hyphae grown from new 

branching points to nikkomycin Z may indicate that chitin synthase activity also occurs at the 

foremost area of growing hyphae, however additional delicate studies are required to prove this 

hypothesis on the functional role of chitin in Phytophthora. 
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It is well established that chitin produced by fungi induces immune responses in host plants and 

acts as a pathogen-associated molecular pattern (PAMP) during interactions between plants and 

fungi (Pusztahelyi, 2018; Sánchez-Vallet et al., 2015). To avoid this recognition, some fungi 

produce chitin deacetylases that modify chitin to chitosan, which is less readily recognised as a 

PAMP (Oliveira-Garcia & Valent, 2015; Teixeira et al., 2014). No direct evidence exists for 

the role of oomycete chitin deacetylases in host recognition. However, several studies suggest 

the presence of chitin deacetylase genes in Phytophthora, although their precise functional role 

remains undetermined (Cheng et al., 2019; Leonard et al., 2018). In our study we find that the 

P. cinnamomi genome contains three putative chitin deacetylases (Supplementary file 1, 

Supplementary Figure 3). We observed upregulation of two chitin deacetylases (Cda1 and 

Cda2) in the presence of nikkomycin Z that may reflect their compensatory role for oomycete 

cell wall integrity in a similar response to that deployed by fungi (Baker et al., 2007) 

(Supplementary Figure 3).  

In fungi, it has been demonstrated that chitin is covalently linked to β-1,3-glucans in the cell 

wall (Bowman & Free, 2006; Latgé, 2007; Oliveira-Garcia & Deising, 2013; Ruiz-Herrera, 

1991). In our study, nikkomycin Z did not affect the content in 1,3-linked glucosyl residues in 

the P. cinnamomi cell wall, however the proportions of 1,4-linked glucosyl residues (mainly 

derived from cellulose) and 1,3-linked galactosyl residues were significantly decreased (Figure 

5). Both 1,4-linked glucosyl residues and 1,3-linked galactosyl residues were mainly derived 

from the alkali insoluble fraction (AIF), where chitin is primarily found in Saprolegnia and 

Aphanomyces (Mélida et al., 2013). However, whether chitin can be covalently linked to 1,4-

β-glucans as a fundamental cell wall component or not in oomycetes is unknown. It remains for 

future work to understand how nikkomycin Z treatment modifies cellulose content in 

Phytophthora species. The inclusion of Saprolegnia and Aphanomyces species, which contain 

chitin in their cell wall, might be instructive.    

It is known that chitin is synthesized in eukaryotes by the CHS enzyme, which uses UDP-

GlcNAc as a sugar donor. This nucleotide-sugar is a product of the hexosamine biosynthetic 

pathway (HBP) and is also a constituent of glycoproteins and GPI anchors (Nishitani et al., 

2006; Ram et al., 2004). There are four enzymes involved in the pathway: glutamine fructose-

6-phosphate aminotransferase (GFAT), glucosamine-6-phosphate N-acetyltransferase 

(GNA1), phosphoacetylglucosamine mutase (PGM/AGM1), and UDP-GlcNAc 

pyrophosphorylase (UAP1) (Supplementary Figure 2). GFAT is considered the rate-limiting 

enzyme in the HBP pathway (McKnight et al., 1992). It converts fructose-6P to glucosamine-

6P. GNA1, which belongs to the GCN5-related acetyltransferase family (GNATs), then 
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converts glucosamine-6P to GlcNAc-6P. Next, AGMI/PGM performs the conversion of 

GlcNAc-6P to GlcNAc-1P, and UAP1 catalyzes the uridylation of GlcNAc-1P to form UDP-

GlcNAc (Nishitani et al., 2006; Raimi et al., 2020). Inhibiting any of these enzymes could 

potentially disrupt the HBP, leading to a decrease in the availability of UDP-GlcNAc and 

consequently impede the biosynthesis of chitin and glycoconjugates  (Candy & Kilby, 1962; 

Cohen, 2001). Indeed, the entire HBP pathway is vital for hyphal growth under in vitro 

conditions in Aspergillus fumigatus (Fang et al., 2013; Fang et al., 2013; Hu et al., 2007). 

Deletion of the Gna1 gene resulted in loss of fungal viability and disruption of the cell wall, 

indicating its essential role in fungal cell survival and integrity (Lockhart et al., 2020). 

Similarly, studies on conditional mutants lacking Agm1/Pgm or Uap1 demonstrated their 

importance for fungal cell growth and cell wall biosynthesis (Fang et al., 2013). In this view, 

the downregulated expression of Gfat and Agmi/Pgm in our experiments may explain why cell 

stability and cell growth were affected (Table 4, Supplementary Figure 2). In addition, we 

observed an upregulation of Uap1 in the presence of nikkomycin Z, which may reflect a 

compensation reaction to counter the affected HBP in P. cinnamomi exposed to nikkomycin Z 

(Supplementary Figure 2). These findings suggest that nikkomycin Z may not only act as a 

competitive inhibitor of CHS but also significantly alter the UDP-GlcNAc pathway in the tested 

species, resulting in the downregulation of GPI anchors and Chs1 genes (Figure 9B, Table 4-5, 

Supplementary Figure 2). Thus, the development of HBP inhibitors holds promise for 

effectively controlling pathogenic oomycetes and could pave the way for innovative strategies 

in their management. 

The disruption of the core cell wall architecture is an effective anti-microbial effect, however 

nikkomycin Z may also modify pathways specific to pathogenicity. Phytophthora species 

secrete effector proteins into the host cytoplasm while attacking host cells to modify the 

immune response of the host plant and ensure successful colonization (Amaro et al., 2017). 

Among known cytoplasmic effectors, both CRN (Crinkling and necrosis) effectors and 

effectors harboring the RXLR motif at their N-terminus facilitate infection of host plants 

(Gascuel et al., 2016; Schornack et al., 2010; Whisson et al., 2007). The downregulation of 

some of these effector genes (both Rxlr and Crn) and necrosis-inducing genes (Npp1) in our 

study suggests that nikkomycin Z may also depress the infectiousness of P. cinnamomi. The 

downregulation of some of the effector genes, combined with the observation that the 

expression of genes involved in other specific pathways, as observed in our study, suggests that 

nikkomycin Z affects multiple cellular and biochemical processes in Phytophthora, and that 

this inhibitor or analogues are potentially usable for disease control against pathogenic 

oomycetes. Indeed, the analysis of enriched GO terms highlights the large number of P. 
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cinnamomi biochemical pathways affected by nikkomycin Z (Figure 6-8). Many genes of this 

non-model organism remain functionally unannotated and therefore we anticipate that the 

number of modified pathways is a conservative estimate. Future genomic P. cinnamomi 

projects will likely discover additional pathways and what we present here is a foundation for 

future work on the response of this pathogen to nikkomycin Z. The two most enriched GO terms 

are indictive of the profound disruption caused by this compound: peptidase and acyltransferase 

activity (Figure 8). Acyltransferases are central to fundamental biological processes such as 

lipid metabolism and protein modification. One such enzyme catalyzes the production of 

triacylglycerol, which plays a key role in pathogenicity in fungi, e.g., Colletotrichum 

gloeosporioides and in oomycetes, e.g., Phytophthora melonis (Ahmad et al., 2021; Sharma et 

al., 2016). Peptidase activity is similarly core to organismal viability, implicated with, among 

other functions, protein metabolism and cellular homeostasis.  Disruption of these fundamental 

pathways indicates the severe effect of nikkomycin Z on these organisms.  

Due to the robust statistical methods used to analyse the RNA-Seq data, qRT-PCR was not 

performed to validate all expression data in the current study. Prior studies have verified that 

about 15–20% of genes displaying fold changes lower than 1.5 may have 'non-concordant' 

expression in RNA-Seq and q-PCR analyses (Coenye, 2021). Therefore, we validated only the 

cell wall-related CesAs, Fkss, and Chss genes using q-PCR because of their overall low level 

of expression in the RNA-Seq experiment (Figure 9). Moreover, recent scientific studies have 

provided evidence that RNA-Seq results are reliable and do not necessitate independent 

validation, owing to the high level of consistency observed between RNA-Seq and q-PCR 

approaches (Coenye, 2021; Everaert et al., 2017). 

In conclusion, our comprehensive analysis has provided valuable insights into the profound 

effects of nikkomycin Z against one of the most destructive oomycete pathogens, P. cinnamomi. 

Our findings demonstrate that this inhibitor can disrupt the organization of the cell wall, impair 

the formation of new hyphal branches, and perturb the expression of genes involved in UDP-

GlcNAc biosynthesis and pathogenicity. Moreover, our study highlights the significance of 

chitin biosynthesis in P. cinnamomi, as observed in other non-phytophthora oomycetes. We 

also observed a reduction in cellulose content within the cell wall, reduction of gene expression 

associated with this process, and an overall inhibition of cell viability and growth. These results 

hold great potential for future research endeavours aimed at developing alternative disease 

control strategies for Phytophthora diseases. 
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Tables 

Table 1: List of top 30 downregulated DEGs with the corresponding protein ID, Log2Fold  

Change, adjusted p-value (padj) and functional annotations. 

 

Protein ID log2FC padj Functional Annotation 

KAG6622322.1 -23.3353 3.87E-09 Calcyphosin-like protein 

KAG6622338.1 -8.38478 0.002678 unc-50 protein 

KAG6613497.1 -6.919 3.12E-05 Retroelement pol Polyprotein 

KAG6615902.1 -6.71818 0.046065 Integrase catalytic core protein 

KAG6608851.1 -6.47299 0.003018 Retroelement pol Polyprotein 

KAG6590634.1 -6.15688 0.000928 Copia protein 

KAG6595982.1 -6.01053 0.001253 putative secreted RxLR effector protein 

KAG6612259.1 -5.92609 2.54E-05 protease inhibitor EpiC2B 

KAG6613604.1 -5.6432 0.002733 Retroelement pol Polyprotein 

KAG6614963.1 -5.63882 0.000665 Retrotransposon protein 

KAG6574682.1 -5.62002 1.43E-15 hypothetical protein 

KAG6579966.1 -5.42575 1.43E-14 Cobalamin synthesis protein 

KAG6612162.1 -5.40537 9.77E-10 aFGF intracellular-binding protein 

KAG6613369.1 -5.28642 8.23E-05 hypothetical protein 

KAG6610911.1 -5.26556 0.001545 hypothetical protein 

KAG6622826.1 -5.25893 0.003498 proline-rich protein 

KAG6623903.1 -5.22637 0.001421 hypothetical protein 

KAG6623874.1 -5.13882 9.19E-16 Cobalamin synthesis protein 

KAG6572718.1 -5.04325 0.004524 white protein 

KAG6617508.1 -5.00851 5.06E-05 hypothetical protein 

KAG6594291.1 -4.98331 4.34E-21 L-threonine dehydratase biosynthetic IlvA 

KAG6614061.1 -4.96275 0.001025 hypothetical protein 

KAG6613170.1 -4.95452 0.00636 Crinkler (CRN) family protein 

KAG6615130.1 -4.95335 1.59E-09 Glutamate carboxypeptidase 

KAG6595898.1 -4.93365 1.23E-06 Sodium-dependent phosphate transporter 

KAG6610912.1 -4.8872 0.040587 Retroelement pol Polyprotein 

KAG6608978.1 -4.85598 0.000485 hypothetical protein 

KAG6614377.1 -4.85141 0.001602 putative endo-1,(4)-beta-glucanase  

KAG6609570.1 -4.82796 0.000248 Myrosinase-binding protein 

KAG6613760.1 -4.81225 8.74E-06 Mucin-like protein 
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Table 2: List of top 30 upregulated DEGs with the corresponding protein ID, Log2Fold 

Change, adjusted p-value (padj) and functional annotations. 

 

  

Protein ID log2FC padj Functional Annotation 

KAG6613123.1 22.56985 1.22E-08 Isoflavone reductase P3 

KAG6610067.1 21.7577 4.61E-08 Pyruvate phosphate dikinase 

KAG6617769.1 19.73987 7.16E-07 Acetyl-CoA acetyltransferase 

KAG6578248.1 9.565242 0.007921 Pyruvate kinase 

KAG6594255.1 5.890289 0.040342 uracil phosphoribosyl transferase 

KAG6582922.1 5.610758 0.016474 Sugar transport protein 10 

KAG6614528.1 5.514496 0.000238 SCP-like extracellular protein 

KAG6611444.1 5.416848 0.002562 dynein heavy chain%2C outer arm 

KAG6622325.1 5.412445 0.013327 VAC14 family protein 

KAG6610450.1 5.308665 0.009006 hypothetical protein 

KAG6619968.1 4.881998 0.005366 hypothetical protein 

KAG6584710.1 4.730613 1.15E-10 putative alcohol dehydrogenase 

KAG6621840.1 4.72586 0.00269 Glycerol-3-phosphate dehydrogenase 

KAG6584580.1 4.713004 8.12E-11 putative alcohol dehydrogenase 

KAG6614730.1 4.676789 2.78E-15 hypothetical protein 

KAG6585049.1 4.546233 2.20E-12 putative GPI anchor protein 

KAG6582919.1 4.541638 4.97E-08 Sugar transport protein 10 

KAG6592499.1 4.422977 7.82E-05 putative 12-oxophytodienoate reductase 

KAG6613699.1 4.357397 9.30E-08 Spore coat protein A 

KAG6603080.1 4.341581 1.69E-10 putative alcohol dehydrogenase 

KAG6614770.1 4.256183 0.001357 hypothetical protein 

KAG6614798.1 4.153145 0.041629 hypothetical protein 

KAG6574732.1 4.109083 9.37E-07 multidrug resistance protein ABC superfamily 

KAG6613016.1 4.104363 6.08E-08 Carbohydrate-binding protein 

KAG6616503.1 4.06894 5.28E-12 Zinc finger-type protein 

KAG6608922.1 3.999881 0.042395 Calcium release-activated calcium channel 

KAG6614543.1 3.952407 0.000616 hypothetical protein 

KAG6577917.1 3.948197 0.003181 hypothetical protein 

KAG6615245.1 3.907756 0.021525 major facilitator superfamily 

KAG6583000.1 3.856625 0.013536 putative polysaccharide lyase 
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Table 3: Summary of annotated downregulated and upregulated genes according to 

biological processes, cellular components, and molecular functions of all DEGs. 

 Down DEGs Up DEGs Total 

Gene 2057 565 2622 

Annotated genes 806 332 1138 

GO Terms Biological 320 128 448 

 Cellular 142 63 205 

 Function 693 277 970 

 Total 1155 468 1623 

 

Table 4: List of differentially expressed genes involved in UDP-GlcNAc pathway with 

their corresponding protein ID, Log2Fold Change, adjusted p-value (padj) and 

functional annotations. 

Protein ID Log2FC padj Functional annotation 

KAG6576217.1 -2.04 0.000000000204 Phosphoacetylglucosamine mutase 

(AGMI/PGM) 

KAG6618307.1 -0.714 0.013644775 Glutamine-fructose-6-phosphate 

aminotransferase (GFAT) 

KAG6614601.1 0.85 0.000103243 UDP-sugar pyrophosphorylase 1 (UAP1) 

KAG6608751.1 1.91 0.00000039 Gcn5-related n-acetyltransferase (GNAT) 

KAG6608741.1 -2.03 0.001044927 Gcn5-related n-acetyltransferase (GNAT) 

 

Table 5: List of differentially expressed genes that code for putative 

glycosylphosphatidylinositol (GPI) anchored proteins with the corresponding protein ID, 

Log2Fold Change, adjusted p-value (padj) and functional annotations. 

Protein ID Log2FC padj Functional annotation 

KAG6580123.1 -3.65 0.001284601 putative GPI-anchored protein 

KAG6613240.1 -1.97 0.007394577 putative GPI-anchored protein 

KAG6594176.1 -1.84 0.000000529 GPI ethanolamine phosphate 

transferase 2 

KAG6578026.1 -1.56 0.003864265 GPI-anchored protein 

KAG6578108.1 2.61 0.000000786 putative GPI anchor protein 



Chapter 3 ─ Nikkomycin Z inhibits Phytophthora species 
 

151 
 

KAG6579792.1 3.02 0.000000243 putative GPI anchor protein 

KAG6585048.1 3.21 0.000000000749 putative GPI anchor protein 

KAG6585049.1 4.55 0.000000000000022 putative GPI anchor protein 

 

Table 6: List of differentially expressed genes that encode membrane-associated proteins 

of different cellular organelles with their corresponding protein ID, Log2Fold Change, 

adjusted p-value (padj) and functional annotations. 

Protein ID Log2FC padj Functional annotation 

KAG6614965.1 2.11 0.001001391 Membrane-associated 

eicosanoid/glutathione metabolism 

(MAPEG) protein  

KAG6616100.1 1.82 0.044965212 Peroxisomal membrane protein 4 

KAG6615018.1 1.50 0.003467476 MAPEG protein 

KAG6572530.1 -1.55 0.000195917 vesicle-associated membrane protein 7b 

KAG6616282.1 -1.57 0.00000069 Peroxisomal membrane protein 4 

KAG6580351.1 -1.66 2.7E-21 putative membrane protein 

KAG6611693.1 -1.66 0.000195917 putative Endonuclease Reverse 

transcriptase 

KAG6576467.1 -1.77 0.000000127 plasma-membrane proton-efflux P-type 

ATPase 

KAG6616294.1 -1.82 0.000141616 Peroxisomal membrane protein 4 

KAG6618563.1 -1.84 0.000000000147 putative membrane protein 

KAG6576503.1 -1.85 0.000000135 Plasma membrane protein 

KAG6590999.1 -1.97 0.002741917 putative Endonuclease Reverse 

transcriptase 

KAG6597871.1 -2.05 0.000000819 Plasma membrane protein 

KAG6580088.1 -2.66 0.000000856 putative vacuolar membrane protein 

KAG6597762.1 -3.09 0.00000339 putative haustorium-specific membrane 

protein 

KAG6577840.1 -3.51 0.00000009 putative membrane protein 

 

  



Chapter 3 ─ Nikkomycin Z inhibits Phytophthora species 

152 
 

Supplementary Figures 

  

Supplementary Figure 1: Effect of nikkomycin Z on cell wall thickness of hyphal cells of 

P. cinnamomi exposed to 500 µM inhibitor for 48 h.  

Data are presented as the mean ± SEM (biological replicates, N = 3). ‘**’ denotes p ≤ 0.01. 
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Supplementary Figure 2: Nikkomycin Z affects the UDP-GlcNAc biosynthesis pathway. 

Nikkomycin Z changes the gene expression level of Glutamine: fructose-6-phosphate 

aminotransferase (Gfat), Phosphoacetylglucosamine mutase (Pgm/Agm1), and UDP-GlcNAc 

pyrophosphorylase (Uap1), which are essential enzymes regulating the UDP-GlcNAc pathway. 

Nikkomycin Z treatment causes upregulation of genes of Uap1 and downregulation of genes of 

Gfat and Agm1/Pgm which are denoted using upward or downward ‘purple colored arrows’. 

The expression of Gna1 is not directly affected but the ‘question mark’ denotes that gene 

expression of GCN5-related acetyl transferase family (Gnats) was upregulated which is a gene 

family for Gna1.  
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Supplementary Figure 3: Gene expression analysis by RNA-Seq of chitin deacetylases 

(Cda 1 and 2) in P. cinnamomi hyphae grown in the presence of 500 µM nikkomycin Z. 

Number of biological replicates = 5.  
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Supplementary File 1 

A total of 3 putative chitin deacetylase genes was found in the P. cinnamomi genome. The 

identified protein sequences are listed, with the protein domain PF01522 found in 

polysaccharide deacetylases highlighted in yellow.  

P. cinnamomi CDA1 KAG6623988.1: 311aa 

MAELSVTRDLVGYGACGLDPKWPGGKKLALQFVLNYEEGGENCLLNGDAASEHLL

SDIVGAAPYVGQRHMNMESLYEYGSRAGFWRLHRAFTERQLPLTVYAVGLALEQNP

EAARAMKDAGWEVASHGYRWIDYQNVDEATEREHIRKTVAIHEKLLGARPVGIYQG

KPNVNTRRLVVEEGGFLYDADAYNDDLPYWNTQFGRPHLVIPYTLNNNDMKFVSA

QGFNSGDQFFTYLKDAFDVLLAEGRAGQPKMMSVGLHCRVVGHPGRIAALLRFLDY

VQSFQDVWICKREEIARHWYKTHYPQDAAASKL 

P. cinnamomi CDA2 KAG6594148.1: 225aa 

MHRAFTERQLPLTVYAVGLALEQNLEAARAMKDAGWEVASHGYRWIDYQNVDEA

TEREHIRKTVAIHEKLLGARPVGIYQGKPNVNTRRLVVEEGGFLYDADAYNDDLPY

WNTQFGRPHLVIPYTLNNNDMKFVSAQGFNSGDQFFTYLKDAFDVLLAEGRAGQPK

MMSVGLHCRVVGHPGRIAALLRFLDYVQSFQDVWICKREEIARHWYKTHYPQDAA

ASKL 

P. cinnamomi CDA3 KAG6623774.1: 319aa 

MATSSPAPPLLLLSLSLAACTCVAGPVDAPSSAMSGPAAAQIAGLCVFAAAGAFLAS

VYLLPRWLLRLVEWNSHPSVLWSVRTSARVCALTIDDAPSAATPAILDVLREHQVRA

TFFVISGRIPGHEDVLRRIVREGHALANHLTEDRASVLDELHVFEQKLQECDRAIAEF

QPSPDDQEPLETQQLLLQHKALGPDAVQPVLDVKEHDVGANRPRGKWMRPASGWF

TTPMREITARHGYRICLGSVYPHDAQIRSETVNSLHLRARTSCGSVIIVHDRSWTVGV

LKTALPELTRKFSFVSLDELVTYNERKPATKVTI 
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cinnamomi response to treatment with the plant 
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Abstract 

The substantial impact of the oomycete genus Phytophthora on global food production and 

ecosystem is well-known. Efficient disease management strategies are necessary for these plant 

pathogens. At the same time, resistant cultivars and fungicides become ineffectual due to the 

development of new resistant pathogenic strains and their adverse impacts on the environment 

and human health. In nature, plants produce and use antimicrobial peptides (AMPs) against 

pathogenic microorganisms to keep themselves healthy, which can be considered a tool to 

design new biocontrol agents against the genus Phytophthora. We have previously reported that 

AMPs like Nicotiana alata defensin 1 (NaD1) are effective against P. cinnamomi, but the anti-

oomycete mechanism remains unknown. Here, we performed a global transcriptomic analysis 

in P. cinnamomi using the RNA-Seq technique under the treatment of NaD1, the first known 

plant AMP tested against oomycetes. Four thousand one hundred ninety-four genes were 

differentially expressed (DEGs), including 1266 significantly upregulated genes and 333 

significantly down-regulated genes (adjusted p-value < 0.05; Log2FoldChange > 1). Genes 

encoding voltage-gated ion channel activity, ion transporters, elicitin, GPI anchored protein, 

and RxLR effectors were significantly down-regulated among these DEGs. In contrast, genes 

associated with ergosterol biosynthesis, aminoacyl-tRNA ligase activity, and 

acyl/acetyltransferase activity were significantly upregulated. Gene Ontology enrichment 

analysis revealed that the related significant child terms belonged to molecular functions, which 
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were mainly involved in the growth, development, pathogenicity, and ion transport systems of 

P. cinnamomi. The result showed that NaD1 induces extensively complex responses in P. 

cinnamomi. The study provides evidence that NaD1 may inhibit mycelial growth and sporangia 

development by affecting multiple targets in P. cinnamomi. This transcriptional profiling also 

provides further understanding of the biological activity and mode of action of NaD1 against 

P. cinnamomi, which will contribute to developing novel biocontrol strategies for the genus 

Phytophthora.      

        

Keywords: Antimicrobial peptides; NaD1; Phytophthora cinnamomic; RNA-Seq; 

transcriptomic analysis.  

                                                       

Introduction 

The United Nations expects the human population to exceed 9 billion by 2050 and 11.5 billion 

by the turn of the century (Cole et al., 2018). The challenge in achieving food security is 

enormous and remains complicated by human-induced climate change, war, and diverse global 

megatrends. Increasing agricultural productivity is fundamental to addressing this problem; 

however, intensifying fertilisers and pesticides can have severe environmental impacts. 

Microbial pathogens and other pests are responsible for roughly 25% loss in agricultural yield 

globally (Savary et al., 2019). The use of pesticides for chemical control of crop diseases is 

essential for ensuring global food production, but it comes with potential ecotoxicological risks 

that cannot be ignored (Zubrod et al., 2019). To mitigate the negative impact and intrinsic 

toxicity of these compounds, specific requirements have been imposed on pesticide registration 

by countries such as the European Union and the United States so that the exposure of toxic 

chemicals to the environment is limited. As a result, biocontrol agents such as plant-produced 

antimicrobial peptides (AMPs) have garnered significant attention as non-toxic future 

antimicrobial control measures (Chen et al., 2021).  

To date, ~900 AMPs have been discovered in bacteria, fungi, insects, mammals, and plants 

(Bakare et al., 2022; Degenkolb et al., 2003; Hancock, 2001). AMPs are crucial components of 

innate immunity systems as they disrupt the cell membrane (lipid bilayer) of pathogenic cells 

and prevent infection (Jenssen et al., 2006; van der Weerden et al., 2013). In plants, defensins 

are the most prominent family of AMPs, consisting of cysteine-rich cationic peptides typically 

composed of 45-54 amino acids. These peptides play a vital role in protecting the host plant 

from various microbial pathogens (Berkut et al., 2014). 
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One such type of plant defensins is the Nicotiana alata Defensin 1 (NaD1), which is expressed 

in the flower of N. alata (Lay et al., 2003). NaD1 can enter the cytoplasm through cell wall 

disruption in filamentous fungi like Fusarium oxysporum f.sp. vasinfectum and Candida 

albicans (Hayes et al., 2013; Van Der Weerden et al., 2008). In fungi, the mechanism of action 

of NaD1 involves three steps: initial attachment to the outer layer of the cell, internalisation to 

the cytoplasm, and subsequent production of reactive oxygen species (Hayes et al., 2018). 

NaD1 has also been shown to inhibit mycelial growth in the Phytophthora species of the fungi-

analogue oomycetes (Khatun et al., 2023a), which comprise pathogens that can have 

devastating effects on trees and crops worldwide and are therefore considered both 

agronomically and ecologically important. However, the precise mechanisms by which NaD1 

inhibits growth in Phytophthora remain unresolved.  

Next-generation sequencing technologies have enabled the identification of the physiological 

and metabolic responses of microorganisms to antimicrobial compounds. RNA-Seq is a 

comprehensive and sensitive technique that offers significant advantages for gene expression 

studies, including profiling differentially expressed genes (DEGs) and their associated 

pathways (Nagalakshmi et al., 2008; Nookaew et al., 2012; Wang et al., 2009). This technique 

has already been used to identify the physiological and metabolic responses of Phytophthora 

species in the presence of different chemical control agents (Gisi et al., 2009; Hao et al., 2020). 

Conducting a global analysis of how NaD1 modifies gene expression in Phytophthora can 

provide insight into the unknown inhibitory mechanisms of NaD1. RNA-Seq has been used to 

identify the physiological and metabolic responses of Phytophthora to various chemical control 

agents, such as the response of Phytophthora infestans to the fungicide fluopicolide — where 

it was suggested that the mode of action of the fungicide is linked to the disruption of Golgi 

bodies and endoplasmic reticulum (Gisi et al., 2009; Hao et al., 2020). Another study used 

RNA-Seq to identify the mechanism by which the fungicide dimethomorph inhibited 

Phytophthora parasitica; it revealed significantly altered expression of genes related to cell 

wall biosynthesis, phosphate ion transporters, cell membrane permeability, and oxidative stress 

(Hao et al., 2019). Phytophthora cinnamomi is considered among the top 10 devastating plant 

pathogenic oomycetes, yet remains understudied (Kamoun et al., 2015). Here, we aimed to 

investigate the response of P. cinnamomi to the plant defensin NaD1 by utilising global 

transcriptomic analysis, leveraging a recently published whole genome assembly using third 

generation sequencing platforms (Engelbrecht et al., 2021). 
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Materials and Methods 

Culture of Phytophthora cinnamomi 

Phytophthora cinnamomi (DAR 77502) was obtained from the Plant Pathology & Mycology 

Herbarium in New South Wales, Australia. Mycelial cultures were maintained on potato 

dextrose agar (PDA) at 25°C in dark conditions. For RNA extraction, mycelium was prepared 

for the target treatment by growing P. cinnamomi on PDA medium on which sterilized poppy 

seeds were evenly distributed. After 5 days of culture at 25°C in the dark, individual seeds 

covered by mycelium were transferred in each well of a 24-well plate (Corning Inc, US) 

containing 500 µl potato dextrose broth (PDB) per well. For NaD1 exposure, the peptide, which 

was generously provided by Prof. Marilyn Anderson (La Trobe University, Melbourne, 

Australia), was first prepared as a concentrated stock solution of 1 mM in sterilized ultrapure 

water and stored at – 20°C. Working dilutions of NaD1 were freshly prepared before mycelial 

treatment. Based on our previous study, a 50 µM concentration of NaD1 was selected, which 

can inhibit mycelial growth by 75% (Khatun et al., 2023a). The PDB medium in each of the 

wells containing the poppy seed inoculum was supplemented with NaD1 and grown at 25°C in 

dark conditions for 48 h prior to RNA extraction and purification for RNA-Seq experiments. 

RNA extraction and purification, and transcriptomic analysis by RNA-Seq 

The P. cinnamomi mycelium grown as described above was washed with sterilised ultrapure 

water thrice and immediately ground using liquid nitrogen and a micro-pestle in a 1.5 mL tube. 

RNA was extracted using the SpectrumTM Plant Total RNA Kit (Sigma‐Aldrich, ST. Louis, 

MO, USA) according to the manufacturer's instructions. About 50 µL of extracted RNA 

solution was transferred into a sterilised 1.5 mL tube and 5.5 µL of 10X DNase buffer and 1 

µL of DNase I (New England Biolabs, Ipswich, MA, USA) were added and the mixture was 

incubated at 37 °C for 15 min. Following incubation, 1 µL of 0.5 M EDTA was added and the 

samples were incubated at 75°C for 10 min. RNA quality was confirmed by agarose gel 

electrophoresis and spectrophotometry using a Thermo Scientific Nanodrop (Thermo Fisher 

Scientific, Waltham, MA, USA). The extracted RNA was further purified and concentrated 

using an RNA Clean & Concentrator Kit (Zymo Research, Irvine, CA, USA) and the final 

quality of RNA was checked using an Agilent 2100 Bioanalyzer (Agilent Technologies, CA) 

(Table 1). A total of five biological replicates were prepared for both the control and NaD1 

treatment groups.  
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RNA samples were processed on a Novaseq 6000 S1 Lane (2x100 bp, v1.5 chemistry) at the 

South Australian Genomics Centre (SAGC) using their fee-for-service facility. The Nugen 

Universal Plus mRNA-seq kit was used to prepare Stranded polyA libraries. The Illumina 

protocol 15048776 v15 was followed for denaturation and clustering (on-board). RNA 

sequencing reads were quality-checked using FASTQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were mapped to the P. 

cinnamomi reference genome ASM1869171v1 using STAR 2.7.8a in 2-pass mode (Dobin et 

al., 2012). Sequence contamination was assessed using DecontaMiner with default databases 

(Sangiovanni et al., 2019). Gene count values and SAM/BAM file manipulation was 

determined using featureCounts (Liao et al., 2013), Samtools (Danecek et al., 2021) and 

BamTools (Barnett et al., 2011), respectively. The DESeq2 pipeline was deployed to detect 

differentially expressed genes (DEGs) with count matrix data derived from featureCounts. 

Genes with adjusted p-value (<0.05) and expression fold changes of more than 1 or less than 

−1 were considered differentially expressed.  

Functional term enrichment was performed on the DEGs to identify the impact of NaD1 on 

molecular functions and enzymatic pathways using topGO, with goexpress and goana also used 

to comprehend the data (Alexa et al., 2006; Reti et al., 2021; Rue-Albrecht et al., 2016). As P. 

cinnamomi is a non-model organism an annotation database (OrgDb) was built using the 

AnnotationForge package. This enabled downstream GO analyses as these methods require a 

global functional annotation to achieve statistical power. GO enrichment maps, gene concept 

networks and graphs of enriched terms were constructed using the R package, clusterProfiler; 

specifically, enrichGO with qvaluecutoff (effectively the adjusted p-value) set to 0.05 and 

Benjamin-Hochberg p-value adjustment, was used to construct an enriched term set with 

visualisation and graphing performed with internal clusterProfiler functions and ggplot.    

Results and Discussion 

Assessment of genome quality  

Since a good quality genome is a prerequisite for mapping transcript data, successful RNA-Seq 

data analysis largely depends on the choice of reference sequences (Kukurba & Montgomery, 

2015; Yandell & Ence, 2012). Therefore, we chose the most contiguous draft assembly of our 

target organism, P. cinnamomi 

(ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/018/691/715/GCA_018691715.1_ASM1869171

v1), comprising 133 scaffolds and 19,981 annotated genes with a total length of 109.7 Mb 

(Engelbrecht et al., 2021). Assessing the representation of highly conserved eukaryotic core 
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genes, and the contiguity of scaffold sequences, are essential factors for determining assembly 

quality (Lander et al., 2001; Manni et al., 2021). The selected P. cinnamomi assembly was 

assessed by Benchmarking Universal Single-Copy Orthologs (BUSCO) to evaluate genic 

completeness and to contrast with previous sequencing projects (Longmuir et al., 2017; Rands, 

1922; Simão et al., 2015; Studholme et al., 2016). The assembly was shown to have a BUSCO 

completeness score of 97.5%, substantially higher than the 86.4% of Rands isolate (Rands, 

1922) and the four alternative assemblies currently published (ranging from 91.5% to 97.4%) 

(Longmuir et al., 2017; Studholme et al., 2016). In addition, the assembly had an N50 (the 

length at which half of the assembled genome is contained in contigs) of 1.18 Mb, indicating a 

more contiguous assembly than prior projects (Engelbrecht et al., 2021; Longmuir et al., 2017; 

Studholme et al., 2016). Therefore, given the relative strength of the above metrics, this 

assembly was selected as reference for the RNA-Seq read alignments. 

It is worth noting that the genome of P. cinnamomi is highly plastic and has resulted in 

significant variation in assembly size due to isolate heterozygosity and large repetitive sequence 

content (Engelbrecht et al., 2021). Repetitive sequences in genome assemblies generally 

interfere with sequence read mapping, and can complicate RNA-Seq sequencing experiments 

like those conducted here. Additionally, robust gene and functional annotation remains difficult 

and laborious with complications common in non-model organisms, like P. cinnamomi. In our 

previous study, we identified three voltage-gated calcium channel (Vgcc) genes (Protein ID: 

KAG6615340, KAG6622298, and KAG6604562), which were imprecisely predicted to encode 

'L-type voltage-gated calcium channel' proteins (Khatun et al., 2023a). We re-annotated exon 

structure using Fgenesh+ 

(http://www.softberry.com/berry.phtml?topic=fgenes_plus&group=programs&subgroup=gfs) 

and predicted function using BLAST homology and InterProScan (Camacho et al., 2009; Jones 

et al., 2014). These VGCCs are critical membrane-embedded transporters in eukaryotes and 

play a key role in calcium ion transport through the plasma membrane. To date, among all 

Phytophthora genome studied, only the Vgcc genes of P. infestans have been comprehensively 

annotated. Since homology to P. infestans did not inform the annotation of the selected P. 

cinnamomi assembly, the VGCC was characterised broadly as a 'Voltage-gated Ion Channel 

Superfamily', i.e., the superfamily of ion transporters such as potassium, calcium, and sodium 

transporters. Therefore, the present annotation lacks ion specificity. In addition, it has been 

found that superficial or incorrect functional annotation of genic regions is linked with incorrect 

Gene Ontology (GO) assignment (Andorf et al., 2007; Brenner, 1999; Devos & Valencia, 2001; 

Jones et al., 2007). Our investigation presented here found that GO:1990454 is a child term 

representing an 'L-type voltage-gated calcium channel complex' that should be associated with 
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our identified Vgcc genes encoding KAG6615340, KAG6622298, and KAG6604562. 

However, our GO enrichment analysis showed that these genes belong to the GO term 

GO:0005216, monoatomic ion channel activity and GO:0008324, monoatomic cation 

transmembrane transporter activity (Supplementary file 1), which are parent terms of 

GO:1990454. This analysis highlights the difficulty in achieving high functional annotation 

precision. Conversely, other enzyme family annotations have proved accurate. In our previous 

study we analysed four cellulose synthase, two chitin synthase, five glucan synthase, three 

chitin deacetylase genes, and four genes encoding enzymes from the hexosamine biosynthetic 

pathway (Khatun et al., 2023a; Khatun et al., 2023b). Each of these genomic loci were manually 

curated using homology methods, Fgenesh++ and phylogenetic validation with existing 

functional annotations shown to be correct. Therefore, with judicious manual curation and the 

awareness of annotation pitfalls, a global analysis of enzyme pathways was considered feasible. 

Identification and analysis of P. cinnamomi differential gene expression in response to 

NaD1 exposure 

To investigate the impact of NaD1 treatment on P. cinnamomi, we analysed the genes that are 

differentially expressed between the control and treated samples. Approximately 70% of 

sequence reads produced from all samples were successfully mapped to the P. cinnamomi 

genome (Table 2). Principal component analysis (PCA) was used to visualise and assess the 

variation in gene expression among samples treated with NaD1 and the untreated controls. The 

first and second principal components (PCA1 and PCA2) accounted for 51% and 27% of the 

total variance in the dataset, respectively. Samples from different treatment groups (presence 

or absence of NaD1) comprised two loose clusters (Figure 1). RNA quality was acceptable 

(Table 1), and no evidence of contamination was found during assessment using DecontaMiner 

with default databases (Sangiovanni et al., 2019), so the pattern of variation between samples 

may be indicative of inherent underlying biological variability.  
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Figure 1: Score plot (PC1 vs PC2) of principal component analysis (PCA) of extracted 

RNA from mycelial cells of P. cinnamomi grown A) in the absence of NaD1 (control), and 

B) in the presence of 50 µM NaD1.  

 

Our study reveals that 4194 genes were differentially expressed in the presence of NaD1. 

However, with an adjusted p-value ≤ 0.05 and log2 (Fold Change) ≥ ±1, the entire DEG set was 

reduced to 1599 genes, of which 1266 DEGs were downregulated, and 333 were upregulated. 

Several uncharacterised genes were present in the top 20 up and down-regulated genes (Tables 

3 and 4). This is not surprising given that the genomic resources for P. cinnamomi remain at an 

early stage. No predicted gene sequences were found for these uncharacterised genes using 

FGENESH, which reflects the fragmented nature of the assembly with significant scope for 

improving contiguity. 

 

The analysis of the top 20 upregulated genes in response to NaD1 revealed that the highest 

upregulated DEG encodes acetyl-CoA acetyltransferase (ACAT), which is involved in the 

ergosterol biosynthesis pathway (Soto et al., 2011). This enzyme plays a vital role in the normal 

growth and development of fungi and oomycetes (Jin et al., 2012). The approximately 20-fold 

upregulation of the gene encoding ACAT in P. cinnamomi during treatment with NaD1 could 

be linked with maintaining cell viability during mycelial growth inhibition (Khatun et al., 

2023a). The remaining proteins encoded by the top 20 upregulated genes are predicted to be 

involved in various fundamental-to-life functions, including: conversion of 

phosphoenolpyruvate into pyruvate; transport of divalent ions across cell membranes; 

regulation of alcohol metabolism; scavenging of reactive molecules like oxidase; transport of 

vacuolar amino acids; hydrolysis of glycosidic bonds; enabling metal ion binding activity; 
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splicing pre-mRNA; DNA-templated transcription, and DNA binding. These highly 

upregulated genes may be involved in a compensatory mechanism that helps maintain cell 

viability in response to NaD1 treatment (Table 3, Figure 2) (Edenberg, 2007; Magagnin et al., 

1993; Murphy et al., 2011; Nguyen Trung et al., 2022; Niegowski & Eshaghi, 2007; Sato et al., 

2021).   

  

Figure 2: Schematic overview of the proposed responses of P. cinnamomi exposed NaD1, 

based on the differentially expressed genes (DEGs) identified by RNA-Seq. 

Red coloured proteins indicate NaD1 treatment caused upregulation of their gene expression 

and blue coloured proteins indicates NaD1 treatment caused downregulation of their gene 

expression. The functions/roles of the genes are indicated by red/blue coloured arrows. 
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In addition, we have analysed the function and role of annotated genes that are differentially 

expressed in the top-20 downregulated list (Table 4, Figure 2). Previous research shows that 

significantly down-regulated loci include ADP-ribosylation factor, calcineurin-like 

phosphoesterase, nonribosomal peptide synthetase, multiple inositol polyphosphate 

phosphatase 1 — all of which play a key role in hyphal growth of fungi and oomycetes (Ah-

Fong et al., 2017; Michelsen et al., 2015; Oide & Turgeon, 2020; Stearns et al., 1990). 

Calcineurin-like phosphoesterase and multiple inositol polyphosphate phosphatase 1 are 

considered necessary for calcium homeostasis of P. cinnamomi and regulate cell growth and 

pathogenesis. They are among the most promising antifungal targets considered in recent years 

(Juvvadi et al., 2014; Juvvadi et al., 2017). In addition, two sodium-dependent phosphate 

transporters were found to be the top second and third downregulated genes. These genes have 

been shown to play vital roles in Na+/Pi- co-transportation in mammals, lower eukaryotes and 

bacteria (Murer et al., 2004) (Magagnin et al., 1993). Phosphate is a well-known essential 

nutrient for supplying energy, cell-signalling, and, most importantly, nucleotide biosynthesis in 

living organisms (Takeda et al., 2000). It is plausible that the downregulation of these genes 

(log2FoldChange > -3) in our treated P. cinnamomi mycelia powerfully contributes to the 

slower hyphal growth observed in our previous study (Khatun et al., 2023a). 

Beyond modifying the expression of genes associated with fundamental organismal viability, 

several of the top 20 downregulated DEGs are essential for virulence and pathogenicity (Table 

4, Figure 2). The well-documented effect of NaD1 to fungal pathogenicity is through its 

interaction with the cell wall (Van Der Weerden et al., 2010). This has not been shown for 

oomycetes and here we show that NaD1 affects the critical P. cinnamomi genes, such as genes 

encoding KAG6610888.1, KAG6610748.1, KAG6583257.1, and KAG6617362.1 related to 

cell wall structure of Phytophthora. We observe the downregulation of GPI-anchored serine-

threonine rich protein (KAG6580123.1, negative log2FC of -3.70) which plays an essential role 

in binding glucans to glycoproteins and thus influences the architecture of the cell wall for both 

fungi and oomycetes (Boisramé et al., 2011; Kharel et al., 2021). In our previous study, we 

have shown that NaD1 significantly alters the linkages between cell wall glucans of P. 

cinnamomi. Therefore, it can be proposed that the downregulation of genes encoding GPI-

anchored serine-threonine may keep roles in modifying cell wall structure of P. cinnamomi. 

Nevertheless, additional research is necessary to validate this hypothesis.  

Additional direct alterations to infective mechanisms are observed with the differential 

regulation of two genes predicted to encode elicitin proteins (KAG6613241.1 and 

KAG6613240.1). These genes are well characterised in the literature and are secreted by 
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Phytophthora species that induce necrosis and hypersensitive response (HR) in Solanaceae and 

Cruciferae families (Kharel et al., 2021; Yu, 1995). Both are GPI-anchored and are considered 

promising antifungal targets (Mutz & Roemer, 2016). Other downregulated genes highlight the 

extent by which pathogenicity is affected, namely: xylanases; F-box domain proteins; and 

RxLR effector proteins, all of which play vital roles in pathogenicity and virulence (Lai & Liou, 

2018; Morgan & Kamoun, 2007; Wu et al., 2021). Finally, we observe the differential 

expression of a serine protease and alkaline phosphatase, both proteins mediate signal 

transduction but the former additionally is associated with protein maturation in fungi, and thus 

implicated in the evasion of host immune response (Muszewska et al., 2017; Pang et al., 2016).  

Identification of differentially expressed P. cinnamomi metabolic pathways in response to 

NaD1 treatment 

To comprehend the global effect of NaD1 on P. cinnamomi gene expression we performed 

Gene Ontology (GO) enrichment analysis. Gene Ontology is a standardised framework for 

comprehending the biomolecular function of a set of genes — for the work presented here, this 

is all expressed transcripts — using a hierarchical graph of terms that broadly correspond to 

enzyme pathways and expression networks. In total, 22 GO terms were found to be significantly 

enriched compared to the background (Figure 3 and 4).  
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Figure 3: Gene concept network showing the relationships among enriched GO terms and 

the relationship of genes to GO terms hyphal cells of P. cinnamomi exposed to NaD1. The 

larger the size of the circles, the higher the number of DEGs.  
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Figure 4: Top 22 enriched Gene Ontology terms of differentially expressed genes (DEGs) 

compared to the total number of genes recorded in hyphal cells of P. cinnamomi. The 

larger the size of the circles, the higher the number of DEGs.  

 

These terms broadly cohere to several larger functional clusters, primarily: ligase activity, 

acyltransferase activity and ion channel activity. ‘Ligase activity’ is a large cluster that includes 

a total of 11 significantly enriched GO terms: GO:0016874, ligase activity; GO:0005198, 

structural molecule activity; GO:0003735, structural constituent of ribosome; GO:0016875, 

ligase activity forming carbon-oxygen bonds; GO:0004812, aminoacyl-tRNA ligase activity; 

GO:0140101, catalytic activity acting on a tRNA; GO:0003743, translation initiation factor 

activity; GO:0008135, translation factor activity and RNA binding; GO:0090079, translation 

regulator activity and nucleic acid binding, GO:0016879: ligase activity, forming carbon-

nitrogen bonds, and GO:0045182: translation regulator activity (Figures 3 and 5). A significant 

cohort of differentially expressed ligase genes in the GO-enrichment data were upregulated. 

The second significant cluster of network analysis is acyl/acetyl-transferase activity that 

includes a total of 5 significantly enriched GO terms (Figures 3-5), such as: GO:0016746, 

acyltransferase activity; GO:0016747, acyltransferase activity, transferring groups other than 

amino-acyl groups; GO:0008080, N-acetyltransferase activity; GO:0016407, acetyltransferase 
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activity; and GO:0016410. N-acyltransferase activity. The majority of differentially expressed 

genes encoding acetyl- and acyl-transferase enzymes were upregulated (Figure 3).  

 

Figure 5: Enrichment map showing significant relationships between enriched GO terms 

(as per GO hierarchical graph) in the mycelium of P. cinnamomi exposed to NaD1. 

 

Thirdly, we observe enrichment of the ‘ion channel activity’ cluster, which includes three 

significantly enriched GO terms: GO:0005216, ion channel activity; GO:0008324, cation 

transmembrane transporter activity; and GO:0022890, inorganic cation transmembrane 

transporter activity (Figures 3-5). Investigation of specific DEGs within each GO term revealed 

that 'ligase activity' and 'acyltransferase activity' were predominately upregulated, whereas 

those annotated as 'ion channel activity' were mainly downregulated. Figure 5 shows the 

relationships between enriched GO terms present in P. cinnamomi expression data and the 

specific gene products themselves. When considered alongside the GO term hierarchy (Figure 

6) we observe a deep disruption to biochemical pathways, with GO clusters connected by 

numerous DEGs.  
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Figure 6: Network visualisation for predicted enriched GO term interactions and 

expression levels of genes due to differential responses to the NaD1 treatment of P. 

cinnamomi hyphal cells. 
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Upregulation of genes associated with tRNA ligase activity and acyl/acetyl-transferase 

activity suggests a compensatory mechanism for core survival and viability of P. 

cinnamomi in response to NaD1 treatment 

Both ligases and acyl/acetyl-transferases are involved in a wide range of essential biochemical 

processes within cells. Indeed, ligases are involved in DNA replication/repair and protein 

modification, whilst acyl- and acetyltransferases are involved in metabolism, modification of 

protein function and gene regulation. To better understand how these pathways are modified in 

response to NaD1, we investigated specific genes within relevant GO terms. 

Within ligases we observed several species of tRNA ligase enzymes (also known as aminoacyl-

tRNA synthetase) were upregulated during our NaD1 treatment. These enzymes play a crucial 

role in charging tRNAs with specific amino acids, necessary for protein synthesis and cellular 

metabolism. Broadly, the upregulation of aminoacyl ligase-related genes appears to be linked 

to reprogramming cellular metabolism in response to the stress provoked by NaD1 treatment 

(Popow et al., 2012).  

Further modification of protein synthesis pathways are evident with 59 ribosome associated 

genes differentially expressed in the NaD1 treated samples (GO:0003735) (Figures 3 and 4, 

Supplementary file 1). Additionally, we observe the upregulation of 15 genes within the 

‘translation initiation factors (GO:0003743)’ term and 20 genes assigned to ‘translation factor 

activity, RNA binding (GO:0008135)’ (Figures 3 and 4, Supplementary file 1). Both RNA 

binding proteins and translation initiation factors play a vital role in mRNA translation and gene 

expression (Hao et al., 2020; Oliveira et al., 2017). Enrichment of these GO terms in the 

expression profile of the mycelium of P. cinnamomi exposed to NaD1 indicates significant 

response to NaD1 stress through a substantial increase in overall gene transcription and protein 

synthesis.  

Five GO terms covered the spread of differentially expressed acetyl- and acyltransferase genes 

in our data. The gene concept network shows them as functionally interrelated (Figure 3). 

Acetyl- and acyltransferase enzymes transfer acetyl or acyl group from a donor molecule as in, 

e.g., the acyl-coenzyme A or acetyl coenzyme A compounds pivotal to the Krebs cycle, to an 

acceptor molecule (such as a polypeptide chain), through an activity broadly called acylation. 

Acylation regulates several aspects of critical cellular processes, such as post-translational 

modifications and epigenetic changes to switch genes “on” and “off” (Drazic et al., 2016). N-

Acetyltransferases play significant role in modulating biological functions by modifying 

protein fine structure and regulating protein-protein interactions (Aksnes et al., 2016). When 
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phytopathogenic fungi produce toxins to attack plants, their N-acetyltransferases are marshalled 

to detoxify the offending compounds (Ahmad et al., 2021; Karagianni et al., 2015; Sharma et 

al., 2020). Likewise, acyltransferases play a crucial role in regulating the responses of 

Phytophthora melonis to biotic and abiotic stresses, e.g., protection from the oxidative stress of 

chilling temperatures (2 °C) (Ahmad et al., 2021). We observed that the majority of DEGs 

encoding N-acetyltransferases were upregulated in P. cinnamomi in the presence of NaD1, 

which may indicate a defence response of Phytophthora to external toxins.  

In fungi, a higher accumulation of intracellular reactive oxygen species (RoS) was observed in 

the presence of NaD1 (Van Der Weerden et al., 2008). Accordingly, it can be hypothesised that 

P. cinnamomi attempts to shield the cell from oxidative stress perhaps by increasing the 

expression of acyltransferases such as acetyl-Co A acetyltransferase, as these enzymes are 

implicated in reducing susceptibility to RoS (Figures 2-4). It is consistent then that the acetyl-

CoA acetyltransferase gene is the highest upregulated gene in the NaD1 treated mycelium of P. 

cinnamomi (Table 3, Supplementary file 1). However, given the enzymes central role in 

organismal viability other possible causes for over-expression must be considered (Zhang et 

al., 2020). More directly, we observe that NADH dehydrogenase and alcohol dehydrogenase 

are significantly upregulated (Table 3), both of which are known to be involved in playing 

protective roles against oxidative stresses (DafaAlla et al., 2021; Garavito et al., 2019; 

Voulgaris et al., 2012). 

In our previous study, we demonstrated that NaD1 has the ability to impede the growth of 

hyphae and hinder the development of sporangia in P. cinnamomi. Building upon these 

findings, our current study proposes that the upregulation of ligase activity (specifically tRNA 

and aminoacyl ligases), translation initiation factors activity, acyltransferase activity, and 

acetyl-CoA acetyltransferase activity (Figure 3) serve as compensatory mechanisms (Figure 2). 

These mechanisms aim to maintain critical factors associated with the protein translation 

process, protein synthesis, oxidative stress, cellular viability, functional processes, and overall 

survival (optimal growth) of P. cinnamomi, particularly under stress induced by NaD1.  

Downregulation of voltage-gated ion channels in response to NaD1 treatment 

Voltage-gated ion channels (VIC) play a crucial role in maintaining cellular functions by 

regulating the flow of K+, Na+ and Ca2+ (Bezanilla, 2005; Zhao & Tombola, 2021; Zheng & 

Mackrill, 2016). The GO enrichment analyses presented here show that NaD1 significantly 

alters ion channel activity in P. cinnamomi (Figure 3). Enriched GO terms in this functional 

class include inorganic cation transmembrane transporter activity, ion channel activity, and 
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cation transmembrane transporter activity, with 58, 39, and 60 associated genes, respectively. 

The DEGs under these assigned GO terms primarily encode: VIC superfamily genes, the zinc 

(Zn2)-iron (Fe2) permease (ZIP) family, ATP synthases, calcium permeable stress-gated cation 

channel 1, putative sodium-dependent phosphate transporters, the metal ion (Mn2-iron) 

transporter (NRAMP) family, a transmembrane protein, V-Type H+-translocating 

pyrophosphatases, tRNA methyltransferases, the CorA metal ion transporter (MIT) family, a 

potassium/sodium hyperpolarisation-activated cyclic nucleotide-gated channel 4, necrosis-

inducing protein NPP1 type, and calcium-translocating P-type ATPase (PMCA).  

These genes were both up and downregulated significantly following treatment with NaD1 

(Supplementary file 1). Our study found DEGs encoding members of the VIC superfamily to 

be exclusively downregulated without any compensatory upregulation. In our previous study, 

we identified three of these as putative voltage-gated calcium channel (Vgcc) genes encoding 

KAG6615340.1, KAG6604562.1, and KAG6622298.1, based on their GPHH motif and High 

Field Strength (HFS) site compared to other eukaryotic organisms (Khatun et al., 2023a). We 

also observed the downregulation of three other genes encoding calcium channel subunit MID1, 

calcium-permeable stress-gated cation channel 1, and calcium-translocating P-type ATPase 

(PMCA) (Khatun et al., 2023a), which are essential factors for maintaining calcium 

homeostasis in fungi and oomycetes (Lange & Peiter, 2019; Zheng & Mackrill, 2016). Using 

homology searches against other eukaryotic organisms in sequence databases, we identified 

additional genes that encode sodium channel proteins (KAG6622290.1, KAG6609874.1) and 

potassium voltage-gated channel proteins (KAG6617096.1, KAG6623946.1). Among these, 

only one DEG encoding a sodium channel (KAG6609874.1) was significantly downregulated 

under the ‘ion channel activity’ cluster (Figures 2 and 3).  

Altogether, our data reveal that, among all ion channels, only calcium channels were strongly 

affected by NaD1. This finding is supported by our initial study, where we observed a lower 

level of intracellular calcium ions in the NaD1-treated hyphae of P. cinnamomi (Khatun et al., 

2023a). It is noteworthy to mention that calcium is a crucial second messenger for controlling 

most of the physiological processes in all cellular organisms (Zheng & Mackrill, 2016). Indeed, 

previous studies have highlighted the importance of calcium in maintaining apical dominance 

of hyphal growth, cytokinesis, formation of zoospores, germination of cysts, appressorium 

formation, and sporogenesis in oomycetes (Bircher & Hohl, 1999; Connolly et al., 1999; 

Donaldson & Deacon, 1992; Jackson & Hardham, 1996; Kerwin & Washino, 1986; Morris et 

al., 2011). Similarly, we observed significantly altered hyphal growth under exposure to NaD1 

(Khatun et al., 2023a), which could be linked to the affected cellular calcium homeostasis 
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(Figures 2 and 3). The calcium channel subunit MID1 has been identified and characterised in 

P. parasitica and has been shown to play an essential role in the asexual development of this 

species (Hwu et al., 2017). Interestingly, we observed the absence of sporangia production 

under NaD1 treatment (Khatun et al., 2023a), which may directly or indirectly relate to the 

significant downregulation of the gene encoding MID1. The DEG encoding PMCA, a plasma 

membrane-bound Ca2+ ATPase that controls calcium ion homeostasis by regulating calcium 

efflux, was also found to be downregulated (Brini & Carafoli, 2011). In summary, it is 

conceivable that the effects of NaD1 on different ion channels, mainly calcium transporters, 

may be phenotypically relevant to the observed reduced growth, suppression of apical 

dominance, and absence of sporangia in P. cinnamomi. 

Conclusion 

Our study reports the effects of NaD1 on P. cinnamomi using a dataset generated by the DESeq2 

pipeline of RNA-Seq data. It offers a comprehensive view of the transcriptomic deviations of 

P. cinnamomi cells exposed to NaD1. Significant changes in gene expression levels associated 

with voltage-gated ion channels, P-type ATPase, calcium channel subunit MID1, aminoacyl 

ligase, and acyl/acetyltransferase enzymes in P. cinnamomi provide insight into the mode of 

action of NaD1. The DEG dataset will also provide helpful candidate genes for the functional 

analysis of the plant defensin NaD1 to control Phytophthora species, including P. cinnamomi. 

The data from this study represents a novel contribution to the literature related to the mode of 

action of antimicrobial peptides like NaD1 against Phytophthora species.   
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Tables 

Table 1: Quality of extracted RNA for Next-Generation Sequencing 

Treatment 

group 

Amount 

(ng) 

RIN* Index Mean 

Size (bp) 

Total Reads Passed 

Filter (Million) 

Control 

replicate 1 

410 7.1 TCCTGGTA 

+AGGATCTG 

362 71.6 

Control 

replicate 2 

405 6.9 CATCAACC 

+TTCAGGAG 

363 64.8 

Control 

replicate 3 

678 6.5 AGCAGACA 

+CATCCTCT 

369 76.7 

Control 

replicate 4 

711 7.3 GAAGACTG 

+TCATGGTG 

363 65.3 

Control 

replicate 5 

305 8.2 TCTAGTCC 

+GATTACCG 

362 63.5 

NaD1 

replicate 1 

150 7 CTCGACTT 

+ACACACTC 

363 61 

NaD1 

replicate 2 

420 7.1 CTAGCTCA 

+CCTCAGTT 

361 77.9 

NaD1 

replicate 3 

477 6.6 TCCAACTG 

+CTGACACA 

340 68.9 

NaD1 

replicate 4 

358 7.3 GACATCTC 

+GTGTGACA 

363 75.9 

NaD1 

replicate 5 

170 7.3 ACTGCACT 

+GACGATCT 

364 71.9 

*NB. Some RINs can be underestimated due to software optimised for mammals. 

 

 

 

 

 

 

 



Chapter 4 ─ Global transcriptomic analysis 
 

191 
 

Table 2: Profile of the RNA sequence data 

Treatment 

group 

Sample 

group 

Input 

reads 

Uniquely 

mapped 

reads 

Uniquely 

mapped 

reads (%) 

Number of 

reads 

mapped to 

multiple loci 

% of reads 

mapped to 

multiple 

loci 

Control 

replicate 1 

21_00887 61747499 44528805 72.11% 11450245 18.54% 

Control 

replicate 2 

21_00873 55964366 40789570 72.88% 9766260 17.45% 

Control 

replicate 3 

21_00888 66292747 47851661 72.18% 12625037 19.04% 

Control 

replicate 4 

21_00889 56302406 41242738 73.25% 9939660 17.65% 

Control 

replicate 5 

21_00876 54754548 40403616 73.79% 9152609 16.72% 

NaD1 

replicate 1 

21_00877 52628866 38444266 73.05% 8849515 16.81% 

NaD1 

replicate 2 

21_00878 67132897 48946662 72.91% 11780824 17.55% 

NaD1 

replicate 3 

21_00890 59209066 40592786 68.56% 10423005 17.60% 

NaD1 

replicate 4 

21_00891 65491242 47811005 73.00% 10913043 16.66% 

NaD1 

replicate 5 

21_00881 62035731 45297236 73.02% 9768315 15.75% 
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Table 3: Top 20 upregulated genes/proteins of P. cinnamomi cells exposed to NaD1  

  

Locus_tag Log2(FC) adjusted 

p-value 

Protein ID Functional Annotation 

gene-

IUM83_09676 

20.8204 2.96E-06 KAG6617769.1 Acetyl-CoA 

acetyltransferase 

gene-

IUM83_00853 

19.73148 1.24E-05 KAG6610067.1 pyruvate phosphate dikinase 

gene-

IUM83_16488 

8.597457 0.046912 KAG6578248.1 Pyruvate kinase 

gene-

IUM83_12385 

3.310159 0.013799 KAG6592499.1 putative 12-

oxophytodienoate reductase 

gene-

IUM83_04254 

3.064091 3.80E-06 KAG6613399.1 CorA Metal Ion Transporter 

(MIT) Family 

gene-

IUM83_04670 

2.855177 0.006733 KAG6616895.1 Transmembrane protein 

gene-

IUM83_05877 

2.799457 1.44E-05 KAG6620132.1 hypothetical protein 

gene-

IUM83_17565 

2.767826 0.000368 KAG6603080.1 putative alcohol 

dehydrogenase 

gene-

IUM83_04227 

2.724299 4.76E-05 KAG6614730.1 hypothetical protein 

gene-

IUM83_06994 

2.702762 0.00066 KAG6603002.1 NADH dehydrogenase 

gene-

IUM83_10497 

2.651484 0.009212 KAG6578097.1 Pogo transposable element 

with KRAB 

gene-

IUM83_08703 

2.631214 2.30E-05 KAG6614868.1 putative 12-

oxophytodienoate reductase 

gene-

IUM83_16705 

2.628195 0.000484 KAG6586822.1 Vacuolar amino acid 

transporter 1 

gene-

IUM83_04299 

2.625984 0.004815 KAG6613699.1 Spore coat protein A 

gene-

IUM83_11186 

2.545523 0.012639 KAG6591005.1 Glycoside hydrolase 
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gene-

IUM83_01783 

2.528657 0.004815 KAG6623988.1 Urate catabolism 

protein/ Chitin 

deacetylase 1 

gene-

IUM83_01544 

2.527221 1.69E-10 KAG6618292.1 Calcineurin-like 

phosphoesterase 

gene-

IUM83_19169 

2.525306 0.002374 KAG6595893.1 WW domain-

binding protein 4 

gene-

IUM83_19986 

2.499015 2.28E-05 KAG6595769.1 Pogo transposable 

element with KRAB 

domain-like 

gene-

IUM83_18128 

2.333121 0.000205 KAG6586688.1 hypothetical protein 

 

Table 4: Top 20 downregulated genes/proteins of P. cinnamomi hyphal cells exposed to 
NaD1  

Locus_tag log2FC adjusted 

p-value 

Protein ID Functional Annotation 

gene-

IUM83_02504 

-6.23864 3.19E-05 KAG6617508.1 hypothetical protein 

gene-

IUM83_19166 

-5.5606 1.74E-06 KAG6595898.1 Sodium-dependent 

phosphate transporter 

gene-

IUM83_05866 

-5.21492 5.17E-05 KAG6619934.1 putative sodium-dependent 

phosphate transporter 

gene-

IUM83_10814 

-4.69524 2.62E-10 KAG6574682.1 hypothetical protein 

gene-

IUM83_16934 

-4.66096 3.66E-09 KAG6613241.1 elicitin-like protein 

gene-

IUM83_16935 

-4.42239 4.15E-08 KAG6613240.1 putative GPI-anchored 

elicitin INL11b-like protein 

gene-

IUM83_15438 

-4.12206 0.007551 KAG6572820.1 Serine protease family S33 

gene-

IUM83_13110 

-4.10442 2.55E-06 KAG6616673.1 F-box domain 
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gene-

IUM83_03957 

-4.04517 0.000226 KAG6614602.1 Calcineurin-like 

phosphoesterase 

gene-

IUM83_10281 

-3.9881 5.49E-21 KAG6614038.1 Nonribosomal peptide 

synthetase 

gene-

IUM83_09652 

-3.9683 0.000162 KAG6617893.1 Secreted RxLR effector 

peptide protein 

gene-

IUM83_06260 

-3.87305 0.002925 KAG6623326.1 Alkaline phosphatase 

gene-

IUM83_04004 

-3.85439 0.009814 KAG6614770.1 hypothetical protein 

gene-

IUM83_15117 

-3.7941 9.98E-07 KAG6580391.1 Multiple inositol 

polyphosphate phosphatase 

1 

gene-

IUM83_04398 

-3.77366 2.84E-10 KAG6613614.1 hypothetical protein 

gene-

IUM83_15118 

-3.71231 3.69E-08 KAG6580334.1 Multiple inositol 

polyphosphate phosphatase 

1 

gene-

IUM83_15781 

-3.7075 0.004714 KAG6580123.1 putative GPI-anchored 

serine-threonine rich 

hypothetical protein 

gene-

IUM83_09638 

-3.66456 7.54E-05 KAG6617879.1 Secreted RxLR effector 

peptide protein 

gene-

IUM83_05937 

-3.64065 2.87E-06 KAG6583183.1 ADP-ribosylation factor 

gene-

IUM83_19347 

-3.61392 0.042856 KAG6599635.1 putative xylanase 
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Supplementary File  

Supplementary File 1: List of differentially expressed genes (DEGs) under each enriched 

Gene Ontology Term.  

 

  

eGOr.ID eGOr.Description
GO:0016874 ligase activity
GO:0003735 structural constituent of ribosome
GO:0004812 aminoacyl-tRNA ligase activity
GO:0016875 ligase activity, forming carbon-oxygen bonds
GO:0005198 structural molecule activity
GO:0140101 catalytic activity, acting on a tRNA
GO:0003743 translation initiation factor activity
GO:0008135 translation factor activity, RNA binding
GO:0090079 translation regulator activity, nucleic acid binding
GO:0016879 ligase activity, forming carbon-nitrogen bonds
GO:0008237 metallopeptidase activity
GO:0022890 inorganic cation transmembrane transporter activity
GO:0045182 translation regulator activity
GO:0005216 ion channel activity
GO:0016747 acyltransferase activity, transferring groups other than amino-acyl groups
GO:0008080 N-acetyltransferase activity
GO:0016746 acyltransferase activity
GO:0016407 acetyltransferase activity
GO:0016410 N-acyltransferase activity
GO:0008324 cation transmembrane transporter activity
GO:0071949 FAD binding
GO:0004725 protein tyrosine phosphatase activity
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GO:0022890 
inorganic cation transmembrane transporter activity 

Protein ID Log2(FC) Functional annotation Padj 
KAG6584866.1 0.883072182 ATP synthase F1 delta subunit 0.002260951 
KAG6613035.1 0.518831165 ATP synthase F1 gamma subunit 0.050194366 
KAG6621404.1 0.731141935 ATP synthase subunit beta 

mitochondrial 
0.023958696 

KAG6599825.1 0.517649512 ATP synthase subunit d 0.001316683 
KAG6620062.1 0.572982333 ATP synthase subunit mitochondrial 0.01966957 
KAG6591006.1 -1.563751015 calcium channel subunit mid1 0.00235635 
KAG6574674.1 0.68628794 Calcium permeable stress-gated 

cation channel 1 
0.036002122 

KAG6574571.1 -1.031519704 Calcium permeable stress-gated 
cation channel 1 

0.019469581 

KAG6620038.1 -1.098638247 Calcium-translocating P-type 
ATPase PMCA-type 

0.088640305 

KAG6613399.1 3.064090829 CorA Metal Ion Transporter (MIT) 
Family 

0.0000038 

KAG6610321.1 -1.647481703 CorA Metal Ion transporter (MIT) 
Family 

0.0031377 

KAG6617174.1 -0.552741582 Ctr copper transporter 0.044385082 
KAG6582819.1 0.682373398 H - or Na -translocating F-type V-

type and A-type ATPase (F-ATPase) 
Superfamily 

0.051502053 

KAG6617173.1 -0.606746386 hypothetical protein 0.013870179 
KAG6611233.1 -2.496163074 hypothetical protein 0.000294724 
KAG6613438.1 -0.620102705 magnesium transporter nipa 0.001314646 
KAG6602753.1 0.515158656 Metal Ion (Mn2 -iron) transporter 

(Nramp) Family 
0.04852251 

KAG6611977.1 0.381407274 Metal Ion (Mn2 -iron) Transporter 
(Nramp) Family 

0.032585864 

KAG6590642.1 0.294594216 Mucolipidin 0.041438021 
KAG6590928.1 -0.753905138 Necrosis inducing protein NPP1 type 0.028256316 
KAG6622711.1 -0.466154357 NIPA protein 2 0.067554686 
KAG6592773.1 0.5994487 Phospho Lipase D 0.052193509 
KAG6576467.1 -0.65693191 plasma-membrane proton-efflux P-

type ATPase 
0.097688458 

KAG6614222.1 -0.832144637 Potassium/sodium hyperpolarization-
activated cyclic nucleotide-gated 
channel 4 

0.044744795 

KAG6617008.1 0.395697623 P-type ATPase (P-ATPase) 
Superfamily 

0.090259805 

KAG6586999.1 -1.073560146 putative copper-transporting ATPase 0.045998199 
KAG6613662.1 -1.158800659 putative sodium-dependent 

phosphate transporter 
0.0000334 

KAG6613564.1 -1.877376151 putative sodium-dependent 
phosphate transporter 

0.000181995 

KAG6619934.1 -5.214918745 putative sodium-dependent 
phosphate transporter 

0.0000517 
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KAG6623913.1 -1.55931485 putative transmembrane protein 0.02690057 
KAG6610193.1 -0.475590338 sodium/hydrogen exchanger 3 0.086826456 
KAG6595898.1 -5.560601557 Sodium-dependent phosphate 

transporter 
0.00000174 

KAG6584850.1 -1.143561297 Transmembrane protein 0.002180839 
KAG6602750.1 -1.198325766 Transmembrane protein 0.000618386 
KAG6584851.1 -1.489498017 Transmembrane protein 0.0000285 
KAG6609997.1 -1.902631434 tRNA methyltransferase 0.000543358 
KAG6622290.1 -0.935380109 Voltage-gated Ion Channel 0.009223103 
KAG6617096.1 -0.520532402 Voltage-gated Ion Channel (VIC) 

Superfamily 
0.08560639 

KAG6623946.1 -0.766215316 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.058097921 

KAG6622695.1 -0.824226059 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.093393378 

KAG6604562.1 -1.451862781 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.001759972 

KAG6613868.1 -1.561419227 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.012986595 

KAG6622298.1 -2.036346785 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.000174551 

KAG6609874.1 -2.150584816 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.017162192 

KAG6586559.1 -2.996455263 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.002218298 

KAG6615504.1 0.832009131 V-type ATPase A subunit 0.023959956 
KAG6590679.1 1.252250101 V-type H(+)-translocating 

pyrophosphatase 
0.007623708 

KAG6604567.1 0.542399462 V-type H(+)-translocating 
pyrophosphatase 

0.041700426 

KAG6614140.1 0.794917981 V-type proton ATPase subunit H 0.004167896 
KAG6612021.1 1.797691785 Zinc (Zn2)-Iron (Fe2) Permease 

(ZIP) Family 
0.00701598 

KAG6574396.1 1.573098603 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.000607035 

KAG6574393.1 1.457120911 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.014001052 

KAG6598087.1 1.195305877 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.005000462 

KAG6622317.1 -0.670945584 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.047734778 

KAG6622321.1 -0.811057451 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.042102744 

KAG6594351.1 -0.954155038 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.035487875 

KAG6615307.1 -1.031211792 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.083511334 

KAG6615303.1 -2.189072717 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

9.11E-09 
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GO:0005216 
ion channel activity 

Protein ID Log2(FC) Functional annotation Padj 
KAG6584866.1 0.883072182 ATP synthase F1 delta subunit 0.002260951 
KAG6613035.1 0.518831165 ATP synthase F1 gamma subunit 0.050194366 
KAG6621404.1 0.731141935 ATP synthase subunit beta 

mitochondrial 
0.023958696 

KAG6591006.1 -1.563751015 calcium channel subunit mid1 0.00235635 
KAG6574674.1 0.68628794 Calcium permeable stress-gated 

cation channel 1 
0.036002122 

KAG6574571.1 -1.031519704 Calcium permeable stress-gated 
cation channel 1 

0.019469581 

KAG6622249.1 -0.584013873 Chloride Channel (ClC) Family 0.046918685 
KAG6591171.1 -0.944220072 Chloride Channel (ClC) Family 0.000236539 
KAG6591030.1 -0.952778237 Chloride Channel (ClC) Family 0.000194045 
KAG6615927.1 -1.95711689 Chloride Channel (ClC) Family 0.001322377 
KAG6602858.1 -2.11985853 Chloride Channel (ClC) Family 0.004771896 
KAG6615928.1 -0.916811176 chloride channel family 0.006677969 
KAG6596011.1 0.354739018 eukaryotic porin 0.023613257 
KAG6611583.1 0.506575672 hypothetical protein 0.04149123 
KAG6584970.1 0.466558392 hypothetical protein 0.021353712 
KAG6574612.1 -1.536562937 hypothetical protein 0.005835515 
KAG6611233.1 -2.496163074 hypothetical protein 0.000294724 
KAG6590642.1 0.294594216 Mucolipidin 0.041438021 
KAG6614222.1 -0.832144637 Potassium/sodium 

hyperpolarization-activated cyclic 
nucleotide-gated channel 4 

0.044744795 

KAG6623913.1 -1.55931485 putative transmembrane protein 0.02690057 
KAG6611061.1 0.463355989 putative voltage-dependent anion-

selective channel protein 
0.098660744 

KAG6609997.1 -1.902631434 tRNA methyltransferase 0.000543358 
KAG6622290.1 -0.935380109 Voltage-gated Ion Channel 0.009223103 
KAG6576233.1 -0.456920755 Voltage-gated Ion Channel (VIC) 

Superfamily 
0.080879225 

KAG6617096.1 -0.520532402 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.08560639 

KAG6617307.1 -0.697758032 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.042783725 

KAG6617930.1 -0.731920589 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.015274872 

KAG6623946.1 -0.766215316 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.058097921 

KAG6615669.1 -0.802812124 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.001631154 

KAG6622695.1 -0.824226059 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.093393378 

KAG6580304.1 -1.208827601 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.005745826 
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KAG6604562.1 -1.451862781 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.001759972 

KAG6615731.1 -1.48576453 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.017559821 

KAG6613868.1 -1.561419227 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.012986595 

KAG6615340.1 -1.81247536 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.00111306 

KAG6617254.1 -1.822851888 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.010548129 

KAG6622298.1 -2.036346785 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.000174551 

KAG6609874.1 -2.150584816 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.017162192 

KAG6586559.1 -2.996455263 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.002218298 

 

GO:0008324 
cation transmembrane transporter activity 
Protein ID Log2(FC) Functional annotation Padj 
KAG6584866.1 0.883072182 ATP synthase F1 delta subunit 0.002260951 
KAG6613035.1 0.518831165 ATP synthase F1 gamma subunit 0.050194366 
KAG6621404.1 0.731141935 ATP synthase subunit beta 

mitochondrial 
0.023958696 

KAG6599825.1 0.517649512 ATP synthase subunit d 0.001316683 
KAG6620062.1 0.572982333 ATP synthase subunit 

mitochondrial 
0.01966957 

KAG6591006.1 -1.563751015 calcium channel subunit mid1 0.00235635 
KAG6574674.1 0.68628794 Calcium permeable stress-gated 

cation channel 1 
0.036002122 

KAG6574571.1 -1.031519704 Calcium permeable stress-gated 
cation channel 1 

0.019469581 

KAG6620038.1 -1.098638247 Calcium-translocating P-type 
ATPase PMCA-type 

0.088640305 

KAG6587186.1 0.897249125 Cation Diffusion Facilitator (CDF) 
Family 

0.005868922 

KAG6615814.1 -0.959281503 Cation Diffusion Facilitator (CDF) 
Family 

0.065540873 

KAG6613399.1 3.064090829 CorA Metal Ion Transporter (MIT) 
Family 

0.0000038 

KAG6610321.1 -1.647481703 CorA Metal Ion transporter (MIT) 
Family 

0.0031377 

KAG6617174.1 -0.552741582 Ctr copper transporter 0.044385082 
KAG6582819.1 0.682373398 H - or Na -translocating F-type V-

type and A-type ATPase (F-
ATPase) Superfamily 

0.051502053 

KAG6617173.1 -0.606746386 hypothetical protein 0.013870179 
KAG6611233.1 -2.496163074 hypothetical protein 0.000294724 
KAG6613438.1 -0.620102705 magnesium transporter nipa 0.001314646 
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KAG6602753.1 0.515158656 Metal Ion (Mn2 -iron) transporter 
(Nramp) Family 

0.04852251 

KAG6611977.1 0.381407274 Metal Ion (Mn2 -iron) Transporter 
(Nramp) Family 

0.032585864 

KAG6590642.1 0.294594216 Mucolipidin 0.041438021 
KAG6590928.1 -0.753905138 Necrosis inducing protein NPP1 

type 
0.028256316 

KAG6622711.1 -0.466154357 NIPA protein 2 0.067554686 
KAG6592773.1 0.5994487 PhosphoLipase D 0.052193509 
KAG6576467.1 -0.65693191 plasma-membrane proton-efflux P-

type ATPase 
0.097688458 

KAG6614222.1 -0.832144637 Potassium/sodium 
hyperpolarization-activated cyclic 
nucleotide-gated channel 4 

0.044744795 

KAG6617008.1 0.395697623 P-type ATPase (P-ATPase) 
Superfamily 

0.090259805 

KAG6586999.1 -1.073560146 putative copper-transporting 
ATPase 

0.045998199 

KAG6613662.1 -1.158800659 putative sodium-dependent 
phosphate transporter 

0.0000334 

KAG6613564.1 -1.877376151 putative sodium-dependent 
phosphate transporter 

0.000181995 

KAG6619934.1 -5.214918745 putative sodium-dependent 
phosphate transporter 

0.0000517 

KAG6623913.1 -1.55931485 putative transmembrane protein 0.02690057 
KAG6610193.1 -0.475590338 sodium/hydrogen exchanger 3 0.086826456 
KAG6595898.1 -5.560601557 Sodium-dependent phosphate 

transporter 
0.00000174 

KAG6584850.1 -1.143561297 Transmembrane protein 0.002180839 
KAG6602750.1 -1.198325766 Transmembrane protein 0.000618386 
KAG6584851.1 -1.489498017 Transmembrane protein 0.0000285 
KAG6609997.1 -1.902631434 tRNA methyltransferase 0.000543358 
KAG6622290.1 -0.935380109 Voltage-gated Ion Channel 0.009223103 
KAG6617096.1 -0.520532402 Voltage-gated Ion Channel (VIC) 

Superfamily 
0.08560639 

KAG6623946.1 -0.766215316 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.058097921 

KAG6622695.1 -0.824226059 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.093393378 

KAG6604562.1 -1.451862781 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.001759972 

KAG6613868.1 -1.561419227 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.012986595 

KAG6622298.1 -2.036346785 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.000174551 

KAG6609874.1 -2.150584816 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.017162192 

KAG6586559.1 -2.996455263 Voltage-gated Ion Channel (VIC) 
Superfamily 

0.002218298 

KAG6615504.1 0.832009131 V-type ATPase A subunit 0.023959956 
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KAG6590679.1 1.252250101 V-type H(+)-translocating 
pyrophosphatase 

0.007623708 

KAG6604567.1 0.542399462 V-type H(+)-translocating 
pyrophosphatase 

0.041700426 

KAG6614140.1 0.794917981 V-type proton ATPase subunit H 0.004167896 
KAG6612021.1 1.797691785 Zinc (Zn2)-Iron (Fe2) Permease 

(ZIP) Family 
0.00701598 

KAG6574396.1 1.573098603 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.000607035 

KAG6574393.1 1.457120911 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.014001052 

KAG6598087.1 1.195305877 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.005000462 

KAG6622317.1 -0.670945584 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.047734778 

KAG6622321.1 -0.811057451 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.042102744 

KAG6594351.1 -0.954155038 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.035487875 

KAG6615307.1 -1.031211792 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

0.083511334 

KAG6615303.1 -2.189072717 Zinc (Zn2)-Iron (Fe2) Permease 
(ZIP) Family 

9.11E-09 

 

GO:0016747 
acyltransferase activity, transferring groups other than amino-acyl groups 
Protein ID Log2(FC) Functional annotation Padj 
KAG6617769.1 20.82039518 Acetyl-CoA acetyltransferase 0.00000296 
KAG6608751.1 1.727688707 Gcn5-related n-acetyltransferase 0.000047 
KAG6579786.1 1.509105927 Diacylglycerol O-acyltransferase 0.033366089 
KAG6608907.1 1.403831294 putative isomerase 0.000928341 
KAG6609039.1 1.25599066 putative enoyl-[acyl-carrier-protein] 

reductase [NADH] 
0.001143451 

KAG6608841.1 1.252777732 Gcn5-related n-acetyltransferase 0.000607035 
KAG6584827.1 1.214413612 gnat family protein 0.023068438 
KAG6592787.1 1.177490378 Elongation of very long chain fatty 

acids protein 
0.002950925 

KAG6613721.1 1.144831723 diacylglycerol o 0.002258954 
KAG6618337.1 1.100647528 arginine biosynthesis Arg 

mitochondrial 
0.00000287 

KAG6610077.1 1.060323404 beta-ketoacyl-acyl-carrier-protein 
synthase II 

0.000486024 

KAG6620168.1 0.972777887 leucine carboxyl methyltransferase 2-
like 

0.002074097 

KAG6591123.1 0.910209278 GNAT family acetyltransferase 0.016503126 
KAG6596122.1 0.849362513 N-terminal acetyltransferase complex 

ARD1 subunit 
0.001376635 

KAG6622500.1 0.816691362 UDP-3-O-[3-hydroxymyristoyl] 
glucosamine N-acyltransferase 

0.006079672 
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KAG6602979.1 0.81555252 acetyl-CoA acetyltransferase 0.000672356 
KAG6614390.1 0.806654047 n-alpha-acetyltransferase 40 0.047699592 
KAG6592789.1 0.789947607 homoserine O-acetyltransferase 0.042107321 
KAG6617740.1 0.74462148 Acetyl-CoA acetyltransferase 0.057273701 
KAG6622611.1 0.723624003 elongator complex protein 3 0.014700198 
KAG6609961.1 0.721468083 2-amino-3-ketobutyrate coenzyme A 

ligase 
0.005785598 

KAG6618650.1 0.601016182 putative acetyltransferase (GNAT) 
family 

0.056189271 

KAG6598072.1 0.581217715 amino-acid N-acetyltransferase 0.012546503 
KAG6586861.1 0.576377455 Palmitoyltransferase ZDHHC7 0.070396175 
KAG6621336.1 0.518562971 N-alpha-acetyltransferase 40 0.064489517 
KAG6609250.1 0.517932315 Diacylglycerol O-acyltransferase 2 0.005287181 
KAG6612350.1 0.48170325 putative dihydrolipoamide 

succinyltransferase 
0.001659606 

KAG6622453.1 0.434902906 putative palmitoyltransferase 0.062994694 
KAG6592440.1 0.432764466 N-acetyltransferase 5 0.094492606 
KAG6611253.1 0.430851522 Histone acetyltransferase 0.046830932 
KAG6610076.1 0.413883438 beta-ketoacyl-acyl-carrier-protein 

synthase II 
0.039713463 

KAG6616981.1 0.413027254 putative palmitoyltransferase 0.005868922 
KAG6609224.1 0.398714715 Longevity-assurance protein (LAC1) 0.035600237 
KAG6623856.1 0.35074429 n-acetyltransferase 9 0.05185958 
KAG6594230.1 0.349665392 putative palmitoyltransferase 0.079523533 
KAG6623775.1 0.316289492 putative histone acetyltransferase 0.010841315 
KAG6579979.1 -0.298412212 palmitoyltransferase ZDHHC11 0.099537402 
KAG6574609.1 -0.481031511 Fatty acyl-CoA reductase 0.044695811 
KAG6599813.1 -0.52204169 protein S-acyltransferase 23 0.029333945 
KAG6608959.1 -0.5486525 putative transmembrane protein 0.055455754 
KAG6592439.1 -0.623547889 Acyltransferase family 0.020126335 
KAG6616815.1 -0.659891839 n-alpha-acetyltransferase 60-like 0.025333533 
KAG6612846.1 -0.808028683 histone acetyltransferase 0.012299907 
KAG6610780.1 -1.280064057 Maltose O-acetyltransferase 0.0000743 
KAG6584762.1 -1.425563697 peptidylprolyl isomerase domain and 

wd repeat-containing protein 1 
0.003256392 

KAG6614310.1 -1.589864251 ribosomal protein 0.000186869 
KAG6579811.1 -1.66225801 Heparan-alpha-glucosaminide N-

acetyltransferase 
0.014494016 

KAG6596045.1 -1.848934555 Omega-hydroxypalmitate O-feruloyl 
transferase 

0.001180413 

KAG6579836.1 -1.945223967 2-acylglycerol O-acyltransferase 2 0.023613257 
KAG6598118.1 -2.179985323 Homoserine O-acetyltransferase 0.01077936 
KAG6587169.1 -2.186531076 Shikimate O-

hydroxycinnamoyltransferase 
0.024187915 

KAG6587168.1 -2.2168439 Agmatine coumaroyltransferase-2 0.069575058 
 

GO:0008080 
N-acetyltransferase activity 
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Protein ID Log2(FC) Functional annotation Padj 
KAG6608751.1 1.727688707 Gcn5-related n-acetyltransferase 0.000047 
KAG6608907.1 1.403831294 putative isomerase 0.000928341 
KAG6608841.1 1.252777732 Gcn5-related n-acetyltransferase 0.000607035 
KAG6584827.1 1.214413612 gnat family protein 0.023068438 
KAG6618337.1 1.100647528 arginine biosynthesis ArgJ 

mitochondrial 
0.00000287 

KAG6620168.1 0.972777887 leucine carboxyl methyltransferase 
2-like 

0.002074097 

KAG6591123.1 0.910209278 GNAT family acetyltransferase 0.016503126 
KAG6596122.1 0.849362513 N-terminal acetyltransferase 

complex ARD1 subunit 
0.001376635 

KAG6614390.1 0.806654047 n-alpha-acetyltransferase 40 0.047699592 
KAG6622611.1 0.723624003 elongator complex protein 3 0.014700198 
KAG6618650.1 0.601016182 putative acetyltransferase (GNAT) 

family 
0.056189271 

KAG6598072.1 0.581217715 amino-acid N-acetyltransferase 0.012546503 
KAG6621336.1 0.518562971 N-alpha-acetyltransferase 40 0.064489517 
KAG6592440.1 0.432764466 N-acetyltransferase 5 0.094492606 
KAG6611253.1 0.430851522 Histone acetyltransferase 0.046830932 
KAG6623856.1 0.35074429 n-acetyltransferase 9 0.05185958 
KAG6623775.1 0.316289492 putative histone acetyltransferase 0.010841315 
KAG6616815.1 -0.659891839 n-alpha-acetyltransferase 60-like 0.025333533 
KAG6612846.1 -0.808028683 histone acetyltransferase 0.012299907 
KAG6579811.1 -1.66225801 Heparan-alpha-glucosaminide N-

acetyltransferase 
0.014494016 

 

GO:0016746 
acyltransferase activity 
Protein ID Log2(FC) Functional annotation Padj 
KAG6617769.1 20.82039518 Acetyl-CoA acetyltransferase 0.00000296 
KAG6597792.1 1.973100992 Lipoamide acyltransferase 

component of branched-chain 
alpha-keto acid dehydrogenase 
complex 

1.67E-09 

KAG6608751.1 1.727688707 Gcn5-related n-acetyltransferase 0.000047 
KAG6579786.1 1.509105927 Diacylglycerol O-acyltransferase 0.033366089 
KAG6608907.1 1.403831294 putative isomerase 0.000928341 
KAG6609039.1 1.25599066 putative enoyl-[acyl-carrier-

protein] reductase [NADH] 
0.001143451 

KAG6608841.1 1.252777732 Gcn5-related n-acetyltransferase 0.000607035 
KAG6584827.1 1.214413612 gnat family protein 0.023068438 
KAG6592787.1 1.177490378 Elongation of very long chain 

fatty acids protein 
0.002950925 

KAG6613721.1 1.144831723 diacylglycerol o 0.002258954 
KAG6618337.1 1.100647528 arginine biosynthesis ArgJ 

mitochondrial 
0.00000287 
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KAG6610077.1 1.060323404 beta-ketoacyl-acyl-carrier-
protein synthase II 

0.000486024 

KAG6610004.1 0.990298579 2-isopropylmalate synthase 0.001345115 
KAG6617361.1 0.986140474 citrate (Si)-synthase eukaryotic 0.000319905 
KAG6620168.1 0.972777887 leucine carboxyl 

methyltransferase 2-like 
0.002074097 

KAG6591123.1 0.910209278 GNAT family acetyltransferase 0.016503126 
KAG6583233.1 0.899810172 putative transglutaminase elicitor 0.070396175 
KAG6583232.1 0.870686844 Transglutaminase elicitor M81C 0.002090932 
KAG6596122.1 0.849362513 N-terminal acetyltransferase 

complex ARD1 subunit 
0.001376635 

KAG6622500.1 0.816691362 UDP-3-O-[3-hydroxymyristoyl] 
glucosamine N-acyltransferase 

0.006079672 

KAG6602979.1 0.81555252 acetyl-CoA acetyltransferase 0.000672356 
KAG6614390.1 0.806654047 n-alpha-acetyltransferase 40 0.047699592 
KAG6592789.1 0.789947607 homoserine O-acetyltransferase 0.042107321 
KAG6617740.1 0.74462148 Acetyl-CoA acetyltransferase 0.057273701 
KAG6614279.1 0.728405587 ATP-citrate synthase 0.002267733 
KAG6622611.1 0.723624003 elongator complex protein 3 0.014700198 
KAG6609961.1 0.721468083 2-amino-3-ketobutyrate 

coenzyme A ligase 
0.005785598 

KAG6574532.1 0.685499636 1-acyl-sn-glycerol-3-phosphate 
acyltransferase 

0.002107181 

KAG6618650.1 0.601016182 putative acetyltransferase 
(GNAT) family 

0.056189271 

KAG6598072.1 0.581217715 amino-acid N-acetyltransferase 0.012546503 
KAG6586861.1 0.576377455 Palmitoyltransferase ZDHHC7 0.070396175 
KAG6613198.1 0.550416091 Lysocardiolipin acyltransferase 0.016483629 
KAG6614820.1 0.525079901 Choline/Carnitine O-

acyltransferase 
0.03515814 

KAG6621336.1 0.518562971 N-alpha-acetyltransferase 40 0.064489517 
KAG6609250.1 0.517932315 Diacylglycerol O-acyltransferase 

2 
0.005287181 

KAG6584605.1 0.501113586 Lysophosphatidylcholine 
acyltransferase 

0.002681113 

KAG6612350.1 0.48170325 putative dihydrolipoamide 
succinyltransferase 

0.001659606 

KAG6622453.1 0.434902906 putative palmitoyltransferase 0.062994694 
KAG6592440.1 0.432764466 N-acetyltransferase 5 0.094492606 
KAG6611253.1 0.430851522 Histone acetyltransferase 0.046830932 
KAG6610076.1 0.413883438 beta-ketoacyl-acyl-carrier-

protein synthase II 
0.039713463 

KAG6616981.1 0.413027254 putative palmitoyltransferase 0.005868922 
KAG6609224.1 0.398714715 Longevity-assurance protein 

(LAC1) 
0.035600237 

KAG6623856.1 0.35074429 n-acetyltransferase 9 0.05185958 
KAG6594230.1 0.349665392 putative palmitoyltransferase 0.079523533 
KAG6623775.1 0.316289492 putative histone acetyltransferase 0.010841315 
KAG6579979.1 -0.298412212 palmitoyltransferase ZDHHC11 0.099537402 



Chapter 4 ─ Global transcriptomic analysis 
 

205 
 

KAG6574609.1 -0.481031511 Fatty acyl-CoA reductase 0.044695811 
KAG6599813.1 -0.52204169 protein S-acyltransferase 23 0.029333945 
KAG6608959.1 -0.5486525 putative transmembrane protein 0.055455754 
KAG6592439.1 -0.623547889 Acyltransferase family 0.020126335 
KAG6616815.1 -0.659891839 n-alpha-acetyltransferase 60-like 0.025333533 
KAG6584559.1 -0.773179533 putative glutathione gamma-

glutamylcysteinyltransferase 
0.049541918 

KAG6612846.1 -0.808028683 histone acetyltransferase 0.012299907 
KAG6610780.1 -1.280064057 Maltose O-acetyltransferase 0.0000743 
KAG6615831.1 -1.288135401 elicitor-like transglutaminase 0.001161075 
KAG6584762.1 -1.425563697 peptidylprolyl isomerase domain 

and wd repeat-containing protein 
1 

0.003256392 

KAG6614310.1 -1.589864251 ribosomal protein 0.000186869 
KAG6577846.1 -1.622462991 Elicitor-like transglutaminase 

M81-like protein 
0.005805819 

KAG6579811.1 -1.66225801 Heparan-alpha-glucosaminide N-
acetyltransferase 

0.014494016 

KAG6596045.1 -1.848934555 Omega-hydroxypalmitate O-
feruloyl transferase 

0.001180413 

KAG6579836.1 -1.945223967 2-acylglycerol O-acyltransferase 
2 

0.023613257 

KAG6598118.1 -2.179985323 Homoserine O-acetyltransferase 0.01077936 
KAG6587169.1 -2.186531076 Shikimate O-

hydroxycinnamoyltransferase 
0.024187915 

KAG6587168.1 -2.2168439 Agmatine coumaroyltransferase-
2 

0.069575058 

 

GO:0016407 
acetyltransferase activity 
Protein ID Log2(FC) Functional annotation Padj 
KAG6608751.1 1.727688707 Gcn5-related n-acetyltransferase 0.000047 
KAG6608907.1 1.403831294 putative isomerase 0.000928341 
KAG6608841.1 1.252777732 Gcn5-related n-acetyltransferase 0.000607035 
KAG6584827.1 1.214413612 gnat family protein 0.023068438 
KAG6618337.1 1.100647528 arginine biosynthesis Arg 

mitochondrial 
0.00000287 

KAG6620168.1 0.972777887 leucine carboxyl 
methyltransferase 2-like 

0.002074097 

KAG6591123.1 0.910209278 GNAT family acetyltransferase 0.016503126 
KAG6596122.1 0.849362513 N-terminal acetyltransferase 

complex ARD1 subunit 
0.001376635 

KAG6614390.1 0.806654047 n-alpha-acetyltransferase 40 0.047699592 
KAG6622611.1 0.723624003 elongator complex protein 3 0.014700198 
KAG6609961.1 0.721468083 2-amino-3-ketobutyrate 

coenzyme A ligase 
0.005785598 

KAG6618650.1 0.601016182 putative acetyltransferase 
(GNAT) family 

0.056189271 
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KAG6598072.1 0.581217715 amino-acid N-acetyltransferase 0.012546503 
KAG6621336.1 0.518562971 N-alpha-acetyltransferase 40 0.064489517 
KAG6592440.1 0.432764466 N-acetyltransferase 5 0.094492606 
KAG6611253.1 0.430851522 Histone acetyltransferase 0.046830932 
KAG6623856.1 0.35074429 n-acetyltransferase 9 0.05185958 
KAG6623775.1 0.316289492 putative histone acetyltransferase 0.010841315 
KAG6616815.1 -0.659891839 n-alpha-acetyltransferase 60-like 0.025333533 
KAG6612846.1 -0.808028683 histone acetyltransferase 0.012299907 
KAG6610780.1 -1.280064057 Maltose O-acetyltransferase 0.0000743 
KAG6579811.1 -1.66225801 Heparan-alpha-glucosaminide N-

acetyltransferase 
0.014494016 

 

GO:0016410 
N-acyltransferase activity 
Protein ID Log2(FC) Functional annotation Padj 
KAG6608751.1 1.727688707 Gcn5-related n-

acetyltransferase 
0.000047 

KAG6608907.1 1.403831294 putative isomerase 0.000928341 
KAG6608841.1 1.252777732 Gcn5-related n-

acetyltransferase 
0.000607035 

KAG6584827.1 1.214413612 gnat family protein 0.023068438 
KAG6618337.1 1.100647528 arginine biosynthesis ArgJ 

mitochondrial 
0.00000287 

KAG6620168.1 0.972777887 leucine carboxyl 
methyltransferase 2-like 

0.002074097 

KAG6591123.1 0.910209278 GNAT family acetyltransferase 0.016503126 
KAG6596122.1 0.849362513 N-terminal acetyltransferase 

complex ARD1 subunit 
0.001376635 

KAG6622500.1 0.816691362 UDP-3-O-[3-
hydroxymyristoyl] glucosamine 
N-acyltransferase 

0.006079672 

KAG6614390.1 0.806654047 n-alpha-acetyltransferase 40 0.047699592 
KAG6622611.1 0.723624003 elongator complex protein 3 0.014700198 
KAG6618650.1 0.601016182 putative acetyltransferase 

(GNAT) family 
0.056189271 

KAG6598072.1 0.581217715 amino-acid N-acetyltransferase 0.012546503 
KAG6621336.1 0.518562971 N-alpha-acetyltransferase 40 0.064489517 
KAG6592440.1 0.432764466 N-acetyltransferase 5 0.094492606 
KAG6611253.1 0.430851522 Histone acetyltransferase 0.046830932 
KAG6609224.1 0.398714715 Longevity-assurance protein 

(LAC1) 
0.035600237 

KAG6623856.1 0.35074429 n-acetyltransferase 9 0.05185958 
KAG6623775.1 0.316289492 putative histone 

acetyltransferase 
0.010841315 

KAG6616815.1 -0.659891839 n-alpha-acetyltransferase 60-
like 

0.025333533 

KAG6612846.1 -0.808028683 histone acetyltransferase 0.012299907 
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KAG6579811.1 -1.66225801 Heparan-alpha-glucosaminide 
N-acetyltransferase 

0.014494016 

 

GO:0016874 
ligase activity 
Protein ID Log2(FC) Functional annotation Padj 
KAG6609667.1 1.910249 carbamoyl-phosphate synthase large 

subunit 
1.69E-08 

KAG6613395.1 1.163331 argininosuccinate synthase 0.001561035 
KAG6604530.1 1.147124 Phenylalanine-tRNA ligase 0.001894553 
KAG6576532.1 1.114854 acetate-CoA ligase 0.068489541 
KAG6576588.1 1.114161 Formate-tetrahydrofolate ligase 0.000433684 
KAG6609515.1 0.934739 proline-tRNA ligase 0.000179696 
KAG6591138.1 0.912751 tyrosine-tRNA ligase 0.001199729 
KAG6596024.1 0.907942 lysine-tRNA ligase 0.013660558 
KAG6618528.1 0.888005 Aspartyl/glutamyl-tRNA (Asn/Gln) 

amidotransferase A subunit 
0.002869785 

KAG6584866.1 0.883072 ATP synthase F1 delta subunit 0.002260951 
KAG6613410.1 0.873776 asparagine-tRNA ligase 0.002025774 
KAG6579938.1 0.855394 propionyl-CoA carboxylase beta chain 

mitochondrial 
0.00353378 

KAG6579931.1 0.838084 methionine-tRNA ligase 0.006587038 
KAG6592421.1 0.837153 adenylosuccinate synthetase 0.044728946 
KAG6620831.1 0.824299 tryptophan-tRNA ligase 0.017559821 
KAG6612256.1 0.816184 phosphoribosylformylglycinamidine 

synthase 
0.067426222 

KAG6611263.1 0.816052 Nucleotidylyl transferase superfamily 
protein 

0.000716758 

KAG6590713.1 0.811863 glutamate-tRNA ligase 0.007683211 
KAG6613660.1 0.806421 arginine-tRNA ligase 0.003767797 
KAG6586611.1 0.789167 aspartyl/glutamyl-tRNA (Asn/Gln) 

amidotransferase  B subunit 
0.025114149 

KAG6620330.1 0.783033 leucine-tRNA ligase 0.008653193 
KAG6623687.1 0.778196 lysine-tRNA ligase 0.011377001 
KAG6616894.1 0.743836 Glutamate-cysteine ligase catalytic subunit 0.00844809 
KAG6591026.1 0.741236 valine-tRNA ligase 0.008447158 
KAG6621404.1 0.731142 ATP synthase subunit beta mitochondrial 0.023958696 
KAG6592544.1 0.722002 glutamine-tRNA ligase 0.028253599 
KAG6615470.1 0.720729 asparagine synthase (glutamine-

hydrolyzing) 
0.056162803 

KAG6592552.1 0.717367 arginine-tRNA ligase 0.027685664 
KAG6591093.1 0.711551 glycyl-tRNA synthetase 0.007745073 
KAG6610153.1 0.702283 tRNA (Ile)-lysidine synthetase 0.004831135 
KAG6609893.1 0.700021 Ubiquitin-activating enzyme (E1) 0.032468054 
KAG6580005.1 0.69203 Glutathione synthetase 0.048375531 
KAG6576344.1 0.685754 hypothetical protein 0.080456198 
KAG6592420.1 0.669118 Isoleucine-tRNA ligase 0.016320741 
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KAG6617148.1 0.667921 methylcrotonoyl-CoA carboxylase beta 
chain mitochondrial 

0.093669864 

KAG6603027.1 0.628998 tryptophan-tRNA ligase 0.091434037 
KAG6591055.1 0.627885 methionine-tRNA ligase 0.029333754 
KAG6618946.1 0.584481 alanine-tRNA ligase 0.013113534 
KAG6623464.1 0.569455 Threonine-tRNA ligase 0.017237587 
KAG6620843.1 0.550514 proline-tRNA ligase 0.033108505 
KAG6611779.1 0.550307 serine-tRNA ligase 0.071695911 
KAG6621424.1 0.527013 putative ubiquitin activating enzyme E1 

family 
0.056246059 

KAG6613035.1 0.518831 ATP synthase F1 gamma subunit 0.050194366 
KAG6592448.1 0.517246 adenylosuccinate synthetase 0.011438443 
KAG6621851.1 0.502873 putative DNA ligase 0.04883535 
KAG6617765.1 0.456175 glycine-tRNA ligase 0.08345258 
KAG6612842.1 0.408624 phenylalanine-tRNA ligase alpha subunit 0.071190849 
KAG6580062.1 0.394592 histidine-tRNA ligase 0.050287169 
KAG6613700.1 0.345309 NAD+ synthetase 0.089112217 
KAG6592508.1 0.274782 cysteine-tRNA ligase 0.096557193 
KAG6613309.1 -0.67186 nicotinate phosphoribosyltransferase 0.036474733 
KAG6622821.1 -0.93693 glutamate-tRNA ligase 0.082473645 
KAG6620928.1 -1.17285 DNA ligase 0.037947979 

 

GO:0003735 
structural constituent of ribosome 
Protein ID Log2(FC) Functional annotation Padj 
KAG6623197.1 1.18654 ribosomal protein L7/L12 0.000083 
KAG6594203.1 1.073917 ribosomal protein L32 0.0008 
KAG6621403.1 1.029151 ribosomal protein S18 0.004714 
KAG6602869.1 0.980887 ribosomal protein L19 0.013414 
KAG6616419.1 0.918828 ribosomal protein L25 Ctc-form 0.000484 
KAG6616108.1 0.909812 Ribosomal protein L11 0.023311 
KAG6609849.1 0.903287 50S ribosomal protein L4 0.001797 
KAG6597825.1 0.856494 ribosomal protein L22 0.028748 
KAG6623440.1 0.852306 Mitochondrial 39-S ribosomal protein L47 0.037948 
KAG6574492.1 0.83568 ribosomal protein L1 0.044343 
KAG6614023.1 0.832554 ribosomal protein L24 0.005146 
KAG6584597.1 0.831995 39s ribosomal protein mitochondrial-like 0.003686 
KAG6611614.1 0.818419 Mitochondrial/chloroplast ribosomal 

protein 36a 
0.000666 

KAG6616354.1 0.815372 40S ribosomal protein S26 0.002915 
KAG6587269.1 0.782116 28S ribosomal protein S34 mitochondrial 0.001561 
KAG6606608.1 0.768675 Ribosomal protein S2 0.000573 
KAG6612374.1 0.763834 hypothetical protein 0.022687 
KAG6611831.1 0.759822 50s ribosomal protein l24 0.035952 
KAG6594110.1 0.756065 ribosomal protein L9 0.000835 
KAG6609540.1 0.755066 ribosomal protein L13 0.002073 
KAG6584898.1 0.74816 ribosomal protein L36 0.056636 
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KAG6576160.1 0.747466 50S ribosomal protein L3 0.086254 
KAG6576187.1 0.71619 40S ribosomal protein S3a 0.000053 
KAG6612851.1 0.699722 40S ribosomal protein S20 0.026015 
KAG6617646.1 0.686449 40S ribosomal protein S2 0.019081 
KAG6614401.1 0.677796 30S ribosomal protein S17 0.020965 
KAG6618739.1 0.667841 60S ribosomal protein L4 0.001864 
KAG6590803.1 0.663108 Ribosomal protein L21 0.013719 
KAG6590908.1 0.658434 Ribosomal protein L13 0.025456 
KAG6609928.1 0.657927 60S ribosomal protein L6 0.008955 
KAG6597938.1 0.654569 40S ribosomal protein S6 0.00347 
KAG6614930.1 0.636814 30S ribosomal protein S9 0.036918 
KAG6617366.1 0.621173 40S ribosomal protein S8 0.019639 
KAG6609245.1 0.613139 60S ribosomal protein L35a-4 0.019178 
KAG6615455.1 0.609042 60S ribosomal protein L31 0.021224 
KAG6609811.1 0.607582 60S ribosomal protein L27 0.067193 
KAG6610290.1 0.593172 60S ribosomal protein L9 0.032795 
KAG6615807.1 0.587403 archaeal ribosomal protein S17P 0.027669 
KAG6599793.1 0.582136 putative ribosomal protein L23 4.84E-05 
KAG6609976.1 0.577867 ribosomal protein L22 0.082478 
KAG6606443.1 0.575921 40S ribosomal protein 0.053078 
KAG6622391.1 0.568986 60S ribosomal protein L18-2 0.053988 
KAG6612357.1 0.55624 60S ribosomal protein L11 0.019895 
KAG6623199.1 0.549962 60S ribosomal protein 0.013887 
KAG6612236.1 0.535573 60S ribosomal protein L5 0.040069 
KAG6618596.1 0.519936 60S ribosomal protein L13 0.057274 
KAG6612784.1 0.515845 40S ribosomal protein S15 0.088263 
KAG6572555.1 0.493078 60S ribosomal protein L21-1 0.089898 
KAG6619355.1 0.488806 60S ribosomal protein 0.066785 
KAG6622600.1 0.480073 50S ribosomal protein L36e 0.082474 
KAG6583080.1 0.466481 40s ribosomal protein s13 0.072469 
KAG6612806.1 0.463766 60S ribosomal protein L22 0.034257 
KAG6609864.1 0.442219 Ribosomal protein L37a 0.007778 
KAG6572782.1 0.438244 60S ribosomal protein L23a 0.039228 
KAG6618527.1 0.417534 Ribosomal protein L28 0.09746 
KAG6615053.1 0.409327 40S ribosomal protein S17 0.032085 
KAG6610308.1 0.385367 60S ribosomal protein L38 0.022937 
KAG6599828.1 0.383207 ribosomal-ubiquitin protein RPL40 0.092111 
KAG6612864.1 0.337719 ubiquitin-40s ribosomal protein s27a 0.044826 

 

GO:0004812 
aminoacyl-tRNA ligase activity 
Protein ID Log2(FC) Functional annotation Padj 
KAG6604530.1 1.147124 Phenylalanine-tRNA ligase 0.001895 
KAG6609515.1 0.934739 proline-tRNA ligase 0.00018 
KAG6591138.1 0.912751 tyrosine-tRNA ligase 0.0012 
KAG6596024.1 0.907942 lysine-tRNA ligase 0.013661 
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KAG6613410.1 0.873776 asparagine-tRNA ligase 0.002026 
KAG6579931.1 0.838084 methionine-tRNA ligase 0.006587 
KAG6620831.1 0.824299 tryptophan-tRNA ligase 0.01756 
KAG6611263.1 0.816052 Nucleotidylyl transferase superfamily protein 0.000717 
KAG6590713.1 0.811863 glutamate-tRNA ligase 0.007683 
KAG6613660.1 0.806421 arginine-tRNA ligase 0.003768 
KAG6620330.1 0.783033 leucine-tRNA ligase 0.008653 
KAG6623687.1 0.778196 lysine-tRNA ligase 0.011377 
KAG6591026.1 0.741236 valine-tRNA ligase 0.008447 
KAG6592544.1 0.722002 glutamine-tRNA ligase 0.028254 
KAG6592552.1 0.717367 arginine-tRNA ligase 0.027686 
KAG6591093.1 0.711551 glycyl-tRNA synthetase 0.007745 
KAG6592420.1 0.669118 Isoleucine-tRNA ligase 0.016321 
KAG6603027.1 0.628998 tryptophan-tRNA ligase 0.091434 
KAG6591055.1 0.627885 methionine-tRNA ligase 0.029334 
KAG6618946.1 0.584481 alanine-tRNA ligase 0.013114 
KAG6623464.1 0.569455 Threonine-tRNA ligase 0.017238 
KAG6620843.1 0.550514 proline-tRNA ligase 0.033109 
KAG6611779.1 0.550307 serine-tRNA ligase 0.071696 
KAG6617765.1 0.456175 glycine-tRNA ligase 0.083453 
KAG6612842.1 0.408624 phenylalanine-tRNA ligase alpha subunit 0.071191 
KAG6580062.1 0.394592 histidine-tRNA ligase 0.050287 
KAG6592508.1 0.274782 cysteine-tRNA ligase 0.096557 
KAG6622821.1 -0.93693 glutamate-tRNA ligase 0.082474 

 

GO:0016875 
ligase activity, forming carbon-oxygen bonds 
Protein ID Log2(FC) Functional annotation Padj 
KAG6604530.1 1.147124 Phenylalanine-tRNA ligase 0.001895 
KAG6609515.1 0.934739 proline-tRNA ligase 0.00018 
KAG6591138.1 0.912751 tyrosine-tRNA ligase 0.0012 
KAG6596024.1 0.907942 lysine-tRNA ligase 0.013661 
KAG6613410.1 0.873776 asparagine-tRNA ligase 0.002026 
KAG6579931.1 0.838084 methionine-tRNA ligase 0.006587 
KAG6620831.1 0.824299 tryptophan-tRNA ligase 0.01756 
KAG6611263.1 0.816052 Nucleotidylyl transferase superfamily 

protein 
0.000717 

KAG6590713.1 0.811863 glutamate-tRNA ligase 0.007683 
KAG6613660.1 0.806421 arginine-tRNA ligase 0.003768 
KAG6620330.1 0.783033 leucine-tRNA ligase 0.008653 
KAG6623687.1 0.778196 lysine-tRNA ligase 0.011377 
KAG6591026.1 0.741236 valine-tRNA ligase 0.008447 
KAG6592544.1 0.722002 glutamine-tRNA ligase 0.028254 
KAG6592552.1 0.717367 arginine-tRNA ligase 0.027686 
KAG6591093.1 0.711551 glycyl-tRNA synthetase 0.007745 
KAG6592420.1 0.669118 Isoleucine-tRNA ligase 0.016321 
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KAG6603027.1 0.628998 tryptophan-tRNA ligase 0.091434 
KAG6591055.1 0.627885 methionine-tRNA ligase 0.029334 
KAG6618946.1 0.584481 alanine-tRNA ligase 0.013114 
KAG6623464.1 0.569455 Threonine-tRNA ligase 0.017238 
KAG6620843.1 0.550514 proline-tRNA ligase 0.033109 
KAG6611779.1 0.550307 serine-tRNA ligase 0.071696 
KAG6617765.1 0.456175 glycine-tRNA ligase 0.083453 
KAG6612842.1 0.408624 phenylalanine-tRNA ligase alpha 

subunit 
0.071191 

KAG6580062.1 0.394592 histidine-tRNA ligase 0.050287 
KAG6592508.1 0.274782 cysteine-tRNA ligase 0.096557 
KAG6622821.1 -0.93693 glutamate-tRNA ligase 0.082474 

 

GO:0005198 
structural molecule activity 
Protein ID Log2(FC) Functional annotation Padj 
KAG6617079.1 2.3024 tubulin alpha chain 0.054655 
KAG6592733.1 1.472125 SF-assemblin 0.01972 
KAG6623197.1 1.18654 ribosomal protein L7/L12 0.000083 
KAG6594203.1 1.073917 ribosomal protein L32 0.0008 
KAG6621403.1 1.029151 ribosomal protein S18 0.004714 
KAG6602869.1 0.980887 ribosomal protein L19 0.013414 
KAG6616419.1 0.918828 ribosomal protein L25 Ctc-form 0.000484 
KAG6616108.1 0.909812 Ribosomal protein L11 0.023311 
KAG6609849.1 0.903287 50S ribosomal protein L4 0.001797 
KAG6597825.1 0.856494 ribosomal protein L22 0.028748 
KAG6623440.1 0.852306 Mitochondrial 39-S ribosomal protein L47 0.037948 
KAG6574492.1 0.83568 ribosomal protein L1 0.044343 
KAG6614023.1 0.832554 ribosomal protein L24 0.005146 
KAG6584597.1 0.831995 39s ribosomal protein mitochondrial-like 0.003686 
KAG6611614.1 0.818419 Mitochondrial/chloroplast ribosomal protein 

36a 
0.000666 

KAG6616354.1 0.815372 40S ribosomal protein S26 0.002915 
KAG6587269.1 0.782116 28S ribosomal protein S34 mitochondrial 0.001561 
KAG6613990.1 0.779787 tubulin alpha chain 0.036002 
KAG6606608.1 0.768675 Ribosomal protein S2 0.000573 
KAG6612374.1 0.763834 hypothetical protein 0.022687 
KAG6611831.1 0.759822 50s ribosomal protein l24 0.035952 
KAG6594110.1 0.756065 ribosomal protein L9 0.000835 
KAG6609540.1 0.755066 ribosomal protein L13 0.002073 
KAG6584898.1 0.74816 ribosomal protein L36 0.056636 
KAG6576160.1 0.747466 50S ribosomal protein L3 0.086254 
KAG6576187.1 0.71619 40S ribosomal protein S3a 0.000053 
KAG6612851.1 0.699722 40S ribosomal protein S20 0.026015 
KAG6617646.1 0.686449 40S ribosomal protein S2 0.019081 
KAG6614401.1 0.677796 30S ribosomal protein S17 0.020965 
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KAG6618739.1 0.667841 60S ribosomal protein L4 0.001864 
KAG6590803.1 0.663108 Ribosomal protein L21 0.013719 
KAG6590908.1 0.658434 Ribosomal protein L13 0.025456 
KAG6609928.1 0.657927 60S ribosomal protein L6 0.008955 
KAG6597938.1 0.654569 40S ribosomal protein S6 0.00347 
KAG6612326.1 0.653613 coatomer subunit beta 0.008955 
KAG6614930.1 0.636814 30S ribosomal protein S9 0.036918 
KAG6617366.1 0.621173 40S ribosomal protein S8 0.019639 
KAG6609245.1 0.613139 60S ribosomal protein L35a-4 0.019178 
KAG6615455.1 0.609042 60S ribosomal protein L31 0.021224 
KAG6609811.1 0.607582 60S ribosomal protein L27 0.067193 
KAG6610290.1 0.593172 60S ribosomal protein L9 0.032795 
KAG6615807.1 0.587403 archaeal ribosomal protein S17P 0.027669 
KAG6599793.1 0.582136 putative ribosomal protein L23 4.84E-05 
KAG6609976.1 0.577867 ribosomal protein L22 0.082478 
KAG6606443.1 0.575921 40S ribosomal protein 0.053078 
KAG6622391.1 0.568986 60S ribosomal protein L18-2 0.053988 
KAG6612357.1 0.55624 60S ribosomal protein L11 0.019895 
KAG6623199.1 0.549962 60S ribosomal protein 0.013887 
KAG6612236.1 0.535573 60S ribosomal protein L5 0.040069 
KAG6618596.1 0.519936 60S ribosomal protein L13 0.057274 
KAG6612784.1 0.515845 40S ribosomal protein S15 0.088263 
KAG6610233.1 0.502021 Coatomer subunit gamma 0.043856 
KAG6572555.1 0.493078 60S ribosomal protein L21-1 0.089898 
KAG6619355.1 0.488806 60S ribosomal protein 0.066785 
KAG6611174.1 0.483062 beta-tubulin 0.070456 
KAG6622600.1 0.480073 50S ribosomal protein L36e 0.082474 
KAG6583080.1 0.466481 40s ribosomal protein s13 0.072469 
KAG6612806.1 0.463766 60S ribosomal protein L22 0.034257 
KAG6615534.1 0.447258 nucleoporin-like protein 0.028993 
KAG6609864.1 0.442219 Ribosomal protein L37a 0.007778 
KAG6572782.1 0.438244 60S ribosomal protein L23a 0.039228 
KAG6578118.1 0.437328 Coatomer subunit beta 0.033576 
KAG6618527.1 0.417534 Ribosomal protein L28 0.09746 
KAG6615053.1 0.409327 40S ribosomal protein S17 0.032085 
KAG6610308.1 0.385367 60S ribosomal protein L38 0.022937 
KAG6599828.1 0.383207 ribosomal-ubiquitin protein RPL40 0.092111 
KAG6614592.1 0.362325 putative nuclear pore glycoprotein 0.071605 
KAG6612864.1 0.337719 ubiquitin-40s ribosomal protein s27a 0.044826 
KAG6576200.1 -1.36975 nuclear pore complex protein NUP98A 

isoform X3 
0.000295 
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GO:0140101 
catalytic activity, acting on a tRNA 
Protein ID Log2(FC

) 
Functional annotation Padj 

KAG6604530.1 1.147124 Phenylalanine-tRNA ligase 0.001895 
KAG6609515.1 0.934739 proline-tRNA ligase 0.00018 
KAG6620364.1 0.919973 putative queuine tRNA-ribosyltransferase 

domain-containing protein 
0.00026 

KAG6591138.1 0.912751 tyrosine-tRNA ligase 0.0012 
KAG6596024.1 0.907942 lysine-tRNA ligase 0.013661 
KAG6618528.1 0.888005 Aspartyl/glutamyl-tRNA (Asn/Gln) 

amidotransferase A subunit 
0.00287 

KAG6618666.1 0.883641 tRNA-intron endonuclease 0.00137 
KAG6613410.1 0.873776 asparagine-tRNA ligase 0.002026 
KAG6579931.1 0.838084 methionine-tRNA ligase 0.006587 
KAG6620831.1 0.824299 tryptophan-tRNA ligase 0.01756 
KAG6611263.1 0.816052 Nucleotidylyl transferase superfamily protein 0.000717 
KAG6590713.1 0.811863 glutamate-tRNA ligase 0.007683 
KAG6613660.1 0.806421 arginine-tRNA ligase 0.003768 
KAG6620330.1 0.783033 leucine-tRNA ligase 0.008653 
KAG6623687.1 0.778196 lysine-tRNA ligase 0.011377 
KAG6591026.1 0.741236 valine-tRNA ligase 0.008447 
KAG6592544.1 0.722002 glutamine-tRNA ligase 0.028254 
KAG6592552.1 0.717367 arginine-tRNA ligase 0.027686 
KAG6591093.1 0.711551 glycyl-tRNA synthetase 0.007745 
KAG6583267.1 0.689783 putative tRNA-dihydrouridine synthase 0.039175 
KAG6592420.1 0.669118 Isoleucine-tRNA ligase 0.016321 
KAG6622209.1 0.666381 proline-trna ligase associated domain 

containing protein 
0.097809 

KAG6623786.1 0.665101 peptidyl-tRNA hydrolase 0.010606 
KAG6603027.1 0.628998 tryptophan-tRNA ligase 0.091434 
KAG6591055.1 0.627885 methionine-tRNA ligase 0.029334 
KAG6583266.1 0.599308 tRNA-dihydrouridine synthase 0.076722 
KAG6618946.1 0.584481 alanine-tRNA ligase 0.013114 
KAG6623464.1 0.569455 Threonine-tRNA ligase 0.017238 
KAG6620843.1 0.550514 proline-tRNA ligase 0.033109 
KAG6611779.1 0.550307 serine-tRNA ligase 0.071696 
KAG6616888.1 0.461728 tRNA-dihydrouridine synthase 0.005625 
KAG6617765.1 0.456175 glycine-tRNA ligase 0.083453 
KAG6612842.1 0.408624 phenylalanine-tRNA ligase alpha subunit 0.071191 
KAG6580062.1 0.394592 histidine-tRNA ligase 0.050287 
KAG6611956.1 0.372153 tRNA-intron endonuclease 0.084068 
KAG6592508.1 0.274782 cysteine-tRNA ligase 0.096557 
KAG6613737.1 -0.5248 Exonuclease mut-7 0.068734 
KAG6622821.1 -0.93693 glutamate-tRNA ligase 0.082474 
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GO:0003743 
translation initiation factor activity 
Protein ID Log2(FC) Functional annotation Padj 
KAG6610661.1 0.894803 eukaryotic translation initiation factor 3 0.023858 
KAG6594129.1 0.866604 Eukaryotic translation initiation factor 3 

subunit G 
0.001624 

KAG6610724.1 0.743249 putative eukaryotic initiation factor 4E 0.053597 
KAG6597779.1 0.706441 Eukaryotic translation initiation factor 3 

subunit C 
0.023972 

KAG6603115.1 0.671173 Eukaryotic translation initiation factor 3 
subunit J 

9.45E-05 

KAG6614344.1 0.623085 Eukaryotic translation initiation factor 3 
subunit I 

0.011652 

KAG6612595.1 0.616435 putative ligatin 0.050526 
KAG6595871.1 0.516699 putative eukaryotic translation initiation 

factor 3 subunit E-interacting protein 
0.093393 

KAG6615922.1 0.501539 Eukaryotic translation initiation factor 3 
subunit E 

0.08761 

KAG6613847.1 0.487207 rna-binding protein 0.02961 
KAG6619349.1 0.474835 eukaryotic translation initiation factor 4e 0.001161 
KAG6613851.1 0.451769 Eukaryotic translation initiation factor 2 

subunit beta 
0.05186 

KAG6579753.1 0.437859 eukaryotic translation initiation factor 1A 
X-chromosomal 

0.014385 

KAG6618621.1 0.39907 Eukaryotic translation initiation factor 3 
subunit H 

0.006678 

KAG6609244.1 0.388053 eukaryotic initiation factor 4e 0.028484 
 

GO:0008135 
translation factor activity, RNA binding 
Protein ID Log2(FC

) 
Functional annotation Padj 

KAG6603115.1 0.671173 Eukaryotic translation initiation factor 3 
subunit J 

9.45E-05 

KAG6619349.1 0.474835 eukaryotic translation initiation factor 4e 0.001161 
KAG6594129.1 0.866604 Eukaryotic translation initiation factor 3 

subunit G 
0.001624 

KAG6618621.1 0.39907 Eukaryotic translation initiation factor 3 
subunit H 

0.006678 

KAG6614344.1 0.623085 Eukaryotic translation initiation factor 3 
subunit I 

0.011652 

KAG6579753.1 0.437859 eukaryotic translation initiation factor 1A X-
chromosomal 

0.014385 

KAG6574525.1 0.763114 putative elongation factor 1-gamma 0.018558 
KAG6610661.1 0.894803 eukaryotic translation initiation factor 3 0.023858 
KAG6597779.1 0.706441 Eukaryotic translation initiation factor 3 

subunit C 
0.023972 

KAG6609244.1 0.388053 eukaryotic initiation factor 4e 0.028484 
KAG6613847.1 0.487207 rna-binding protein 0.02961 



Chapter 4 ─ Global transcriptomic analysis 
 

215 
 

KAG6612595.1 0.616435 putative ligatin 0.050526 
KAG6622031.1 0.869654 elongation factor 1-alpha 0.055748 
KAG6613851.1 0.451769 Eukaryotic translation initiation factor 2 

subunit beta 
0.05186 

KAG6610724.1 0.743249 putative eukaryotic initiation factor 4E 0.053597 
KAG6594155.1 0.657719 translation elongation factor IF5A 0.054988 
KAG6583094.1 0.917204 translation elongation factor Ts 0.06885 
KAG6602974.1 0.531821 Peptide chain release factor 2 0.08465 
KAG6615922.1 0.501539 Eukaryotic translation initiation factor 3 

subunit E 
0.08761 

KAG6595871.1 0.516699 putative eukaryotic translation initiation factor 
3 subunit E-interacting protein 

0.093393 

 

GO:0090079 
translation regulator activity, nucleic acid binding 
Protein ID Log2(FC) Functional annotation Padj 
KAG6603115.1 0.671173 Eukaryotic translation initiation factor 3 

subunit J 
9.45E-05 

KAG6619349.1 0.474835 eukaryotic translation initiation factor 4e 0.001161 
KAG6594129.1 0.866604 Eukaryotic translation initiation factor 3 

subunit G 
0.001624 

KAG6618621.1 0.39907 Eukaryotic translation initiation factor 3 
subunit H 

0.006678 

KAG6614344.1 0.623085 Eukaryotic translation initiation factor 3 
subunit I 

0.011652 

KAG6579753.1 0.437859 eukaryotic translation initiation factor 1A 
X-chromosomal 

0.014385 

KAG6574525.1 0.763114 putative elongation factor 1-gamma 0.018558 
KAG6610661.1 0.894803 eukaryotic translation initiation factor 3 0.023858 
KAG6597779.1 0.706441 Eukaryotic translation initiation factor 3 

subunit C 
0.023972 

KAG6609244.1 0.388053 eukaryotic initiation factor 4e 0.028484 
KAG6613847.1 0.487207 rna-binding protein 0.02961 
KAG6612595.1 0.616435 putative ligatin 0.050526 
KAG6622031.1 0.869654 elongation factor 1-alpha 0.055748 
KAG6613851.1 0.451769 Eukaryotic translation initiation factor 2 

subunit beta 
0.05186 

KAG6610724.1 0.743249 putative eukaryotic initiation factor 4E 0.053597 
KAG6594155.1 0.657719 translation elongation factor IF5A 0.054988 
KAG6583094.1 0.917204 translation elongation factor Ts 0.06885 
KAG6602974.1 0.531821 Peptide chain release factor 2 0.08465 
KAG6615922.1 0.501539 Eukaryotic translation initiation factor 3 

subunit E 
0.08761 

KAG6595871.1 0.516699 putative eukaryotic translation initiation 
factor 3 subunit E-interacting protein 

0.093393 
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GO:0016879 
ligase activity, forming carbon-nitrogen bonds 
Protein ID Log2(FC) Functional annotation Padj 
KAG6609667.1 1.910249 carbamoyl-phosphate synthase large subunit 1.69E-08 
KAG6576588.1 1.114161 Formate-tetrahydrofolate ligase 0.000434 
KAG6613395.1 1.163331 argininosuccinate synthase 0.001561 
KAG6618528.1 0.888005 Aspartyl/glutamyl-tRNA (Asn/Gln) 

amidotransferase  A subunit 
0.00287 

KAG6610153.1 0.702283 tRNA (Ile)-lysidine synthetase 0.004831 
KAG6616894.1 0.743836 Glutamate-cysteine ligase catalytic subunit 0.008448 
KAG6592448.1 0.517246 adenylosuccinate synthetase 0.011438 
KAG6586611.1 0.789167 aspartyl/glutamyl-tRNA (Asn/Gln) 

amidotransferase  B subunit 
0.025114 

KAG6613309.1 -0.67186 nicotinate phosphoribosyltransferase 0.036475 
KAG6580005.1 0.69203 Glutathione synthetase 0.048376 
KAG6592421.1 0.837153 adenylosuccinate synthetase 0.044729 
KAG6615470.1 0.720729 asparagine synthase (glutamine-

hydrolyzing) 
0.056163 

KAG6612256.1 0.816184 phosphoribosylformylglycinamidine 
synthase 

0.067426 

KAG6613700.1 0.345309 NAD+ synthetase 0.089112 
KAG6576344.1 0.685754 hypothetical protein 0.080456 

 

GO:0045182 
translation regulator activity 
Protein ID Log2(FC) Functional annotation Padj 
KAG6603115.1 0.671173 Eukaryotic translation initiation factor 3 

subunit J 
9.45E-05 

KAG6619349.1 0.474835 eukaryotic translation initiation factor 4e 0.001161 
KAG6594129.1 0.866604 Eukaryotic translation initiation factor 3 

subunit G 
0.001624 

KAG6618621.1 0.39907 Eukaryotic translation initiation factor 3 
subunit H 

0.006678 

KAG6614344.1 0.623085 Eukaryotic translation initiation factor 3 
subunit I 

0.011652 

KAG6579753.1 0.437859 eukaryotic translation initiation factor 1A X-
chromosomal 

0.014385 

KAG6574525.1 0.763114 putative elongation factor 1-gamma 0.018558 
KAG6610661.1 0.894803 eukaryotic translation initiation factor 3 0.023858 
KAG6597779.1 0.706441 Eukaryotic translation initiation factor 3 

subunit C 
0.023972 

KAG6609244.1 0.388053 eukaryotic initiation factor 4e 0.028484 
KAG6613847.1 0.487207 rna-binding protein 0.02961 
KAG6612595.1 0.616435 putative ligatin 0.050526 
KAG6622031.1 0.869654 elongation factor 1-alpha 0.055748 
KAG6613851.1 0.451769 Eukaryotic translation initiation factor 2 

subunit beta 
0.05186 
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KAG6610724.1 0.743249 putative eukaryotic initiation factor 4E 0.053597 
KAG6594155.1 0.657719 translation elongation factor IF5A 0.054988 
KAG6583094.1 0.917204 translation elongation factor Ts 0.06885 
KAG6602974.1 0.531821 Peptide chain release factor 2 0.08465 
KAG6615922.1 0.501539 Eukaryotic translation initiation factor 3 

subunit E 
0.08761 

KAG6595871.1 0.516699 putative eukaryotic translation initiation factor 
3 subunit E-interacting protein 

0.093393 
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Conclusion 

The Phytophthora genus presently includes more than 120 known pathogenic species (Kroon 

et al., 2012), representing a significant threat to the agriculture sector and natural ecosystems. 

New pathogenic Phytophthora species are continuously being identified, increasing concerns 

about emerging phytopathogens and effective disease management. Cell walls regulate the 

interaction of oomycetes with the environment, and represent promising targets for disease 

control. However, the cell wall biology of Phytophthora species remains poorly characterized. 

Indeed, little is known about the genes responsible for the biosynthesis of cell wall 

polysaccharides, the role of these genes in cell survival, and the mode of interaction between 

Phytophthora’s cell walls and plant antimicrobial peptides (AMPs). To increase our 

understanding of the effectiveness of AMPs against oomycetes and their interaction with the 

cell wall, the present work aimed to investigate the impact of the AMP NaD1 and the chitin 

synthase inhibitor nikkomycin Z on several Phytophthora species, with a strong focus on cell 

wall biosynthesis and P. cinnamomi as a case study. 

The carbohydrate components of the Phytophthora cell wall are not well studied. Previous work 

provided insight into the cell wall composition of P. infestans and P. parasitica (Mélida et al., 

2013), but the cell wall of many phytopathogenic species within this genus still remains to be 

studied (Goodwin, 1997). The present investigation of the cell wall carbohydrates of P. 

cinnamomi is consistent with previous reports and confirms cellulose and other glucans as the 

major components (Chapter 2). We also identified previously uncharacterised Phytophthora 

cell wall biosynthetic genes, including cellulose synthase (CesA), glucan synthase (fks) and 

chitin synthase (chs) genes, and were able to correlate gene expression patterns to the P. 

cinnamomi phenotypes observed in hyphal cells grown in the presence of NaD1 and 

nikkomycin z. 
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AMPs form part of a plant’s defence system and can be found in various plant tissues such as 

roots, seeds, flowers, stems, and leaves. These peptides have been shown to be greatly effective 

against plant pathogens (Chen et al., 2021), and demonstrate potential to tackle increased 

disease resistance in different crop families (Iqbal et al., 2019). Furthermore, there is an 

increased interest in using AMPs as an alternative to chemical fungicides (Iqbal et al., 2019). 

The AMP Nicotiana alata defensin 1 (NaD1) has been demonstrated to inhibit phytopathogenic 

fungi and to bind to chitin and glucans in fungal cell walls (Bleackley et al., 2019). This study 

shows that NaD1 restricts the growth of all four Phytophthora species tested, and alters the 

morphology and apical dominance of growing hyphae (Chapter 2). This effect is likely due to 

dysregulation of intracellular calcium homeostasis and can be rescued with addition of 

exogenous calcium ions. Bioinformatic analysis enabled the identification of four putative 

voltage-gated calcium channels in P. cinnamomi that will be targeted for further studies 

(Chapter 2). Global transcriptomic analysis of P. cinnamomi suggests that NaD1 acts on the 

cell wall, but also on many other vital cellular processes. The data provide a more detailed 

understanding of the mode of action and the effects of NaD1 in P. cinnamomi (Chapter 4).  

Since chitin is absent in Phytophthora’s cell walls, the presence and function of chitin synthase 

genes in these species remain unclear. Interestingly, the chitin synthase inhibitor nikkomycin Z 

showed inhibitory effects on the hyphal growth of all four tested species and altered the 

monosaccharide composition and glycosidic linkage composition in P. cinnamomi’s hyphal 

cells (Chapter 3). Based on transcriptomic analysis by RNA sequencing, we propose that 

nikkomycin Z acts on fundamental pathways, such as the hexosamine biosynthetic pathway, 

peptidase activity, and acyltransferase activity (Chapter 3).  

In conclusion, this research demonstrates that the AMP NaD1 and nikkomycin Z can act as 

control agents for Phytophthora species. It also identifies putative candidate genes and their 

products as potential targets for Phytophthora disease management, thus providing the 

foundation to successfully tackle Phytophthora diseases. 



Chapter 5 ─ Conclusion, contribution to knowledge and future directions 

222 
 

Contribution to knowledge 

Assessing the efficacy of the plant antimicrobial peptide NaD1 to control Phytophthora species 

through microscopic, biochemical, and genomic approaches, together with global 

transcriptomics is expected to provide new opportunities for controlling oomycete diseases. 

These discoveries hold the potential to mitigate agricultural and ecological losses through the 

development of inhibitors that target oomycete cell walls, novel biocontrol agents that target 

essential biological pathways, and transgenic plant varieties engineered to possess enhanced 

disease resistance. The outcomes of this study contribute to the fundamental understanding of 

NaD1’s effects on cell wall biosynthesis and other regulatory pathways that are involved in 

hyphal growth and asexual reproduction. Additionally, this study provides novel insights into 

the genome-wide transcriptional changes in P. cinnamomi caused by NaD1 and nikkomycin Z.  

Future directions 

Inhibiting oomycetes by targeting the cell wall  

Even though oomycete cell walls represent an ideal target for developing new inhibitors, this 

area remains largely unexplored. We have observed that a plant AMP inhibits the growth and 

asexual reproduction of four well-known pathogenic Phytophthora species. Although NaD1 

did not completely kill the pathogens, we have identified several cell wall genes which have 

been affected. In particular, three cellulose synthase genes (CesA) and two glucan synthase 

genes (fks) were found to be lowly expressed in NaD1-treated P. cinnamomi hyphal cells. 

Further studies could focus on addressing the connection between NaD1 and these cell wall 

genes. Based on our findings, genome editing approaches (CRISPR/Cas9) could be helpful to 

characterise the function of these cell wall biosynthetic genes and their role in determining 

oomycete cell wall integrity, pathogenicity, and susceptibility to NaD1. The elucidation of the 
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role of cell wall biosynthetic genes in disease establishment and progression holds potential for 

the development of innovative disease control strategies. 

Additionally, although attempts to generate zoospores from P. cinnamomi under in vitro 

conditions were unsuccessful in this study, it would be valuable to begin developing methods 

for assessing the effects of NaD1 and other potential AMPs on zoospores. A combination of 

microscopic, genomic, and transcriptomic approaches can be used for this purpose. 

Innovative biocontrol strategies: exploring new pathways 

This study offers a comprehensive overview of the transcriptional changes that occurred in the 

hyphal cells of P. cinnamomi exposed to the plant defensin NaD1 or the cell wall inhibitor 

nikkomycin Z. In the case of NaD1, altered expression of genes involved in calcium transport, 

tRNA ligase activity and acyl/acetyl-transferase activity was predominant. For nikkomycin Z, 

many genes related to the uridine diphosphate N-acetylglucosamine pathway, acylation-related 

enzymes, effector proteins, and chitin deacetylases were found to be affected. These pathways 

and genes have been demonstrated to be vital for the survival of pathogenic fungi, their integrity 

and pathogenicity (Fang et al., 2013; Gascuel et al., 2016; Hu et al., 2007; Lockhart et al., 2020; 

Sharma et al., 2016).  

Future studies should focus on these unexplored pathways in oomycetes to provide a thorough 

understanding of how the corresponding genes and proteins could be exploited for the 

development of innovative biocontrol methods. Moreover, future exploration using transformed 

Phytophthora cells that express fluorescent tagged proteins developed by the Judelson lab could 

help in understanding the effects of NaD1 at the cellular level (Ah-Fong et al., 2018)  

Transgenic plant varieties with enhanced disease resistance  

To date, the antimicrobial activities of plant defensins have mostly been demonstrated against 

pathogenic fungi. For example, NaD1 shows robust antifungal activity against Botrytis cinerea, 

Candida albicans, Aspergillus niger, Saccharomyces cerevisiae and Fusarium oxysporum 
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(Hayes et al., 2013; Lay & Anderson, 2005; Poon et al., 2014). For this reason, recent studies 

focused on developing resistant plant varieties by expressing genes coding for AMP synthesis 

for increased disease resistance against pathogenic fungi (Seo et al., 2014). For example, a 

study showed that transgenic pepper plants expressing the plant defensin J1-1 gained strong 

resistance against the anthracnose fungus by reducing lesion formation and colonisation by the 

fungus (Seo et al., 2014). Our research has demonstrated the anti-oomycete activity of the plant 

defensin NaD1 in species from the Phytophthora genus. This knowledge provides the 

foundation for developing transgenic plant varieties resistant to pathogenic oomycetes as a 

novel approach for disease control.  
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