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Abstract 
Pinus radiata, the main commercial forest species grown in New Zealand, is one of many 

pine species worldwide that are susceptible to Dothistroma needle blight (DNB), caused 

by the fungus Dothistroma septosporum. New methods are needed to help manage and 

control this disease over current control measures such as fungicide spraying, pruning, 

and thinning. RNA silencing is a radical new approach to directly combat pathogens. Due 

to the success of many studies in controlling agricultural and horticultural crops, by 

exogenously applying dsRNA molecules targeting virulence genes, this has raised the 

question of whether forest pathogens can also be controlled with this method. RNA 

silencing has the potential to silence genes specific to a fungal pathogen, rendering it less 

virulent, and reducing disease symptoms on affected host plants. The aims of this work 

were to create an RNA spray targeting individual genes specific to D. septosporum, and 

to determine if spray applications of the RNA can reduce pathogen virulence and protect 

pines from fungal infection. As proof of concept, a spray application of a 737 nt eGFP-

dsRNA was used to target an enhanced green fluorescent protein gene in D. septosporum. 

Also, 509 nt and 408 nt DsAflR-dsRNAs were synthesised targeting two different regions 

of the dothistromin pathway regulatory protein gene, named DsAflR 1-dsRNA and DsAflR 

2-dsRNA. The DsAflR gene is involved in the production of the virulence factor 

dothistromin. All three dsRNAs were labelled with fluorescein to detect its uptake into 

cells, which was successful. RNA silencing was detected by reduced gene expression 

levels in vitro for samples treated with DsAflR 1-, DsAflR 2-dsRNA, as well as the RNAi 

control eGFP. There was a statistically significant reduction in DsAflR gene expression 

by applying DsAflR 1-dsRNA to D. septosporum grown on agar; however not all the 

reductions seen for treatment with each respective dsRNA were statistically significant 

and a lot of variability was observed between replicates. In planta silencing trials, in 

which pine shoots were treated with dsRNA and inoculated with D. septosporum spores, 

revealed  reductions in fungal biomass in dsRNA treated samples in some cases, although 

more replicates are needed to confirm these results. Nevertheless this study has 

contributed new knowledge for the development of spray applications of dsRNA to 

reduce DNB disease. It provides a starting point for more research in controlling forest 

pathogens and could ultimately help to replace existing chemical-based forest 

management practices. Furthermore, the knowledge gained is applicable to a diverse 
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range of pathogens and plant hosts, for which this ground-breaking technology holds 

great promise.  
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another fungal species which also causes DNB (Barnes et al., 2004) in many pine species, 

but is not found so frequently as D. septosporum and is not present in NZ. 

 
Symptoms of DNB begin with the appearance of yellow-brownish spots that develop into 

wider bands of brick-red necrotic lesions (Figure 1.2). The lesion colour is a result of the 

fungus producing a mycotoxin called dothistromin, which is a virulence factor (Kabir et 

al., 2015a) (see section 1.1.5), although mild disease symptoms are still caused in its 

absence. Within these red bands, black spots can be seen, which contain fruiting bodies 

comprising of asexual spores (Bradshaw, 2004). The symptoms of needle dieback 

generally start at the base of the crown of pine trees and radiate upwards to the top of the 

tree (Bulman et al., 2016). D. septosporum has detrimental effects on pine, killing needles 

and in severe cases resulting in tree death (Bradshaw, 2004; Gilmour, 1967). However, 

the severity of disease depends on factors such as host susceptibility, the inoculum level 

of the fungus, the age of the tree and climatic conditions (Brown & Webber, 2008; Woods 

et al., 2016). As a result of DNB disease, the growth of trees is affected and needle 

defoliation usually occurs within the months of September and October (Southern 

Spring), though on current foliage needle defoliation is prevalent in the warmer months 

of Summer.  

 

 

Figure 1.2. Symptoms of Dothistroma needle blight (DNB). (A) Pine needle not 
infected by Dothistroma septosporum. (B) Early symptom of DNB showing a lesion 
developing on an affected needle and the production of dothistromin. (C) Late stages of 
infection, indicating the presence of fruiting bodies within the lesion (Kabir et al., 2015b). 
(D) Dieback of needles in the lower parts of Pinus radiata trees. Adapted from Bulman 
et al. (2008).  
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(Brakhage, 2013). Most SM genes are clustered (Keller, 2019), but some can have a more 

complex organisation (Chettri et al., 2013; Rokas et al., 2018).  

D. septosporum produces the mycotoxin dothistromin, which is classified as a polyketide 

and is also a virulence factor. This broad-spectrum toxin is produced in vitro and in planta 

(Bassett & Buchanan, 1970). The chemical structure of dothistromin is similar to that of 

the aflatoxin (AF) precursor versicolorin B (Bradshaw, 2004) (Figure 1.5). Dothistromin 

plays an important role in DNB disease, as confirmed from studies with dothistromin 

deficient mutants defective in PksA (polyketide synthase) or HexA (fatty acid synthase) 

genes. These knockout mutants either showed no production or reduced levels of 

dothistromin. Further, there were reduced DNB symptoms on pine, suggesting lower 

pathogen virulence (Chettri et al., 2013; Kabir et al., 2015a). 

Figure 1.5. Structures of dothistromin and the related compounds versicolorin A/B 

and aflatoxin. (A) Veriscolorin A. (B) Aflatoxin B1. (C) Versicolorin B. (D) 

Dothistromin. All compounds show structural similarity. Adapted from Bradshaw (2004). 

 
Despite fungal secondary metabolite genes usually having a clustered arrangement in a 

genome, genes involved in the synthesis of dothistromin are arranged at separate loci (six 

in total) on a 1.3-Mb chromosome (Chettri et al., 2013). One of these genes, DsAflR 

(dothistromin pathway regulatory gene), is a key regulator of dothistromin genes and 

affects the expression of other biosynthetic genes in the pathway; the majority of 

dothistromin biosynthetic genes are downregulated in D. septosporum AflR mutant strains 
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mortality to entire Pinus contorta (lodgepole pine) plantations. Woods et al. (2005) 

distinguished trends in precipitation events, leading to the suggestion that a key driver of 

DNB epidemics in Canada is wetter summers, leading to increased severity of DNB 

disease. It has also been suggested that the increased occurrence of DNB disease 

outbreaks is linked to climate change and El Niño-Southern Oscillation (ENSO) events.  

 
ENSO is a key driver of climatic factors, such as temperature and precipitation (droughts, 

floods, tropical cyclones), leading to variability in climate (Zebiak et al. (2014); Figure 

1.6). Coexistence of El Nino events and DNB epidemics was thought to occur in the late 

1990s. For example, around 1997/1998 there was an El Nino event (Cai et al., 2014), 

which occurred during the time of a major outbreak of DNB in Canada (Woods et al., 

2005). Climatic factors, in particular El Niño events, leading to increased precipitation 

and temperatures, have ultimately affected certain stages of the life cycle of 

D. septosporum, such as those present in Figure 1.7, including spore release and dispersal, 

germination and infection. This, in turn, results in an increase in incidence and severity 

of disease.  

 

 

 

 

 

 

 

Figure 1.7. Climatic factors influencing the occurrence of Dothistroma needle blight 
(DNB) outbreaks, by affecting stages of the fungus throughout its life cycle. The 
increasing incidence and severity of DNB disease has been triggered as a response to 
climatic factors, such as increased periods of wetness and variable temperatures, which 
have impacted on the dispersal and germination of spores and hence infection levels. 
Adapted from Woods et al. (2016). 

 

The choice of host species planted in commercial forests can also influence the disease 

outcome, as some species of pine have a higher degree of susceptibility to DNB compared 
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trees through wider spacing. Thinning has been successful in reducing the incidence of 

disease in some countries, such as Britain where copper fungicides are not used in forest 

areas (Bulman et al., 2016). Pruning involves the removal of heavily infected branches, 

allowing increased airflow, as well as reduced inoculum (Bulman et al., 2004). It can be 

effective in suppressing disease levels for one season (Bulman et al., 2008). While it may 

have some benefits, additional control measures may be needed.  

 
D. septosporum can be controlled through breeding P. radiata for increased resistance to 

DNB disease. Breeding is likely to be successful in countries where there is a clonal 

population of the pathogen, such as in NZ, where the D. septosporum population is 

predominantly clonal and only one mating type is present (Barnes et al., 2014; Bradshaw 

et al., 2019). In NZ breeding efforts are centred at the Radiata Pine Breeding Co-operative 

(Jayawickrama & Carson, 2000). Resistance to DNB refers to pine species that have 

increased resistance or tolerance to infections caused by D. septosporum. The breeding 

process is costly and time consuming, since it takes seven years for P. radiata to reach 

sexual maturity (Bradshaw, 2004). However, the overall level of disease control likely to 

be achieved from breeding pines for increased resistance will be improved due to NZ 

having a relatively small pathogen population, due to the effectiveness of chemical 

control and also because of the increased tolerance of P. radiata to DNB after 15 years 

of age (Bulman et al., 2013).  

 
Studies of the roles of pathogen effector proteins in plant-pathogen interactions hold great 

potential for characterising and identifying plant resistance genes for use in breeding 

programmes and some effector characterisation has been achieved in D. septosporum 

(Guo et al., 2020; Hunziker et al., 2021). Effectors are virulence factors produced by 

pathogens to allow colonization and growth inside the plant (Lo Presti et al., 2015; 

Rocafort et al., 2020). Plants can recognise pathogen effectors if they have corresponding 

immune receptors, with this recognition resulting in defence responses, such as the 

hypersensitive cell death response (HR) that renders the fungus avirulent (Spoel & Dong, 

2012) and prevents the pathogen from growing within plant tissue (Heath, 2000). Plant 

breeding programmes could be advanced through the use of propagating plants with 

certain immune receptors, so that they are able to detect known core (conserved) effectors, 

leading to broad-spectrum resistance. For example, the core effector protein Ecp2-1 is 

conserved across multiple pathogens and has been identified in D. septosporum, where it 



12 
 

appears to play a role in restricting the growth of this pathogen in pine, possibly by 

eliciting plant defence (Guo et al., 2020). Other candidate D. septosporum effector 

proteins, such as Ds70057, Ds70694, Ds71487, Ds74283 and Ds131885 are able to cause 

a HR in the non-host plants Nicotiana benthamiana and/or Nicotiana tabacum, suggesting 

that they may be able to be recognised by immune receptors in these species. Of interest, 

one of these candidate effectors, Ds70057, was also able to elicit a HR in P. radiata and 

is a highly expressed candidate effector that is also upregulated during the mid and late 

stages of DNB disease in planta (Hunziker et al., 2021). This suggests that pine has an 

immune receptor corresponding to this effector, although D. septosporum could use the 

cell death associated with HR as a means of initiating a switch from biotrophy to 

necrotrophy. Due to this uncertainty, more research is required to answer these questions. 

It is likely that future outcomes of breeding will be facilitated from molecular studies, 

such as the identification and use of molecular markers associated with resistance, over 

traditional procedures such as selecting pines with phenotypic traits. One such study 

identified resistance genes under positive selection that may respond to D. septosporum 

effectors (Lu et al., 2021) and could have the potential to aid in the development of 

selective breeding.  

 
Biological control is a potentially useful tactic to apply to the management of DNB 

disease. An in vitro study showed that some Trichoderma and Bacillus species inhibited 

growth and exhibited antagonistic activity towards D. septosporum (McDougal et al., 

2011). In other studies the bacterium Aneurinibacillus migulanus was shown to lower the 

severity of DNB disease in Pinus contorta (Alenezi et al., 2016) and various fungal 

endophytes were tested as biocontrol agents in the pine host P. ponderosa. Of these, 

Penicillium goetzii significantly reduced disease severity, while Bionectria ochroleuca, 

Elytroderma species, Hormonema dematioides, and Penicillium raistrickii significantly 

increased disease severity (Ridout & Newcombe, 2015). Future studies need to be carried 

out to establish whether biocontrol of foliar pathogens is effective in the forest situation. 

Nevertheless, biological control has been shown to have some potential.  

 
Despite utilising these disease control strategies to control or prevent DNB, 

D. septosporum continues to cause disease. The discovery of topical applications of RNA, 

as a tool for managing plant disease in agricultural and horticultural settings, could be a 

useful additional tool for controlling forest pathogens such as D. septosporum. 
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1.2 RNA silencing  
 
RNA carries out many roles within cells. A major role of some types of RNA is to 

synthesise proteins from mRNA encoding genetic information, in the process of 

translation. There are three types of RNAs involved in translation, including messenger 

RNA (mRNA), ribosomal RNA (rRNA) and transfer RNA (tRNA). RNA also has 

structural, enzymatic, or regulatory roles. For example, RNA molecules can regulate gene 

expression to turn specific genes on or off as needed for many processes like development 

and cellular differentiation (Morris & Mattick, 2014). RNA silencing (also known as 

RNA interference - RNAi) is a mechanism of gene regulation at the post-transcriptional 

level, which deploys small non-coding RNAs (sRNAs) to instigate gene silencing. The 

three key classes of sRNAs are micro RNAs (miRNAs), small interfering RNAs 

(siRNAs) and P-element induced wimpy testis (PIWI)-interacting RNAs (piRNAs) 

(Burroughs et al., 2014). 

 

1.2.1 Discovery of RNA silencing 
The phenomenon of RNA silencing was revealed in the 1990s by molecular biologists, 

who introduced transgenes into organisms to overexpress certain genes. Instead of 

overexpression, genes were knocked down or silenced, preventing protein translation 

(Burroughs et al., 2014). In one of these studies, extra copies of the chalcone synthase 

(CHS) genes were introduced into petunia flowers via transformation to obtain purple 

petals (Napoli et al., 1990). The transgenes introduced targeting CHS genes were either 

in sense or antisense orientation. As a result, RNA silencing occurred in the central region 

of flowers, the abundance of CHS mRNA was reduced and pigmentation was completely 

or partially inhibited in some flowers. This was termed co-suppression or post-

transcriptional gene silencing (PTGS) (Cogoni & Macino, 2000). Even though mRNA 

transcripts were synthesised via transcription of DNA to RNA, there was silencing of the 

target gene as mRNA transcripts were degraded (Hammond et al., 2001). Scientists later 

discovered that dsRNA (sense and antisense strands combined) was more efficient at 

blocking protein translation than single-stranded sense or antisense RNA (Fire et al., 

1998). This was confirmed by testing RNAi in Caenorhabditis elegans. Antisense mRNA 

and dsRNA were injected into ovaries expressing mex-3 mRNA, which is a gene encoding 

a KH domain (known to interact with RNA) that plays a role in blastomere identity in C. 

elegans embryos (Draper et al., 1996). An in situ hybridization study of cells treated with 
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mediate amplification of the siRNAs (Majumdar et al., 2017) (Figure 1.9). Dicer and/or 

DCLs, AGO and RDRPs make up the components of the RNAi silencing machinery 

(Chapter 3, section 3.1).  

 

 

 

 

 

 

 

 

 

Figure 1.9. General mechanism of RNA silencing. Dicer processes double-stranded 
RNAs (dsRNAs) or hairpin RNAs (hpRNAs) into small interfering RNA (siRNA) 
duplexes. These associate with Argonaute (AGO) in an RNA-induced silencing complex 
(RISC), where the antisense strand RNA binds with AGO. The siRNA/RISC complex 
binds mRNA with a complementary sequence to the siRNA. The degraded target RNA is 
effectively silenced. There can also be recycling of the siRNA/RISC complex and RNA-
dependent RNA Polymerase (RdRP)-mediated amplification of siRNA. Figure 
reproduced from Majumdar et al. (2017).  

 
There are two types of RNAi-based approaches to achieve suppression of disease and 

plant protection: host-induced gene silencing (HIGS) and spray-induced gene silencing 

(SIGS) (Figure 1.7). HIGS generates transgenic plants that express dsRNAs that can, for 

example, silence genes within an invading pest or pathogen (insect pest, virus, oomycete, 

and/or fungal pathogen). HIGS is also used for producing plants with desired traits to 

enhance their resistance to pathogens, or for applications other than pathogen control. For 

example, HIGS has been used to study the role of cell wall-related genes, such as those 

involved in lignin biosynthesis (Wagner et al., 2007), by silencing an enzyme involved in 

the biosynthesis of methoxylated monolignols called hydroxycinnamoyl - CoA: shikima

te hydroxycinnamoyltransferase (HCT) in P. radiata. SIGS involves the exogenous 

application of dsRNAs in the form of an RNA spray, which are taken up into cells. The 

latter approach eliminates the need to create transgenic plants (Machado et al., 2018). 
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HIGS and SIGS work in different ways (Figure 1.10). With HIGS, the dsRNAs are 

processed into siRNAs by the plant and these can be delivered into a fungal pathogen by 

extracellular vesicles (EVs) via the symplast (Höfle et al., 2020). Genetically modified 

plants, which express specific dsRNAs, designed to target a specific fungal gene 

characteristic to the pathogen, are processed into smaller sequences called siRNAs by the 

plants' DCLs. These siRNAs are responsible for degrading mRNAs within the fungal 

pathogen, reducing its ability to cause infection (Sang & Kim, 2020). The process of SIGS 

begins with direct spray application of the dsRNAs onto the plant, which are taken up 

into EVs in the apoplast and then into the fungus or into the plant itself, where DCLs work 

to chop up the dsRNAs to produce siRNAs (Höfle et al., 2020). Thus there are two 

different pathways - uptake of dsRNAs is either directly by the fungus itself, or indirectly 

by the plant before transportation into the fungus - which result in the same outcome, that 

is, blocking protein translation by reducing mRNA levels of target genes in comparison 

to endogenous expression (Sang & Kim, 2020).  

 

 

 

 

 

 

 

 

 

 
 
Figure 1.10. Mechanisms of host-induced gene silencing (HIGS) and spray-induced 
gene silencing (SIGS) to silence genes within fungal plant pathogens. (A) HIGS is 
where transgenic plants are generated which express sequence-specific double-stranded 
RNAs (dsRNAs) targeting specific genes, such as those in a fungal pathogen. The 
dsRNAs are cleaved into small interfering RNAs (siRNAs) by either plant Dicer-like 
proteins (DCLs) inside the plant or by fungal DCLs in the fungus. Then, these degrade 
pathogen mRNAs to counteract pathogen virulence. (B) SIGS: dsRNAs targeting 
pathogen genes are sprayed onto the surfaces of plants (e.g. Strawberry, lettuce, canola, 
and barley). The fungal pathogen can either directly take up the dsRNAs, or the host plant 
takes these up first before they or the siRNAs are transferred into the fungus to silence 
target genes (Sang & Kim, 2020). 
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1.2.3 Roles of RNA in communication between plants and fungi 
Communication between plants and fungi is essential for cross-kingdom RNAi (or 

bidirectional cross-kingdom RNA trafficking), a mechanism referring to the transfer of 

siRNAs between pathogens and host plants. Plants can produce host-derived siRNAs, 

which are taken up by the pathogen from EVs. In turn, the pathogen can also produce 

siRNAs that can act as effectors to silence genes within the plant (Figure 1.11) (Huang et 

al., 2019). For example, the effector protein HopT1 from Pseudomonas syringae inhibits 

the activity of its host AGO1 protein (Navarro et al., 2008). It has been suggested that the 

movement of siRNAs occurs via EVs in the plant, or by transporters in the plasma 

membrane. However, many knowledge gaps still exist (Majumdar et al., 2017). HIGS and 

SIGS are relatively new technologies that have come about to control pathogens. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. Representative schematic diagram of bidirectional RNA trafficking 
between plants and fungi. The transfer of small interfering RNAs (siRNAs) occurs 
across two cell types (plant and fungus). siRNAs derived from the host plant are 
transported into fungal pathogens in secreted extracellular vesicles (EVs) to aid in 
suppression of fungal virulence genes. siRNAs derived from the fungal pathogen can act 
as effectors to be transported into the host plant, whereby silencing of host defence genes 
can be exploited by the pathogen utilising the host Argonaute (AGO) protein, resulting in 
successful invasion by the fungal pathogen (Huang et al., 2019). 
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1.2.4 Applications of RNA silencing  
RNA silencing technology has been utilised for studying gene functions, the roles of 

proteins, and their regulation in signalling pathways (Baulcombe, 2004). This molecular 

tool has also been used for breeding crops to increase nutritional value, through targeting 

specific metabolites (Koch & Kogel, 2014). RNA silencing has a diverse range of 

applications, like helping to provide solutions for individuals with food allergies or 

intolerances. For example, to produce crops that are hypoallergenic, or have reduced 

autoimmunogenic activity to help individuals with Coeliac disease to consume wheat 

(gluten)-containing foods (Wen et al., 2012). RNA silencing also has application in 

transgenic plants with increased resistance through HIGS against insects, nematodes, 

bacteria and fungi. External applications of RNA by SIGS have been shown to be 

effective in controlling a wide range of fungal-plant pathogens (Wang & Jin, 2017). There 

are advantages and disadvantages posed by both silencing technologies. A comparison of 

features characteristic to HIGS and SIGS is shown in Table 1.1. 
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1.2.5 Applications and examples of host-induced gene silencing (HIGS) 
to control pathogens 
HIGS relies on the production of transgenic organisms and involves expression of 

hpRNAs or siRNAs (Machado et al., 2018). This RNA-based silencing technology has 

been successful in controlling many pathogens (Table 1.2). For example, in tobacco HIGS 

reduced the virulence of Sclerotinia sclerotiorum, through targeting the chitin synthase 

gene of this fungal pathogen (Andrade et al., 2016). Although HIGS may be an effective 

management strategy to control diseases, it has limitations. There is controversy over the 

use of genetically modified organisms (GMOs) as transgenic plants are generated. There 

are also technical limitations of the impact of RNA instability (Wang & Jin, 2017). Other 

disadvantages include not having transformation protocols for some crop species. HIGS 

may not be effective in controlling infections post-harvest. The reason for this could be 

due to limited cross kingdom trafficking of RNA between the plant and fungal pathogen, 

and low metabolic activities and/or fundamental processes occurring in the plant 

(Machado et al., 2018). Just as there is selection for resistance by adaptation in the 

population, allowing stronger individuals to survive (Lee et al., 2010), individuals within 

the population can also adapt and increase in abundance, so that they are no longer 

susceptible to HIGS. In this case, there would be strong selection of these individuals 

with the population, as a survival mechanism to counteract the effects of the silencing 

technology. Variation may already exist within the population, therefore HIGS may not 

be effective. 

 
Advantages of HIGS include its high specificity and its potential to establish control, even 

when there are mismatches in the target sequence. HIGS can be tailored to control more 

than one pathogen, though careful design is essential to target multiple genes (Machado 

et al., 2018). A major concern associated with RNA silencing technologies is off-target 

effects (OTEs), which could have impacts on the host plant and beyond (Roberts et al., 

2015). A solution to prevent OTEs is to target genes highly specific to the pathogen. If 

the targeted genes were similar to those in the plant host or other species, this could 

greatly impact on the yield or growth of the plant, or disturb the symbiotic balance with 

beneficial organisms like mycorrhizas, rhizobia and biocontrol species, like Trichoderma 

(Machado et al., 2018). 

 



21 
 

Pathogens may also acquire a suppression system which could hinder the effects of RNAi. 

This possibility has been studied in oomycete pathogens (Machado et al., 2018). For 

example, effector proteins secreted by Phytophthora infestans within host cells have been 

shown to suppress RNA silencing by inhibiting siRNAs produced by plant DCLs (Qiao 

et al., 2013). Additional research is necessary to investigate whether plant pathogenic 

fungi are also able to suppress RNAi, by a means of secretion of fungal effectors, or via 

another mechanism of action (Machado et al., 2018).  
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Fusarium head blight (FHB) (Koch et al., 2016). Together, these studies have shown the 

potential for SIGS in suppressing fungal plant diseases (McLoughlin et al., 2018). 

 
SIGS is a sustainable and environmentally friendly approach to achieving crop protection. 

Like HIGS, it is also specific so that the dsRNA does not trigger silencing of unintended 

genes in other pathogens or plants (Machado et al., 2018). SIGS has been shown to be 

effective in controlling diseases in monocots and dicots (Huang et al., 2019). This strategy 

is powerful and fast, making it advantageous over other methods of disease control. 

Unlike fungicides, which have harmful effects on the environment, SIGS will not leave 

behind toxic residues (Wang & Jin, 2017). SIGS is also likely to be beneficial over HIGS 

to control infections post-harvest on fruits, leaves, dried seeds, or roots, although 

experiments need to be conducted to validate post-harvest control and determine the best 

time to spray (Machado et al., 2018; Majumdar et al., 2017). DsRNA can be taken up 

directly by the metabolically active pathogen or host plant, whereas there are limited 

opportunities for cross-kingdom tracking of RNA between two cell types (plant and 

pathogen) in HIGS and there is also not much activity occurring in the plant  (Machado 

et al., 2018). SIGS could potentially be adapted to spray forests, forest nurseries, and 

P. radiata plantations in NZ and other countries to control DNB and other diseases. 

 

 

 

 

 

 

 

 

 

 



https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwj4g77F1PH1AhUtIbcAHcAQA78QFnoECAQQAQ&url=https%3A%2F%2Fwww.uniprot.org%2Funiprot%2FQ01852&usg=AOvVaw0frhSl4SNU-L6Y2N-NbZEZ
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwj4g77F1PH1AhUtIbcAHcAQA78QFnoECAQQAQ&url=https%3A%2F%2Fwww.uniprot.org%2Funiprot%2FQ01852&usg=AOvVaw0frhSl4SNU-L6Y2N-NbZEZ
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwj4g77F1PH1AhUtIbcAHcAQA78QFnoECAQQAQ&url=https%3A%2F%2Fwww.uniprot.org%2Funiprot%2FQ01852&usg=AOvVaw0frhSl4SNU-L6Y2N-NbZEZ
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwj4g77F1PH1AhUtIbcAHcAQA78QFnoECAQQAQ&url=https%3A%2F%2Fwww.uniprot.org%2Funiprot%2FQ01852&usg=AOvVaw0frhSl4SNU-L6Y2N-NbZEZ
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Table 1.3. Continued. 

 

  

Insect pest Host plant Target gene(s) Target gene 
function 

Conclusion Reference 

Caterpillar Arabidopsis 
thaliana  
Solanum 
lycopersicum 
(Tomato) 

DCL2, PolIV Dicer-like protein 
2, polymerase 

Showed 
inherited 
resistance 
over 2 
generations 
through a 
mechanism 
of DNA 
methylation  

Rasmann et 
al. (2012) 

Caterpillar Arabidopsis 
mutants 
defective in 
jasmonate 
perception or 
siRNA 
biogenesis 

COI1, DCL2, DCL3, 
DCL4, NRPD2A, 
NRPD2B 

Coronatine 
insensitive 1, 
dicer-like proteins, 
nuclear RNA, 
polymerase d2a, 
nuclear RNA 
Polymerase d2b 

No inherited 
resistance 

Rasmann et 
al. (2012) 

Diabrotica virgifera 
virgifera LeConte 
(western  
corn rootworm)  
 

Transgenic 
corn plants 

- Essential genes Larval 
stunting and 
mortality, 
reduction in 
feeding 
damage 

Baum et al. 
(2007) 

Leptiotarsa 
decemlineata 
(Potato beetle) 

Solanum 
tuberosum 
(Potato) 

actin Gene is important 
for cellular 
processes 

Inhibited 
larval growth 

San Miguel 
and Scott 
(2016) 

L. decemlineata Potato V-ATPase A and V-
ATPase E orthologs 
 

Vacuolar-type H + 

ATPases 
 

Larval 
mortality 

Baum et al. 
(2007) 

Schmidtea 
mediterranea 
(Planarian-flatworm) 

- astacin-like MP (B10), 
arrestin E30, H.108.3a 

Metalloproteinases Inhibited 
gene 
expression 

Newmark et 
al. (2003) 

Oomycete      
Hyaloperonospora 
arabidopsidis 

A. thaliana CesA3 Cellulose synthase 
A3  

Suppressed 
infection 

Bilir et al. 
(2019) 

Virus      
Tobacco Mosaic 
Virus (TMV) 

Nicotiana 
tabacum L 
cv. Xanthi 
(Tobacco) 

TMV p126 Silencing 
suppressor and 
coat protein genes 

50-65% 
resistance to 
virus 

Konakalla 
et al. (2016) 

Bacteria      
Erwinia amylovora Apple DspE-interacting kinases Host enzymes Resistance to 

infection 
Boureau et 
al. (2006) 
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1.3 Hypothesis, aims and objectives  
The notion of RNA silencing to control fungal pathogens has been explored by plant 

biologists to counteract crop losses, but there has been very little focus on using this tool 

to control forest pathogens. Using D. septosporum as a model fungal pathogen that causes 

disease in pines, the focus of this project was to use SIGS to reduce the virulence of 

D. septosporum and lessen the effects of the disease when pine hosts are under attack. To 

address the potential for RNA-based silencing technology to attempt to control a forest 

pathogen, the following aims and objectives were pursued: 

 

Hypothesis: 
RNA silencing using exogenous spray applications of RNA can reduce the virulence of 

D. septosporum in infecting its host plant P. radiata.  

 
Objective 1: 

Identify the best pathogen target genes for RNA silencing trials.  

This will be achieved by conducting an extensive literature search to help identify what 

genes have been successfully targeted and silenced in other fungal species, and to search 

for pathogen genes with predicted or known functions, such as virulence factors, in the 

D. septosporum genome. A list of candidate gene targets for D. septosporum will be 

generated and their in planta expression data will be assessed to help determine which 

genes would be ideal to target for RNAi. The candidate genes will be checked for the 

presence of OTEs in the D. septosporum genome and also other fungal species, using the 

D. septosporum target gene sequences as queries against other fungal species, to ensure 

specificity of the target sequence.  

 

Objective 2: 

Make RNA silencing constructs and dsRNA for each of the specific targets. 

To facilitate the development of RNAi for controlling D. septosporum by SIGS, 

constructs will be generated by Polymerase Chain Reaction (PCR) amplification of the 

target genes DsAflR (dothistromin pathway regulatory protein) and eGFP (enhanced 

green fluorescent protein). The amplicons will be cloned in a plasmid vector and used as 

templates for dsRNA synthesis. The eGFP-dsRNA will serve as a control, as there will 

be a visual decrease in fluorescence if this gene has been silenced. 
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Objective 3: 

Determine the effects of RNA silencing on Dothistroma septosporum gene expression 

in vitro. 

To determine if the dsRNA is delivered into fungal cells, the dsRNA will be labelled with 

a fluorophore (Cy3; cyanine 3-UTP). Confocal microscopy analyses will be conducted to 

detect successful uptake of the labelled dsRNA. Once dsRNA uptake is established the 

effects of applying different concentrations of dsRNA to D. septosporum mycelium 

cultures will be trialled to optimise maximum knockdown of the target genes. The mRNA 

transcript levels of DsAflR and eGFP will be measured at different intervals post 

inoculation of dsRNA using qRT-PCR to analyse changes in mRNA transcript abundance 

between dsRNA-treated and untreated samples.  

 

Objective 4: 

Determine the effects of RNA silencing on Dothistroma septosporum gene expression 

and virulence in planta (Pinus radiata). 

To further investigate the significance of silencing DsAflR and eGFP, in planta assays 

will be carried out in the host plant P. radiata. Disease symptoms will be monitored in 

combination with fungal biomass and target gene expression to determine if the pathogen 

shows reduced DsAflR or eGFP gene expression and supressed virulence.  

 

Through performing research to investigate RNA silencing as a potential control measure 

for disease management and prevention, I aim to provide a starting point for further 

research so that RNA silencing can be adapted and optimised to field applications in the 

forest. This will be the first study to provide a blueprint for controlling other forest 

pathogens using SIGS technology.  



https://mycocosm.jgi.doe.gov/Dotse1/Dotse1.home.html








https://www.geneious.com/
https://www.geneious.com/
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2.8 Transformation of Dothistroma septosporum 
Transformation of D. septosporum was carried out using the GFP plasmid pR239 (Table 

2.2) (Tanaka et al., 2006), in order to make an eGFP-expressing control strain that could 

be used for targeting eGFP with dsRNA. A protoplast-based approach was utilised for 

D. septosporum transformation (Bradshaw et al., 1997) (Figure 2.1), using the procedure 

by Yelton et al. (1984) to prepare protoplasts.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.1. Flow chart of the procedure for protoplast transformation. (2.8.1) Protoplasts 
were prepared for transformation by harvesting mycelia and washing with OM buffer. Glucanex 
was added to digest the D. septosporum cell wall. (2.8.2) The DNA was taken up by the 
protoplasts. Protoplasts were plated and left to grow and penetrate through the layers of RG agar 
to form colonies on the selective media. (2.8.3) For screening selected transformants gDNA was 
isolated from fungal colonies and used as template for PCR to verify insertion of the GFP gene.   







https://www.thermofisher.com/order/catalog/product/AM1626#/AM1626
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https://www.thermofisher.com/document- connect/document- connect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFS- Assets%2FLSG%2Fmanuals%2Fcms_072987.pdf
https://www.thermofisher.com/document- connect/document- connect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFS- Assets%2FLSG%2Fmanuals%2Fcms_072987.pdf
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https://www.eurofinsgenomics.eu/en/ecom/tools/sirna-design/
https://www.eurofinsgenomics.eu/en/ecom/tools/sirna-design/
https://rnaidesigner.thermofisher.com/rnaiexpress/
https://rnaidesigner.thermofisher.com/rnaiexpress/
https://horizondiscovery.com/en/products/tools/siDESIGN Center
https://horizondiscovery.com/en/products/tools/siDESIGN Center
https://www.zhaolab.org/pssRNAit/
https://www.zhaolab.org/pssRNAit/
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 Table 2.11. List of query sequences from published studies used to identify 

orthologous genes in the Dothistroma septosporum genome.   

Species Gene Name Accession 
number (NCBI)  

Reference 

Aspergillus 
nidulans 

AflR Aflatoxin regulator AAC49195.1 Chettri et al. 
(2013) 

A. parasiticus AflR Aflatoxin regulator AAS66018.1 Chettri et al. 
(2013) 

Botrytis cinerea Bctrr1 Thioredoxin 
reductase 

XP_001560033.1 McLoughlin 
et al. (2018) 

B. cinerea TIM44 
(BC1G_04775) 

 

Mitochondrial 
import inner 
membrane 

translocase subunit 

XP_001556757.1 McLoughlin 
et al. (2018) 

Fusarium 
graminearum 

DCL1 
(FGSG_09025) 

Dicer-like protein-1 XP_011328775.1 Werner et al. 
(2020) 

F. graminearum DCL2 
(FGSG_04408) 

Dicer-like protein 2 XP_011321198.1 Werner et al. 
(2020) 

F. graminearum CYP51A 
(FGSG_04092) 

Cytochrome P450 
demethylase 

XP_011321548.1 Koch et al. 
(2016) 

F. graminearum CYP51B 
(FGSG_01000) 

Cytochrome P450 
demethylase 

XP_011316750.1 Koch et al. 
(2016) 

F. graminearum CYP51C 
(FGSG_11024) 

Cytochrome P450 
demethylase 

XP_011325340.1 Koch et al. 
(2016) 

Sclerotinia 
sclerotiorum 

TIM44 
(SS1G_06487) 

Mitochondrial 
import inner 
membrane 

translocase subunit 

XP_001592247.1 McLoughlin 
et al. (2018) 

S. sclerotiorum (SS1G_05899) Thioredoxin 
reductase 

XP_001592977.1 McLoughlin 
et al. (2018) 

S. sclerotiorum (SS1G_01703) Aminoacyl tRNA 
ligase 

XP_001597509.1 McLoughlin 
et al. (2018) 
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Chapter 3: Identification and Characterisation of Target 
Gene Candidates for Spray-induced Gene Silencing (SIGS) 
 

3.1 RNA interference (RNAi) silencing machinery genes in 
fungi 
In eukaryotic organisms, such as plants and fungi, gene silencing by RNA is a conserved 

process. In the fungal kingdom, for example, it occurs in Ascomycetes, Basidiomycetes 

and Zygomycetes (Cogoni & Macino, 1999; Wang et al., 2010). RNA silencing plays two 

important roles: to protect cells from viruses and transposons, as well as to regulate the 

expression of endogenous genes (Borges & Martienssen, 2015; Swarts et al., 2014). There 

are three key components of the RNAi silencing machinery, which facilitate the 

recognition and processing of sequence-specific dsRNAs into siRNAs. These are the 

AGO-PIWI protein family, DCL and RdRP proteins (Casas-Mollano et al., 2016; 

Shabalina & Koonin, 2008). To regulate the expression of genes and initiate silencing, 

small non-coding RNAs (sRNAs) interact with protein components of the RNAi 

machinery (Carthew & Sontheimer, 2009; Guo et al., 2016). 

 

The AGO-PIWI superfamily of proteins generally includes two types of polypeptides, 

represented by ARGONAUTE1 (AGO1) from Arabidopsis thaliana and PIWI from 

Drosophila melanogaster (fruit fly) . Importantly, AGO-PIWI proteins are essential 

components, which can even function in gene silencing independently from Dicer or 

RdRPs (Casas-Mollano et al., 2016). For example, in animals, a Dicer-independent 

pathway can be initiated by PIWI-interacting RNAs (piRNAs), which are bound by PIWI 

proteins in the PIWI pathway (Malone & Hannon, 2009). These are a class of sRNAs that 

associate with PIWI proteins in animals (Iwasaki et al., 2015). Other RNAi pathways can 

also function without Dicer, whereby siRNAs can be made by RdRP proteins that make 

these short transcripts, then bind to AGO proteins to initiate the silencing cascade. This 

Dicer-independent RNAi pathway has also been found in the nematode C. elegans (Aoki 

et al., 2007; Pak & Fire, 2007; Sijen et al., 2007). 

 

The conserved tertiary structure of AGO-PIWI proteins in eukaryotes includes multiple 

domains, which play different roles in the RNAi pathway. The N-terminal domain is 

involved in cleaving target RNA and separating the passenger strand (sense) from the 

antisense strand (guide) for initiating gene silencing. A second domain, the PIWI-
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proteins evolved, but it has been suggested that the Dicer family became prevalent early 

in the evolution of eukaryotes and became widespread in eukaryotic organisms like 

animals, plants, fungi and ciliates (protists) (Cerutti & Casas-Mollano, 2006). The general 

structure of Dicer or DCL proteins is represented in Figure 3.2B, where it has various 

domains, including a DEAD/DEAH-like helicase domain, helicase domain (HELICc 

superfamily C-terminal domain), DUF283 (domain of unknown function, but found to 

contain a dsRNA-binding fold in A. thaliana (Qin et al., 2010)), PAZ domain, two RNase 

III catalytic domains (a and b) and a dsRNA-binding motif domain (Casas-Mollano et al., 

2016). The DEAD/DEAH-like domain is an RNA helicase domain that unwinds the 

dsRNA with its helicase activity. In turn, there is also another helicase domain also 

involved in RNA unwinding (Kini & Walton, 2007). The PAZ domain (also present in 

AGO) is responsible for binding dsRNA. The processing of dsRNA takes place within 

the two active sites of the RNase III domains to cleave the sense and antisense RNA 

strands, producing ssRNA (Carthew & Sontheimer, 2009). 

 
 
The third component of the RNAi machinery, RdRP, has a single RNA-dependent RNA 

polymerase domain. This enzyme generates dsRNA from single-stranded transcripts and 

in some cases can act to produce secondary siRNAs. The process of secondary 

amplification of siRNAs can occur in both the fungus and the plant, whereby these 

siRNAs are processed by the RNAi machinery in either cell type. The process of 

synthesising secondary siRNAs requires an RdRP (Pak & Fire, 2007). A single domain 

is present in RdRP proteins (Figure 3C, Casas-Mollano et al. (2016)) that is required for 

generating dsRNA from ssRNA, or to amplify siRNA signals (Cogoni & Macino, 1999). 

 
 
Whilst there is conservation of RNAi genes, some fungal species are known to possess 

multiple copies of the RNAi genes. Examples where fungal species belonging to the 

Dothideomycetes harbour different numbers of RNAi genes are shown in Table 3.1. Why 

certain fungal species have multiple copies whilst other species do not (Choi et al., 2014) 

is uncertain, although the RNAi machinery is known to have a broad spectrum of roles in 

fungi. Studies on mutants of the FHB pathogen, F. graminearum, that are deficient in one 

or more of the components of the RNAi machinery, including Dicer, AGO and RdRP, 

demonstrated important roles of these proteins in other processes, such as conidiation, 

sexual development and pathogenicity (Gaffar et al., 2019). This is supported by the 
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findings of Weiberg et al. (2013), Kusch et al. (2018), Carreras-Villasenor et al. (2013), 

Segers et al. (2007) and Campo et al. (2016), where other roles of RNAi machinery have 

been elucidated in fungi. In some species there is functional redundancy, with multiple 

copies of RNAi pathway components, where only one functioning version of a gene is 

actually required. The genome of Colletotrichum higginsianum, for example, encodes 

two argonaute genes (agl-1 and agl-2), but only one (agl-1) functions in RNAi gene 

silencing (Campo et al., 2016). This suggests the potential for additional copies of RNAi 

genes to have other roles. 

 
 
 

Although the eukaryotic RNAi machinery is proposed to have been present in even early 

eukaryotes (Shabalina & Koonin, 2008), some fungal species have lost their RNAi 

machinery completely (Billmyre et al., 2013). For instance, the yeast Saccharomyces 

cerevisiae has completely lost RNAi, due to lacking the core components of the RNAi 

machinery, but RNAi can be restored by introducing genes such as Dicer and Argonaute 

from its close relative Saccharomyces castelli (Drinnenberg et al., 2009). There are 

examples where RNAi genes are missing in filamentous fungi, like in Ustilago maydis, 

where the Ago1, RdRP1-3, and Dcr1 genes are absent (Laurie et al., 2012). Species 

belonging to the subphyla Ustilaginomycotina and Wallemiomycetes, within the phylum 

Basidiomycota, and some members of the phylum Microsporidia have also lost their 

RNAi genes (Choi et al., 2014). 

 
 
Table 3.1. Examples of Dothideomycete fungi that possess multiple copies of genes 

encoding RNAi machinery components.  

Fungal species Dicer 
genes 

Argonaute 
genes 

RdRP genes 

Acidomyces richmondensis 1 2 3 
Alternaria brassicicola 2 4 3 

Fulvia fulva**  2 4 3 
Cochliobolus heterostrophus 2 3 5 

Leptosphaeria maculans 2 3 3 
Mycosphaerella 
graminicola*** 

1 4 2 

Pyrenophora tritici-repentis 2 4 3 
* The numbers of RNAi genes listed are from Choi et al. (2014)  (funRNA database, 
http://funrna.riceblast.snu.ac.kr/index.php?a=view).  
**  Fulvia fulva (syn. Cladosporium fulvum). 
** *Mycosphaerella graminicola is now known as Zymoseptoria tritici. 

http://funrna.riceblast.snu.ac.kr/index.php?a=view
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By targeting components of the RNAi machinery there have been successful RNAi 

studies that have protected plants from fungal diseases like FHB (Werner et al., 2020) 

and citrus blue mould (Yin et al., 2020). Manually and computationally designed dsRNA 

constructs targeting dicer and argonaute in F. graminearum were effective in reducing 

disease symptoms in barley, compared to plants which had not been sprayed with gene-

specific dsRNAs (Werner et al., 2020). In contrast, silencing of DCL-1 and DCL-2 in 

Penicillium italicum reduced the virulence of the fungal pathogen, especially the DCL-2 

RNAi transformant which severely impaired virulence (Yin et al., 2020). The same 

authors also applied dsRNAs targeting DCL-2 to wounds on the surface of oranges 

inoculated with P. italicum and found reduced expression of DCL-2 as well as reduced 

virulence (Yin et al., 2020).  

 
Considering that most fungal species have RNAi genes, and consistent with findings that 

these are important genes required for RNAi-mediated pathways in pathogens, it was 

expected that D. septosporum would have RNAi genes. However these genes had not 

been studied in D. septosporum prior to this work.  

 

3.2 Identification of candidate Dothistroma septosporum genes 
as targets for RNA silencing 
In order to identify suitable target genes for RNA silencing in D. septosporum, genes 

associated with virulence and genes that have been targeted successfully in published 

SIGS studies were assessed. A successful SIGS study conducted by McLoughlin et al. 

(2018) recommended characteristics of genes which would be good candidates for SIGS 

and those that should be avoided (Table 3.2). Target genes should not be very lowly or 

highly expressed, to ensure that any differences in endogenous gene expression due to 

SIGS treatment can be detected. Essential genes common to closely related species should 

also be avoided to prevent OTEs in other species (McLoughlin et al., 2018) and transcripts 

should be no less than 200 nt in length. It has been shown that dsRNA longer than 200 nt 

results in a wider variety of siRNAs (Andrade & Hunter, 2016).  

 

The first results section of this chapter (Section 3.3) addresses whether D. septosporum 

possesses genes encoding RNAi machinery and whether these genes are expressed. The 

following parts focus on identifying potential target genes for SIGS trials with 

D. septosporum. An in-depth analysis of the candidate genes was completed to ensure 



82 
 

that the genes used in this study would be specific to D. septosporum and would 

potentially reduce its virulence if they were silenced.  

 

Table 3.2. Criteria for selecting candidate target genes for RNA silencing in 

phytopathogenic fungi.  

Criteria  Choose Avoid 
RNA-seq dataset Genes upregulated in 

common host infection 
conditions 

Genes down regulated 
during host infection 

Essential genes Essential genes. Genes can 
be found in the Database of 
Essential Genesa 

Essential genes highly 
conserved in closely related 
species 
  

Biological processes Genes involved in Reactive 
Oxygen Species (ROS) 
response, protein 
modification, pathogenicity 
factors, splicing, protein 
modification, translation, 
cell wall modification 

Genes involved in general 
growth, transport, electron 
carriers, signal transduction, 
pigment synthesis, 
carbohydrate metabolism 

Expression levels FPKMb values between 1 
and 500 during host 
infection 

Lowly (FPKM<1) or highly 
(FPKM>500) expressed 
during host infection 

Transcript length Above 200 nucleotides Below 200 nucleotides 
Gene location Nuclear-encoded Organelle-encoded 
Redundancy Single function or without 

homologues 
Genes with multiple 
homologues and 
functionally similar roles 

awww.essentialgene.org. 
bFragments Per Kilobase of transcript per Million mapped reads (FPKM). 
Table is adapted from McLoughlin et al. (2018). 

3.3 Results 
 

3.3.1 RNAi machinery in Dothistroma septosporum 
A search for orthologous genes that are components of the RNA silencing machinery was 

made in the D. septosporum genome, using characterised RNAi genes from 

Dothideomycetes and other fungi that are itemised in the funRNA database (Choi et al., 

2014) (Chapter 2, section 2.13). An overview of the D. septosporum DCL, AGO and 

RdRP genes, and their orthologues in close relatives F. fulva and Z. tritici is shown in 

Table 3.3; each of these types of genes are discussed in turn below. 
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Table 3.3. RNA interference (RNAi) genes in Dothistroma septosporum and their 

similarity to Fulvia fulva and Zymoseptoria tritici genes. 
 

aProtein identification (accession; PID) numbers refer to those in the JGI MycoCosm database 
(http://genome.jgi.doe.gov/Dotse1/Dotse1.home.html) for Dothistroma septosporum. 
bExpression levels of genes in Reads Per Kilobase of transcript per million (RPMK) in vitro and 
the early, mid and late stages of infection in planta. Data retrieved from Bradshaw et al. (2016). 
cThe E-value is the probability that the query sequence from D. septosporum matches the target 
gene  in Fulvia fulva by chance. 
dPercentage amino acid sequence identity of the F. fulva protein sequence to D. septosporum 
ortholog(s). 
eNumber of copies of each gene component of the RNA interference (RNAi) machinery in 
F. fulva and its accession number. 
fThe E-value is the probability that the query sequence from D. septosporum matches the target 
gene in Zymoseptoria tritici  by chance.  
gPercentage amino acid sequence identity of the Z. tritici protein sequence to D. septosporum 
ortholog(s). 
hNumber of copies of RNAi genes in Z. tritici and its accession number (Mycosphaerella 
graminicola (Mg)). 
*F. fulva and Z. tritici also have an extra AGO gene in their genome (see Appendix Table A7.2) 
(Cf191892 and Mycgr_fgenesh1_pg.C_chr_1001447 (locus name)).  
** Note that Mg90232 is not a reciprocal hit to Ds92165.   
 
 
From funRNA, it was predicted that the D. septosporum genome contains a single copy 

of the DCL-1 gene (Ds56023) (Table 3.3), which encodes a protein that is 1,549 amino 

acids (aa) in length. To analyse whether each of the RNAi genes in D. septosporum were 

orthologous to the core genes in the Dothideomycetes, F. fulva and Z. tritici, a matrix of 

identity was performed from alignments of the protein sequences (as in Chapter 2, section 

2.14). The matrix shows a pairwise comparison of similarity to the genes in each species. 

Ds56023 and Cf187182 share 85.5% identity, which is higher to that of CfDCL-2 

(Cf186490; 18.4%), while Ds56023 and Mg47983 share 63% identity (Appendix Chapter 

3, Table A7.1). The expression of the D. septosporum DCL-1 gene, Ds56023, is very low 

in culture and in planta, with not much variation in gene expression in the conditions 

Gene Information Fulvia fulva Zymoseptoria tritici 

Gene Protein IDa E-value 
Ffc 

% ID 
Ffd 

Accession  
Ffe 

E-value  
Zt f 

% ID 
Zt g 

Accession 
Zt h 

DCL Ds56023 3.15E-048 85.5 
18.4 

Cf187182 
Cf186490 

0 63.0 Mg47983 

AGO*  
 

Ds71322 0 87.4 Cf185632 0 59.9 Mg38035 
Ds92165 0 42.2 Cf194206 0 18.2 Mg90232** 
Ds74936 0 89.7 Cf195424 0 73.3 Mg10621 

RdRP Ds69242 3.39E-125 38.1 Cf196780 - - - 
Ds138071 0 92.2 Cf197136 0 64.6 Mg49833 
Ds110589 0 80.7 Cf194468 0 56.0 Mg51407 

http://genome.jgi.doe.gov/Dotse1/Dotse1.home.html
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tested. The maximum expression of DCL-1 is only 8 FPKM (Bradshaw et al., 2016). 

Similarly low levels of expression are also seen in the two F. fulva DCL genes (Appendix 

Chapter 3, Table A7.4) (Mesarich et al., 2014). 

 
DCL protein sequences were compared by performing sequence alignments along with 

homologues from fungi in other taxonomic classes to determine if there was similarity to 

D. septosporum DCL-1 (Appendix Chapter 3, Figure A7.1C). Phylogenetic trees were 

constructed using the DCL protein sequences from the alignments. The DCL 

phylogenetic tree showed that the proteins form two main groups/clusters, which are 

characteristic of DCL-1 and DCL-2 proteins (Figure 3.2).  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.2. Phylogenetic tree of Dicer-like proteins (DCLs) in Dothideomycetes and 
other fungi. Neighbour-joining tree of DCL homologues from various fungal species 
including: Fulvia fulva (Clafu), Dothistroma septosporum (Dotse), Mycosphaerella 
graminicola (Zymoseptoria tritici) (Mycgr), Fusarium graminearum (Fusgr) and 
Sclerotinia sclerotiorum (Sclsc). The number after the species name is the JGI protein ID 
number. The bottom group is DCL-1 in all species and the top group DCL-2. The scale 
bar indicates 0.2 substitutions per site. 
 
 
Of the five fungal species studied here, only F. fulva, F. graminearum and S. sclerotiorum 

have two DCL proteins (Figure 3.2). Conservation of amino acids seen in DCL proteins 

of D. septosporum, F. fulva, Z. tritici, S. sclerotiorum and F. graminearum correlate with 

the protein domains, indicating conservation of functional domains across these fungal 

species (Figure 3.3). In D. septosporum DCL-1 there are four domains: DEAD-like 

DCL-2 

DCL-1 
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helicase domain, a helicase domain, a dicer dsRNA-binding fold domain and a 

ribonuclease III domain. All of these are also present in F. fulva and Z. tritici DCL 

proteins, but these other species have an additional domain (dsRNA-binding) that does 

not appear to be present in DsDCL-1. A PAZ domain is absent in all DCL genes in these 

fungal species (Figure 3.3), which is different to the conserved structure of eukaryotic 

DCL genes (Figure 3.1). Another difference among all these aligned DCL proteins is that 

DCL-1 of S. sclerotiorum (SS1G_1347T0) lacks an N-terminal region DEAD domain, 

however it may be an incorrect gene model or a pseudogene, as the N-terminal region of 

the protein differs to the other proteins. It also lacks the C-terminal dsRNA-binding 

domain, which is also absent in DCL-1 of D. septosporum (Figure 3.3). However, these 

domains may be redundant, as most of the fungal DCL proteins shown in Figure 3.3 have 

two dsRNA-binding domains: the dsRNA-binding domain at the C-terminus and a 

dsRNA-binding fold and heterodimerisation domain located towards the N-terminus. 

 

 

 

 

Figure 3.3. Schematic representation of the domains in Dicer-like (DCL) proteins in 
Dothideomycetes and other fungi. Sequences were obtained from JGI 
(https://mycocosm.jgi.doe.gov/mycocosm/home) or the funRNA database (http://funrna.
riceblast.snu.ac.kr/index.php?a=view) and domains as predicted by Choi et al. (2014) are 
colour-coded with reference to the same colours used in Figure 3.1 for the general 
structure of eukaryotic DCL proteins. (1) Dothistroma septosporum DCL-1 
(Dotse_56023). (2) Fulvia fulva DCL-2 (Clafu_186490). (3) F. fulva DCL-1 
(Clafu_187182).  (4) Zymoseptoria tritici DCL-1 (Mycgr_47983). (5) Sclerotinia 
sclerotiorum (Sclsc) DCL-2 (SS1G_10369T0) (pseudogene or incorrect gene model). (6) 

  DEAD/DEAH 
  Helicase 
  dsRNA binding fold = DUF283 
  RNase III 
  dsRNA-binding 

https://mycocosm.jgi.doe.gov/mycocosm/home
http://funrna.riceblast.snu.ac.kr/index.php?a=view
http://funrna.riceblast.snu.ac.kr/index.php?a=view
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S. sclerotiorum (Sclsc) DCL-1 (SS1G_13747T0). (7) Fusarium graminearum (Fusgr) 
DCL-1 (FGSG_09025). (8) F. graminearum (Fusgr) DCL-2 (FGSG_04408). 
 
 
Three AGO genes were found in the D. septosporum genome (DsAGO), including 

Ds713221, Ds92165 and Ds74936. These genes encode 1,016 aa, 1,043 aa and 533 aa 

proteins respectively, as predicted from funRNA. They each appear to be orthologous to 

one of the three F. fulva and Z. tritici AGO genes, as shown by the amino identity matrix 

(Appendix Chapter 3, Table A7.2), except Mg90232 (is not a reciprocal best hit to 

Ds92165). For example, Ds74936 (AGO) and Cf195424 (AGO) share the highest level of 

identity with each other (89.7%), indicating these are orthologous. These two AGO 

proteins also share the highest identity of all of the orthologous AGO gene pairs. The 

relationships between these AGO genes are supported by the phylogenetic analysis, 

showing that they are grouped into three clusters (Figure 3.4). A fourth AGO gene exists 

within the genomes of F. fulva (Cf191892) and Z. tritici (locus name: 

fgenesh1_pg.C_chr_1001447), forming a fourth group in the phylogeny (Figure 3.4). The 

most highly expressed of the AGO genes in D. septosporum (Ds71332; Bradshaw et al., 

2016) and that of its F. fulva orthologue (Cf185632; (de Wit et al., 2012; Mesarich et al., 

2014)) (Appendix Chapter 3, Table A7.4) were also top matches to each other with 87.4% 

identity (Table A7.2). All of the other gene copies have low expression in the conditions 

tested.  
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Figure 3.4. Phylogenetic tree of Argonaute (AGO) proteins in Dothideomycetes and 
other fungi. Phylogenetic tree constructed using the Neighbour-joining method. Fulvia 
fulva (Clafu), Dothistroma septosporum (Dotse), Zymoseptoria tritici (Mycgr), Fusarium 
graminearum (Fusgr) and Sclerotinia sclerotiorum (Sclsc). The scale bar indicates 0.2 
substitutions per site. The number after the species name is the JGI protein ID number.  
 
 
Sequence alignments show conservation of amino acids as seen with the DCL proteins 

(Figure A7.1B). All three AGO proteins in D. septosporum are predicted to have three 

domains consisting of a ribonuclease H-like domain, a PAZ domain and a DUF1785 

domain, with the exception of Ds74936 only having two domains (DUF1785 is absent), 

as the predicted protein lacks the N-terminal region (Figure 3.5). Of all the conserved 

domains in eukaryotes shown in Figure 3.1, only a PAZ domain is present in AGO 

proteins of D. septosporum, F. fulva and Z. tritici . The N-terminal, MID and PIWI 

domains shown in Figure 3.1 are predicted to be absent in all these fungi (Figure 3.5).  
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  DUF1785  
  PAZ  
  Ribonuclease-H like 

 

 
Figure 3.5. Schematic representation of Argonaute (AGO) proteins in 
Dothideomycete fungi. Sequences were obtained from JGI (https://mycocosm.jgi.doe.g
ov/mycocosm/home) or the funRNA database (http://funrna.riceblast.snu.ac.kr/index.ph
p?a=view). Domains as predicted by Choi et al. (2014) are shown below each sequence 
and colour coded with reference to the same colours used in Figure 3.1 for the general 
structure of eukaryotic AGO proteins. (1) Fulvia fulva AGO (Clafu_185632). (2) 
Dothistroma septosporum AGO (Dotse_71332). (3) Zymoseptoria tritici AGO 
(Mycgr_38035). (4) F. fulva AGO (Clafu_194206). (5) D. septosporum AGO 
(Dotse_92165). (6) F. fulva AGO (Clafu_195424). (7) D. septosporum 
(Dotse_74936) (Pseudogene or incorrect gene model). (8) Z. tritici  AGO (Mycgr_10621
). (9) Z. tri tici AGO (Mycgr_fgenesh1_pg.C_chr_1001447). (10) F. fulva AGO 
(Clafu_191892). (11) Z. tritici  AGO (Mycgr_90232). 
 
 
D. septosporum also harbours three copies of RdRP genes (DsRdRP) (Table 3.3). These 

are Ds69242 (816 aa protein), Ds138071 (947 aa protein) and Ds110589 (1,155 aa 

protein). Table 3.3 shows that Ds138071 has the highest amino acid identity (92.2%) to 

Cf197136 and 64.6% identity to Mg49833. The matrix shows that all three RdRP proteins 

in D. septosporum are orthologous to the RdRPs in F. fulva and Z. tritici (Appendix 

Chapter 3, Table A7.3). This is supported by the grouping of these genes into three main 

clusters in the phylogenetic tree, corresponding to the three sets of orthologous genes 

(Figure 3.6). The expression levels of RdRPs in D. septosporum are low (Bradshaw et al., 

2016), consistent with low expression of the RdRPs in F. fulva (Mesarich et al., 2014). 

https://mycocosm.jgi.doe.gov/mycocosm/home
https://mycocosm.jgi.doe.gov/mycocosm/home
http://funrna.riceblast.snu.ac.kr/index.php?a=view
http://funrna.riceblast.snu.ac.kr/index.php?a=view
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Figure 3.6. Phylogenetic tree of RNA-dependent RNA Polymerase (RdRP) proteins 
in Dothideomycetes and other fungi. Neighbour-joining tree of RdRP homologues of 
Dothideomycete fungi and unrelated fungi. Fulvia fulva (Clafu), Dothistroma 
septosporum (Dotse), Zymoseptoria tritici (Mycgr), Fusarium graminearum (Fusgr) and 
Sclerotinia sclerotiorum (Sclsc). The scale bar indicates 0.2 substitutions per site. The 
number after the species name is the JGI protein ID number.  
 
 
Amino acid conservation is observed with the RdRP proteins, as with the other gene 

families (Appendix Chapter 3, Figure A7.1C). All of the D. septosporum, F. fulva and 

Z. tritici RdRP proteins have a typical eukaryotic-type RdRP domain (Figure 3.7), as 

predicted by funRNA (Choi et al., 2014), which correlates with the single domain present 

in most eukaryotic RdRP proteins (Figure 3.1).  
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Figure 3.7. Schematic representation of RNA-dependent RNA Polymerase (RdRP) 
proteins in Dothideomycete fungi. Sequences were obtained from JGI 
(https://mycocosm.jgi.doe.gov/mycocosm/home) or the funRNA (http://funrna.riceblast.
snu.ac.kr/index.php?a=view) database and domains as predicted by Choi et al. (2014) are 
colour coded with reference to the same colours used in Figure 3.1 for the general 
structure of eukaryotic RdRP proteins. (1) Fulvia fulva RdRP (Clafu_194468). (2) 
Dothistroma septosporum RdRP (Dotse_110589). (3) Zymoseptoria tritici RdRP 
(Mycgr_51407). (4) F. fulva RdRP (Clafu_197136). (5) D. septosporum RdRP 
(Dotse_138071). (6) Z. tritici RdRP (Mycgr_49833). (7) F. fulva RdRP (Clafu_196780). 
(8) D. septosporum RdRP (Dotse_69242). 
 
 
3.3.2 Determining the best Dothistroma septosporum gene targets for 
spray-induced gene silencing (SIGS) 
 
 
DCL and AGO 

In previous RNA silencing studies in other fungi, DCL and AGO were effectively 

silenced, despite the fact that they are part of the fungal silencing machinery and could 

therefore affect the efficiency of RNA silencing. Werner et al. (2020) showed that SIGS 

was effective in combating the fungal pathogen F. graminearum when AGO1, AGO2, 

DCL1, and DCL2 were individually silenced, leading to effective protection of its host 

plant barley. These authors used manual- and computational tool-designed dsRNA 

constructs of various lengths but found greater silencing efficiency using the manually 

designed dsRNAs. Moreover, the dsRNAs targeting DCL had enhanced silencing 

compared to the dsRNAs targeting AGO. In another study, Wang et al. (2016) expressed 

sRNAs that targeted both DCL1 and DCL2 in the grey mould pathogen Botrytis cinerea, 

reducing its virulence to Arabidopsis and tomato, as well as to other fruits (strawberry, 

  RdRP 

https://mycocosm.jgi.doe.gov/mycocosm/home
http://funrna.riceblast.snu.ac.kr/index.php?a=view
http://funrna.riceblast.snu.ac.kr/index.php?a=view
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Table 3.4. List of possible candidate target genes and their relative expression levels 

in vitro and in planta. 

JGI protein 

ID  

Gene FM_RPMK  

(in culture)1 

E_RPMK 

(early)1 

M_RPMK  

(mid)1 

L_RPMK  

(late)1 

Ds56023 DCL 2.22 7.97 2.47 3.08 

Ds192192* PksA 26.51 10.02 94.49 63.04 

Ds75566 AflR 230.30 46.05 89.23 156.68 

Ds192193** Ver1 184.76 115.74 1018.31 918.99 

Ds75656 VbsA 147.19 25.08 488.63 307.50 

Ds75009 Hdp1 9234.40 455.07 6493.99 4861.60 

Ds75130 C-type lectin 1338.11 6349.07 860.42 646.51 

Ds68376 Pf2 33.32 17.81 41.91 26.06 

Ds71189 Nps3 12.61 46.31 15.38 19.72 

Ds56624 CYP51 146.88 40.71 33.80 46.93 

Ds70643 Alpha amylase 7.86 40.47 18.60 533.98 

Ds75147 Alpha amylase 14.20 153.08 42.62 679.79 

Ds75239 Alpha amylase 4.03 15.63 1.53 172.35 
 

Ds90760 Alpha amylase 5.37 2.21 34.47 58.69 

Ds69025 TIM44 153.27 100.02 56.87 38.42 

Ds92325 Thioredoxin reductase 166.64 356.74 379.21 165.13 

Ds75609 Aminoacyl tRNA 

ligase 

9.29 35.57 24.41 140.92 

*An alternative JGI protein ID number is Ds48345. 
**Alternative JGI protein ID is Ds75411. 
1Expression levels of genes from different infection stages of the fungus in planta (P. radiata; 
early, mid and late) in Reads Per Kilobase of transcript per million (RPMK). Sourced from a 
transcriptome study (Bradshaw et al., 2016).  
 

The versicolorin reductase (Ver1/dotA; Ds75411) and versicolorin B synthase precursor 

(VbsA; Ds75656) dothistromin pathway genes are also possible SIGS targets. These 

D. septosporum genes were identified as orthologues of aflM from A. parasiticus (Ver1), 

and AtcN and aflK genes from A. nidulans and A. parasiticus, respectively (VbsA). Both 

Ver1 and VbsA genes of D. septosporum have higher expression levels during the mid 

and late stages of infection in planta compared to growth in vitro (Table 3.4). These genes 
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could be suitable candidates for SIGS in D. septosporum, as they are essential for 

dothistromin production (Bradshaw et al., 2002; Zhang et al., 2007). 

 
 
Hydrophobin and C-type lectin 

Other genes assessed as possible SIGS targets included those involved in fungal growth, 

and also appear to be highly expressed, or could affect pathogen virulence. These genes 

included hydrophobin (Hdp1) and C-type lectin genes. Dagenais et al. (2010) and Lacroix 

et al. (2008) showed that hydrophobins in some fungi are responsible for lowering host 

defences by preventing recognition of fungal spores by the host immune system, 

suggesting a role in virulence. Hydrophobin proteins also have a role in adhesion. In 

D. septosporum, however, deletion of the highly expressed hydrophobin gene, Hdp1 

(Ds75009), did not result in decreased virulence (Bradshaw et al., 2016). Three other 

hydrophobin genes were found in the D. septosporum genome that might have 

complemented the loss of Hdp1 function, but their expression levels were very low (Table 

3.4; Bradshaw et al., 2016). The problem with highly expressed genes, such as Ds75009, 

is that dsRNA targeting these genes may not be as effective since they are already 

expressed at very high levels. For example, if 90% of silencing is achieved, because the 

gene is expressed so highly, 10% expression could still be sufficient for the gene to fully 

carry out its biological function. As noted by McLoughlin et al. (2018), the chances of 

observing a reduction in target gene expression that has an effect on pathogen virulence 

will be increased by using genes that are expressed at levels less than 500 FPMK (Table 

3.2).  

 
 
C-type lectins are proteins that harbour a carbohydrate-binding domain (Bradshaw et al., 

2016). There are 42 predicted C-type lectin genes in D. septosporum, making them 

unsuitable target gene candidates, due to the potential for a high level of functional 

redundancy. There is also variable expression among the genes, but one gene, Ds75130, 

is highly expressed in vitro and in planta, with the highest levels during the early stages 

of growth in pine (Table 3.4). 

 
 
Pf2, Nps3 

Other possible candidates that are expressed only in planta and are possible virulence 

factor genes include Pf2 and Nps3. Pf2 was identified in the fungus Parastagonospora 
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of aflatoxins by the fungus. Alpha amylase genes are highly expressed in D. septosporum 

inside pine needles and are thought to be responsible for breaking down the starch stored 

in green islands around lesions, supposedly for providing a nutrition source for the 

pathogen (Bradshaw et al., 2016; Kabir et al., 2015a). Four alpha amylase genes were 

found in the D. septosporum genome: Ds70643, Ds75147, Ds75239 and Ds90760. The 

expression levels for each of these genes vary, with high expression of Ds70643 and 

Ds75147 (>500RPMK) in the late stages of infection in planta and the other two genes 

(Ds75239 and Ds90760) showing low expression overall in vitro and in planta (Bradshaw 

et al., 2016). Although alpha amylases appear to be possible candidate genes, they were 

not pursued in this current study due to the presence of four gene copies, therefore all 

genes would need to be targeted. 

 
 
TIM44, thioredoxin reductase and aminoacyl tRNA ligase 

Silencing of genes encoding mitochondrial import inner membrane translocase subunit 

44 (TIM44), thioredoxin reductase and aminoacyl tRNA ligase, with gene-specific 

B. cinerea and S. sclerotiorum dsRNAs, have been shown to reduce oilseed rape infection 

symptoms (McLoughlin et al., 2018). TIM44 is an inner membrane protein that is a 

subunit of the PAM complex, which functions in the transfer of substrates into the 

mitochondrial matrix (Dolezal et al., 2006), whilst thioredoxin reductase is a key enzyme 

that functions in defence against oxidative stress (Arnér & Holmgren, 2000; Mustacich 

& Powis, 2000). Aminoacyl tRNA ligases are enzymes involved in attaching specific 

amino acids to corresponding tRNAs for translation of RNA to proteins (Francklyn et al., 

2002). Orthologues of these genes are present in the D. septosporum genome: Ds69025 

(TIM44), Ds92325 (thioredoxin reductase) and Ds75609 (aminoacyl tRNA ligase). All 

three genes are moderately expressed in vitro and in planta, but within the range 

suggested by McLoughlin et al. (2018) (>1 FPMK but <500 FPMK) (Bradshaw et al., 

2016), and could be suitable potential targets to explore the RNAi effect, downregulating 

expression of genes.  

 
 
GFP  

Silencing of GFP (green fluorescent protein) in GFP-expressing fungal strains has been 

shown to be successful in RNAi studies and has the advantage of providing visual 

evidence of a decrease in GFP fluorescence and suppression of GFP mRNA transcript 
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levels (Fitzgerald et al., 2004; Koch et al., 2016; Wytinck, Sullivan, et al., 2020). This 

makes GFP a suitable candidate for silencing trials with D. septosporum and therefore 

was used in this study. An eGFP-expressing strain of D. septosporum (FJT175) was made 

via protoplast-based transformation to introduce the eGFP gene into its genome as in 

Appendix section 7.6.1. 
 

3.4 Discussion 
 
 

3.4.1 The Dothistroma septosporum NZE10 genome contains orthologs 
of genes that are characterised as part of the RNA interference (RNAi) 
silencing machinery 
Identification of RNAi genes is key to determining if D. septosporum has a functional 

RNAi pathway and is able to process dsRNA. Orthologs of core genes involved in RNAi 

were found in D. septosporum. These were one DCL, three AGO and three RdRP genes 

(Table 3.3). Each of the predicted proteins from these DCL, AGO and RdRP genes in 

D. septosporum share similar features to other fungal RNAi proteins and contain 

conserved domains characteristic of eukaryotes (Figure 3.2). The DCL protein in 

D. septosporum has DEAD-like, helicase, dsRNA-binding fold (DUF283) and RNase III 

domains similar to other fungal DCL proteins but appears to lack a second dsRNA-

binding domain (Figure 3.5). According to Hu et al. (2013), some Ascomycete fungi have 

two dsRNA-binding domains but some have only one. The dsRNA-binding fold and 

heterodimerisation domain present in D. septosporum, predicted by the funRNA 

database, is likely to be the DUF283 domain. In A. thaliana, a DUF283 domain was 

shown to have a fold that is structurally similar to a dsRNA-binding domain, but showed 

only weak binding to dsRNA, instead selectively binding to other proteins, such as HYL1, 

which is involved in involved in dsRNA binding in A. thaliana (Qin et al., 2010). The 

PAZ domain, essential for RNA recognition, is also absent in D. septosporum and other 

fungal DCL proteins (Figure 3.2), similar to Saccharomyces pombe, which also lacks the 

PAZ domain (Paturi & Deshmukh, 2021). Choi et al. (2014) found that the PAZ domain 

is not widely distributed throughout fungi, as it was only shown to be found in 9 of 232 

fungal proteomes, indicating that the PAZ domain is rare. This domain is more common 

in plants and metazoans. 
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a single Dicer gene, whereas others have two copies, but these additional copies could 

have roles in other processes, which have only been characterised in a few fungi 

(Catalanotto et al., 2004; Gaffar et al., 2019).  

 
 
D. septosporum has three AGO genes, whilst F. fulva and Z. tritici each have four (Table 

3.3). This finding supports the fact that duplications of argonaute genes are common 

among Ascomycetes (Choi et al., 2014). Three RdRP genes were found in both 

D. septosporum and F. fulva, whilst Z. tritici only had two (Table 3.3). These results 

demonstrate that the number of genes varies between fungal species. Amino acid 

alignments showed that there is conservation in sequence across fungal species in all three 

core proteins (DCL, AGO and RdRP). This finding is consistent with the idea that 

components of the RNAi silencing machinery are conserved amongst eukaryotes and 

fungi belonging to different fungal groups, including Ascomycetes (Cogoni and Macino, 

1999; Nicolás et al., 2003; Wang et al., 2010; Billmyre et al., 2013).  

 
 
Whilst there are multiple copies of RNAi genes in the RNAi pathway, not all genes are 

expressed. Transcriptome expression analysis data showed that all seven D. septosporum 

core genes have low expression in the conditions tested (Bradshaw et al., 2016) and 

expression of the F. fulva orthologues is also low (Mesarich et al., 2014). The one 

exception is the AGO orthologues Ds71322 and Cf185632 (CFU840258) being the most 

highly expressed genes out of all the core genes in each species (Appendix Table A7.4). 

More research is required to identify whether any of these RNAi genes in D. septosporum 

are upregulated under different conditions, or in response to treatment with dsRNA, but 

the fact that D. septosporum has RNAi silencing machinery suggests it is possible that 

the pathogen could be controlled by RNAi to protect pine from DNB.  

 
 
Loss of RNA interference in some fungal species is due to the lack of core genes required 

for dsRNA processing and silencing of target genes. Some fungal species, such as S. 

cerevisiae and U. maydis, appear to have lost their complete set of RNAi genes and 

therefore the RNA silencing machinery (Drinnenberg et al., 2011; Billmyre et al., 2013). 

In some fungi, lack of RNAi is associated with the presence of a dsRNA killer virus in 

the population; the killer virus encodes a toxin but also confers toxin resistance on its host 

cells (Drinnenberg et al., 2011). The RNAi pathway would normally be activated to 
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inhibit the virus. However, as shown in S. cerevisiae, there is a selective advantage to 

losing RNAi, but maintaining the killer virus, because the virus confers resistance to 

toxins made by other cells that still retain the virus (Drinnenberg et al., 2011; Welsh & 

Leibowitz, 1982). It is well established that RNAi controls transposons (Billmyre et al., 

2013; Mosa & Youssef, 2021; Yamanaka et al., 2013). In cases where there is a need to 

rapidly adapt to a new environment, there is a selective advantage to losing RNAi because 

this leads to more frequent transposon movement, and consequently a hypermutator 

phenotype (Oliver et al., 2000). It is possible that an ancestor of D. septosporum did have 

a second dicer gene that was lost (as hypothesised previously), maybe as there was no 

selection pressure to keep this second dicer gene.  

 
 

3.4.3 Identification of DsAflR as a virulence gene in Dothistroma 
septosporum to target for spray-induced gene silencing 
The DsAflR gene in D. septosporum is the regulatory gene for the biosynthetic pathway 

genes involved in producing the virulence factor dothistromin (Chettri et al., 2013; Kabir 

et al., 2015a). By targeting the DsAflR gene there is potential for the fungus to be less 

virulent if there is a reduction in dothistromin levels, as a result of lower expression of 

the pathway genes. DsAflR is not too highly or lowly expressed and there is only one copy 

of this gene in the genome, which fits the McLoughlin et al. (2018) criteria. Orthologues 

of this gene are only present in few fungi, most notably species of Aspergillus (Bradshaw 

et al., 2013). 

 
 
Silencing of AflR and pksA in Aspergillus species has been successful in reducing 

aflatoxin levels. Aflatoxins are potent secondary metabolite compounds or toxins 

produced by species of Aspergillus, such as A. flavus and A. parasiticus (Wu et al., 2009). 

Thakare et al. (2017) showed that HIGS is successful in eliminating aflatoxins by use of 

transgenic maize plants containing RNAi constructs targeting A. flavus, AflC, a polyketide 

synthase (PksA), which is a key enzyme in the aflatoxin biosynthetic pathway. HIGS was 

also explored in another study by Masanga et al. (2015), to reduce the production of 

aflatoxins by targeting the transcription factor AflR in A. flavus. In both HIGS studies the 

outcomes were similar in terms of a significant reduction in the accumulation of 

aflatoxins. These toxins were not detected in transgenic maize lines infected with A. flavus 

(Thakare et al., 2017) and low levels of aflatoxins were observed compared to WT maize 
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plants (Masanga et al., 2015). These studies highlight the potential for suppression of 

aflatoxin levels in fungal contaminants of crops.  

 
 
RNA silencing has been performed by targeting genes involved in production of another 

fungal toxin, cercosporin. Cercosporin absorbs light energy to generate reactive oxygen 

species (ROS), such as singlet oxygen (Daub & Hangarter, 1983) and is an important 

virulence factor in Cercospora species including Cercospora nicotianae, the causal agent 

of cercospora leaf blight (CLB). RNA silencing studies involving cercosporin genes as 

targets led to a reduction in the production of this toxic compound during disease 

development, therefore having a significant effect on reducing disease symptoms 

(Thomas et al., 2020; Zivanovic & Chen, 2021). HIGS to produce transgenic strains of 

tobacco with constructs targeting CTB1 (cercosporin toxin biosynthesis 1), a polyketide 

synthase, and CTB8, a pathway regulator of the cercosporin biosynthetic pathway, were 

effective in HIGS to control C. nicotianae. However, silencing of these genes showed 

high levels of resistance to C. nicotianae in some lines and variable resistance in other 

lines, and also silencing of CTB1 was more effective than that of CTB8 (Thomas et al., 

2020). Suppression of cercosporin production via HIGS has also been characterised in 

Cercospora cf. flagellaris (C. kikuchiivia) (Zivanovic & Chen, 2021). Genes that played 

vital roles in cercosporin production and are also important for virulence were candidate 

target genes. Of these, dsRNAs were produced targeting either CTB1, CTB8, HNR 

(hydroxynaphthalene reductase) and AHCY (adenosylhomocysteinase). In vitro cultures 

treated with dsRNAs showed that the most significant effect on silencing cercosporin 

production was seen for CTB8 (Zivanovic & Chen, 2021). This result differed to Thomas 

et al. (2020), where silencing was most efficient for CTB1, but silencing was achieved in 

a different Cercospora species, suggesting that the choice of target genes needs to be 

tailored to the pathogen of interest. However, silencing of genes that contribute to 

pathogen virulence is successful in decreasing levels of cercosporin produced by 

Cercospora species.  
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3.4.4 GFP as a marker gene for spray-induced gene silencing 
The GFP gene provides a visual marker for RNA silencing. In this way, GFP can serve 

as a control to determine if GFP is silenced within a target fungal pathogen by inhibitory 

GFP-dsRNAs, making it advantageous since a visual reduction in GFP fluorescence will 

be seen. A study where GFP-dsRNA has been used as a control was in a GFP strain of 

F. graminearum (Koch et al., 2016). GFP was also silenced in another study (Fitzgerald 

et al., 2004) in a different fungal pathogen, Venturia inaequalis, the causal agent of apple 

scab. In that species, another marker gene trihydroxynaphthalene reductase (THN) was 

also silenced and a chimeric inverted repeat hairpin construct targeting both GFP and 

THN was created to initiate multiple gene silencing. There was found to be a 71% 

efficiency of gene silencing for GFP and 61% for THN. There was also a 51% frequency 

of silencing for both genes (GFP and THN) from the inverted repeat hairpin construct 

(Fitzgerald et al., 2004). GFP has also been used as a marker for RNAi in the fungal rice 

blast pathogen Magnaporthe oryzae by introducing sense, antisense and hairpin RNA 

constructs targeting eGFP in an eGFP-expressing transformant strain. A greater 

efficiency of silencing was observed using hairpin RNA rather than sense or antisense 

RNA, as confirmed by a reduction in eGFP fluorescence in eGFP (Kadotani et al., 2003). 

The fact that there have been many successes in silencing the marker gene GFP highlights 

its potential as a suitable target gene, so D. septosporum transformants constitutively 

expressing an eGFP gene were produced for the purposes of this study (Appendix 7.6.1).  

 
 

3.4.5 Summary of gene candidates for spray-induced gene silencing 
(SIGS) in Dothistroma septosporum 
An extensive evaluation of candidate genes was necessary to determine the best targets 

for gene silencing, alongside eGFP as a target gene control. Among these, DsAflR 

(Ds75566) was the most promising and was therefore selected as the top candidate to 

pursue for this study and to potentially reduce the virulence of D. septosporum. DsAflR 

is a known virulence factor and is a single-copy gene that is only found in a restricted 

range of fungi (Chettri et al., 2013; Bradshaw et al., 2013), therefore is less likely to have 

off target effects on other fungi, than if targeting genes that are widespread throughout 

many fungi, such as housekeeping genes. Two other top candidates are Ver1 (Ds75411) 

(Bradshaw et al., 2002) and VbsA (Ds75656) (Zhang et al., 2007). These genes are 

expressed at a sufficient level in culture and in planta, and gene knockouts have shown 

that these genes have a role in dothistromin production. These genes were not included 
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in RNA silencing trials in this study but could be used as targets for future research on 

RNAi in D. septosporum. 
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Chapter 4: Design, Production and Efficacy of Uptake of 
dsRNA 
 

4.1 Importance of dsRNA design and uptake 
The choice of target genes for gene silencing studies remains vital to achieving 

suppression of pathogen genes involved in the disease process. Similarly, the location of 

the target region within a gene, and the length of the dsRNA target, are also important. 

Höfle et al. (2020) compared efficiencies of gene silencing by dsRNA with varying 

lengths of dsRNAs that targeted either the full sequence or partial sequences of a gene. 

When silencing CYP51 genes in F. graminearum that are involved in virulence, they 

found that the size of the dsRNA influenced the efficiency of SIGS, but with HIGS there 

was no correlation with the length of dsRNAs used. Furthermore, by spraying barley 

leaves with 400 nt CYP51-dsRNA constructs, they found lower levels of infection by 

F. graminearum, when compared to spraying with dsRNAs targeting the full-length gene. 

The number of off-target sequences were also investigated using CYP51 dsRNA and 

found to increase with increasing dsRNA length (Höfle et al., 2020).  

 
Successful uptake of dsRNA is also highly important for silencing fungal genes by SIGS. 

If there is low efficiency of dsRNA uptake, silencing is unlikely to be effective and 

therefore SIGS targeted to virulence genes will not inhibit infection by the target 

pathogen. Qiao et al. (2021) acknowledged that the efficacy of uptake is dependent on the 

pathogen itself and demonstrated differences in uptake efficiency among a range of plant-

pathogenic fungi. Their study determined whether the selected pathogens 

(S. sclerotiorum, A. niger, Rhizoctonia solani, Verticillium dahliae, Colletotrichum 

gloeosporioides) were able to take up RNA from the environment. Further, they 

investigated whether a non-pathogenic fungus called Trichoderma virens, and an 

oomycete pathogen Phytophthora infestans, were also able to take up environmental 

RNA. The pathogens able to take up RNA with a high efficiency included S. sclerotiorum, 

A. niger, R. solani and V. dahliae. No RNA uptake was seen in C. gloeosporioides, there 

was moderate uptake in T. virens, and limited uptake in P. infestans. Consistent with these 

findings was suppression of disease that occurred as a result of the pathogens having high 

uptake efficiency; conversely those that had a much lower uptake efficiency did not show 

a reduction in symptoms of infection (Qiao et al., 2021). In another study Z. tritici  was 
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Figure 4.1. Polymerase Chain Reaction (PCR)-mediated amplification of nucleotide 
sequences from genes encoding the dothistromin pathway regulatory protein 
(DsAflR) and enhanced green fluorescent protein (eGFP). (A) Amplification of 
DsAflR sense and antisense templates for DsAflR 1 (509 bp) and DsAflR 2 (408 bp) from 
WT D. septosporum genomic DNA (gDNA). (B) Amplification of eGFP templates for 
sense and antisense from the plasmid pPN82 (pR239). As a positive control, a 720 bp 
product of eGFP was amplified from pR239 plasmid DNA. A 1 kb+ DNA ladder is shown 
for size reference. 
 
 
 
The eGFP and DsAflR PCR products were then cloned into the pICH41021 plasmid, 

using a series of steps as shown in Figure 4.2 and described in Chapter 2 (Section 2.9), to 

create sense and antisense dsRNA constructs for eGFP, DsAflR 1 and DsAflR 2. To 

linearise the pICH41021 plasmid for ligating the sense and antisense PCR products, the 

enzyme SmaI was used to produce a blunt end. PCR products were ligated into the 

plasmid vector (dephosphorylated), transformed into E. coli and selected plasmids 

extracted, screened by PCR (Figure 4.3), and sequenced to confirm the correct sequence 

(Appendix Chapter 4).  

 

 

 

 

 

 

 

B A 
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Figure 4.2. Example of the experimental design for cloning DsAflR 1 sense sequence 
in vitro. (1) Amplification of DsAflR 1 sense sequence by Polymerase Chain Reaction 
(PCR). (2) Digestion of plasmid with SmaI to make a single cut to open up the plasmid 
for insertion of the PCR product. (3) Dephosphorylation of plasmid. (4) Ligation of PCR 
product into the plasmid. (5) Orientation of the fragment in the plasmid with respect to 
the enzyme downstream of the insert. Here it shows that XbaI is downstream of the insert. 
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Figure 4.3. Confirmation of positive bacterial clones that have taken up the plasmid 
containing the insert via Polymerase Chain Reaction (PCR). A blue colony from the 
control ligation plate (SmaI-cut pICH41021) was used as a negative control in all PCRs. 
Primers M13 LacZ fwd and M13 LacZ rev were used in all cases (Chapter 2, Table 2.3). 
(A) Verification of DsAflR 1 in the dsRNA sense and antisense plasmid constructs using 
plasmid primers to amplify a 656 bp fragment (509 bp (insert) + 147 bp (flanking plasmid 
sequence)). Verification of DsAflR 2 in the dsRNA sense and antisense plasmid constructs 
to amplify a 555 bp product (408 bp (insert) + 147 bp (flanking plasmid sequence)). (B, 
C) Verification of an 884 bp fragment of eGFP in the dsRNA sense (B) and antisense (C) 
plasmid constructs. See Appendix Chapter 4 section 7.5.3 for the plasmid maps and 
sequence text files. A 1 kb+ DNA ladder is shown. Bacterial clones that were carried 
forward for extracting plasmid DNA are indicated by an asterisk.  
 
 

4.2.2 Optimisation of the transcription reaction  
Various DNA templates and different incubation times were used in the transcription 

reaction to optimise conditions for dsRNA synthesis. These conditions and the 

efficiencies of each dsRNA synthesis reaction are summarised in Table 4.1. DNA 

templates included (1) gel-purified linearised plasmids, (2) sodium acetate and ethanol-

precipitated linearised plasmids and (3) commercially synthesised fragments. To test that 

the RNAi kit was working properly, the positive control template provided in the kit was 

also used to synthesise dsRNA (Chapter 2, section 2.10.1). Gel-purified linearised 

plasmids (1) were sense and antisense plasmid constructs that were linearised with respect 

to the enzyme in the plasmid backbone downstream from the T7 promoter (XbaI or SacI) 

and the linear bands extracted from an agarose gel. In contrast, ethanol-precipitated 

plasmids (2) were plasmids that had been linearised and then precipitated using sodium 

A B 

*  

C 

*  
*  *  *  *  
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Table 4.1. Efficiency and yield of dsRNA from in vitro transcription using different 
DNA templates. 

aSense and antisense plasmids were linearised with the appropriate enzyme to aid in correct 
termination of transcription. The positive control dsRNA provided with the MEGAScript RNAi 
kit was already linearised. 
bTotal amount in 100 µL as made for each dsRNA.  
cEthanol-precipitated linearised plasmids (see Chapter 2, methods section 2.10.1).  
dThe positive control dsRNA provided in the MEGAScript RNAi kit was used to ensure the kit 
was working properly (Methods section 2.10.2). This control template was a linear fragment with 
opposing T7 promoters and was transcribed over 2 h (Figure 4.4) as per the manufacturers 
instructions.   
eA faint band was seen indicating a very low yield of RNA. 
 

Two DsAflR-dsRNAs were made in this study targeting two different regions of the AflR 

gene in D. septosporum. Production of a 509 bp DsAflR 1-dsRNA and a 408 bp DsAflR 

2-dsRNA is shown in Figure 4.6 after 16 h of transcription, and the amounts of dsRNA 

made in Table 4.1. Different templates were used to produce dsRNA as used for the 

eGFP-dsRNA; these included commercially synthesised fragments and ethanol-

Target 
gene 

Template 
DNA useda 

Incubation 
time (h) 

Figure 
number 

Successful 
production of 

dsRNA 

Size of 
dsRNA 

Amount of 
dsRNA 
(µg)b 

eGFP EtOH ppt 
plasmidc 

4 4.4 Yes 737 39.0 

eGFP Gel purified 
plasmid 

4 4.4 No 737 - 

eGFP EtOH ppt 
plasmidc 

6 4.5 Yes 737 51.5 

eGFP Synthesised 
fragment 

6 4.5 Yes 737 48.0 

Positive 
controld 

Linear 
fragment 

2 4.4 Yes 500 56.7 

Mixed 
template 
(positive 
controld 
and eGFP) 

Linear 
fragment 
and EtOH 
ppt plasmidc 

4 4.4 Yes 500  
737 

45.6 

DsAflR 1 EtOH ppt 
plasmidc 

16 4.6 See footnotee 509 - 

DsAflR 1 Synthesised 
fragment 

16 4.6 Yes 509 27.4 

DsAflR 1 Synthesised 
fragment 

6 4.7 Yes 509 78.7 

DsAflR 2 EtOH ppt 
plasmidc 

16 4.6 See footnotee 408 - 

DsAflR 2 Synthesised 
fragment 

16 4.6 Yes 408 42.5 

DsAflR 2 Synthesised 
fragment 

6 4.7 Yes 408 39.8 
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Figure 4.8. Verification of fluorescent labelling of dsRNAs. (A) Labelling of the 
positive control dsRNA provided in the MEGAScript RNAi kit with Cy3 (lane 2), as 
indicted by a slight shift in size and unlabelled control dsRNA (lane 1). (B-D) Unlabelled 
dsRNA (lane 1) and Cy3-labelled dsRNA (lane 2) of eGFP (B), DsAflR 1 (C) and DsAflR 
2 (D). DsRNAs were successfully labelled, as indicated by a slower migrating band with 
a higher molecular weight. A 1 kb+ DNA ladder was used as a size marker.   

B A 

C 
D 
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Uptake of Cy3-labelled eGFP-dsRNA was detected 24 h after inoculation with 2000 ng 

of dsRNA, but little uptake was seen with 1000 ng or 500 ng of dsRNA (Appendix Figure 

A7.21). However by 48 h, uptake of eGFP-dsRNA was seen at all three dsRNA 

concentrations used (Figure 4.9). GFP fluorescence was not uniform throughout the 

hyphae (0 ng). There was also non-uniform uptake of the dsRNA, and both Cy3 and GFP 

appeared mutually exclusive, suggesting that some target (eGFP) gene silencing may 

have occurred. Uptake was not examined after 72 h, as this was a preliminary experiment 

trialling different amounts of dsRNA and time points, and there was not enough time to 

repeat it.  
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Figure 4.9. Uptake of fluorescently labelled enhanced green fluorescent protein gene 
(eGFP)-dsRNA in Dothistroma septosporum 48 hours post-inoculation with the 
dsRNA. Hyphae were grown on water agar (WA) with microscope slides (Figure 2.5) 
and inoculated into liquid cultures as outlined in Section 2.11. Different amounts of 
eGFP-dsRNA were applied: 2000 ng (top panel), 100 ng, 500 ng and 0 ng (no dsRNA, 
bottom panel). From confocal microscopy imaging, orange fluorescence indicates Cy3-
labelled dsRNA, green fluorescence shows eGFP-expression, grey image brightfield 
view of hyphae and a merged image of all three channels. Scale bars are 9 µm.  
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Figure 4.10. Uptake of fluorescently labelled dothistromin pathway regulatory gene 
(DsAflR) 1-dsRNA in Dothistroma septosporum 24, 48 and 72 hours (h) post-
inoculation with the dsRNA. Hyphae were grown on water agar (WA) with microscope 
slides (Figure 2.5) and inoculated into liquid cultures, as outlined in Section 2.11. 
Different amounts of DsAflR 1-dsRNA were applied as indicated: 2000 ng and 500 ng, in 
the presence of 0.03% SILWET L-77, and imaged using confocal microscopy. As a 
control sample no dsRNA (0 ng) was added to mycelium cultures (not shown). The 
different colours represent different fluorescence channels, from left to right: cyan 
fluorescence is representative of Aniline Blue (AB) and Trypan Blue (TB), and orange is 
Cy3 fluorescence. Grey image is brightfield and the merged image is of all channels. 
Brightfield images for 500 ng of DsAflR 1-dsRNA were not captured due to technical 
difficulties with the microscope. Scale bars are 9 µm.   
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D. septosporum was also capable of taking up a 408 bp DsAflR 2-dsRNA (Figure 4.11 

and Appendix Figure A7.22). Optimal uptake was detected 48 h after addition of 500 ng 

of synthesised dsRNA to mycelium cultures. Less dsRNA uptake was seen when viewed 

after 72 h. Incubation of D. septosporum cultures with 1000 ng dsRNA did not appear to 

improve dsRNA uptake above that seen with 500 ng. DsRNA appeared to be localised 

within vacuoles or vesicles within fungal cells.  
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Figure 4.11. Uptake of fluorescently labelled dothistromin pathway regulatory gene 
(DsAflR) 2-dsRNA in Dothistroma septosporum 24, 48 and 72 hours (h) post-
inoculation with the dsRNA. Hyphae were grown on water agar (WA) with microscope 
slides (Figure 2.5) and inoculated into liquid cultures as outlined in Section 2.11. 
Different amounts of DsAflR 2-dsRNA were applied as indicated: 2000 ng and 500 ng, in 
the presence of 0.03% SILWET L-77, and imaged using confocal microscopy. As a 
control sample no dsRNA (0 ng) was added to mycelium cultures (not shown). The 
different colours represent different fluorescence channels, from left to right: cyan 
fluorescence is representative of Aniline Blue (AB) and Trypan Blue (TB), and orange is 
Cy3 fluorescence. Grey image is brightfield and the merged image is of all channels. 
Scale bars are 9 µm.   
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was recommended for the first time synthesising dsRNA, for any template, according to 

the MEGAScript RNAi kit manual.  

 

4.3.2 MEGAScript RNAi kit for small scale production of dsRNA 
Commercially available kits are widely used for synthesising dsRNA. The MEGAScript 

RNAi kit was used in this study to synthesise each of the dsRNAs specific to 

D. septosporum. This kit has the capacity to synthesise 50 µg or more dsRNA per 

reaction, depending on the size and sequence of the dsRNA (https://www.thermofisher.c

om/order/catalog/product/AM1626#/AM1626). SIGS studies where dsRNA has been 

produced using the MEGAScript RNAi kit, to silence fungal genes, include those of A. 

niger (Qiao et al., 2021), Fusarium asiaticum (Gu et al., 2019; Song & Thomma, 2018), 

Fusarium oxysporum and Mycosphaerella fijiensis (Mumbanza et al., 2013), as well as 

others involving a range of pathogenic fungal species (McLoughlin et al., 2018; Wang et 

al., 2016; Werner et al., 2020) (Chapter 1, Table 1.3). Using the MEGAScript RNAi kit, 

concentrations of dsRNAs are highlighted in Table 4.2 generated by Koch et al. (2016), 

Werner et al. (2020), McLoughlin et al. (2018) and Wang et al. (2016). However, a 

limitation of using a kit to synthesise dsRNA in vitro is obtaining only small amounts of 

dsRNA. This makes it expensive when large amounts of synthesised dsRNA are needed 

and the MEGAScript RNAi kit is not able to synthesise dsRNAs on a large enough scale 

required for commercial application. Alternative methods, such as cell-free synthesis, are 

discussed in the next section.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.thermofisher.com/order/catalog/product/AM1626#/AM1626
https://www.thermofisher.com/order/catalog/product/AM1626#/AM1626


https://www.greenlightbiosciences.com/how- to- scale- rna- production/
https://www.greenlightbiosciences.com/how- to- scale- rna- production/
http://genolution.co.kr/agrorna/service-overview/
http://genolution.co.kr/agrorna/service-overview/
http://www.globalengage.co.uk/pgc/docs/PosterMaxwell.pdf


http://www.globalengage.co.uk/pgc/docs/PosterMaxwell.pdf
http://www.globalengage.co.uk/pgc/docs/PosterMaxwell.pdf
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fungal cells, whereas eGFP-dsRNA uptake appeared to be either cytoplasmic or in large 

vacuoles. Further study is required to confirm these results.  

 
A previous study in which dsRNA uptake was assessed in B. cinerea indicated the 

absence of dsRNA in vacuoles (Wang et al., 2016). A possible reason for this could be 

the presence of nucleases in the vacuole that could degrade dsRNA (Klionsky et al., 

1990). Kalyandurg et al. (2021) found that the oomycete P. infestans was able to take up 

Cy3-labelled GFP-dsRNA into sporangia. Uptake was not evident in all sporangia, but 

those that did take up the dsRNA had reduced GFP fluorescence compared to those 

treated with control dsRNA provided by the MEGAScript RNAi kit. They also examined 

the accumulation of dsRNA sprayed onto potato leaves, demonstrating the distribution of 

fluorescence of the GFP-dsRNA and Cy3-labelled GFP-dsRNA. Uptake of fluorescent 

GFP-dsRNA was also observed by Wytinck, Sullivan, et al. (2020). In their study, GFP 

fluorescence accumulated at the tips of S. sclerotiorum hyphae, suggesting that this was 

the site for dsRNA delivery or accumulation.  

 
In summary, this chapter addressed the design, production and labelling of dsRNAs 

targeting eGFP and DsAflR. Various templates were trialled to improve the yield of 

dsRNAs. Greatest success was seen with synthesised DNA templates and the use of the 

MEGAScript RNAi kit to transcribe the DNA. All three dsRNAs were taken up by fungal 

hyphae. The next chapter describes in vitro and in planta trials with these dsRNAs to 

determine their effects on target gene expression and virulence of D. septosporum.  
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Based on variable success with the eGFP- and DsAflR 1-dsRNA trials, it was decided 

that, for DsAflR 2, the dsRNA would be added to mycelium plugs of DM medium in 12-

well plates and different amounts of the dsRNA would be tested. A time course 

experiment was conducted over 72 h to determine changes in DsAflR gene expression, 

using either 500 ng or 1000 ng (250 ng/mL and 500 ng/mL respectively) of DsAflR 2-

dsRNA. There was variation in DsAflR transcript levels after 24, 48 and 72 h (Figure 5.3). 

Addition of 500 ng of dsRNA showed a decrease in DsAflR gene expression at all three 

time points, although none of these were statistically significant when compared to the 

water controls (Table 5.1). A higher amount of dsRNA (1000 ng) did not appear to result 

in any silencing effect, with mean expression levels higher than the controls after 48 and 

72 h post-inoculation (Figure 5.3), suggesting that silencing was ineffective, even after 

24 h. A common trend between the trials with different amounts of dsRNA was that the 

greatest decrease in transcript levels was after 24 h of incubation. In this experiment there 

was large variability in gene expression in the water control samples, which may have 

contributed to the lack of significant differences observed between the untreated and 

dsRNA-treated samples in the 500 ng samples. 

Figure 5.3. Effect of changes in dothistromin pathway regulatory gene (DsAflR) 
expression in response to treatment with different concentrations of dsRNA 
targeting region 2 of DsAflR in Dothistroma septosporum. Transcript levels were 
measured at 24, 48 and 72 h post-treatment with 500 ng and 1000 ng of DsAlfR 2-dsRNA. 
Mycelium was grown on Dothistroma Medium (DM) and dsRNA was applied to liquid 
cultures in 12-well plates as in Chapter 2, section 2.11. Data represent two biological 
replicates. Error bars represent standard deviation. Target gene expression was 
normalised to the reference gene, as in Figures 5.1 and 5.2. No statistically significant 
differences between dsRNA-treated and untreated samples were found.  
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Taken together, the results for in vitro assays with dsRNA targeting eGFP or DsAflR, 

demonstrated promising results. There were few statistically significant differences in 

gene expression between dsRNA-treated (500 ng of dsRNA applied) and untreated 

samples, but high variability between replicate water controls. Differences might have 

been statistically significant for eGFP-, DsAflR 1- and DsAflR 2-dsRNA treatments, using 

the 12-well plate method, if the water controls had been more consistent. The next part of 

this results section addresses in planta assays with the dsRNA to access the overall health 

of pines and to determine if they are protected from infection by D. septosporum. 

 

5.2.2 RNA silencing trials with pine microshoots 
To evaluate the efficacy of SIGS against D. septosporum in planta, assays were 

undertaken using pine microshoots in sealed jars (Chapter 2, section 2.12). The pine 

shoots were sprayed with dsRNA (1 mL mixed with 0.03% SILWET L-77), then sprayed 

with spores from an eGFP-expressing D. septosporum strain (Chapter 2, section 2.8), and 

either air-dried before sealing the jars (one set of jars) or sealed immediately after 

spraying with the spore suspension (a separate set of jars). Pine shoots were sampled to 

analyse fluorescent eGFP lesions on needles after 4.5 and 5.5 weeks. Needle samples 

were taken from one set of jars at each of these time points. Figure 5.4 shows pine shoots 

in sealed glass jars 4.5 weeks after treatment with D. septosporum and dsRNA. An overall 

disease assessment of the pine shoots was completed to ascertain if there was some level 

of protection by exogenous spray applications with the gene-specific dsRNAs. Within 

each jar, some shoots had more needle death compared to others, indicating variability 

between replicate shoots (Figure 5.4).  

 
Pine shoots sampled at 4.5 weeks that were sealed immediately (not air-dried) after 

spraying with D. septosporum spores, as explained in methods section 2.12, appeared to 

have less needle death overall compared to the air-dried shoots (Figure 5.4). However, 

there were no visible trends across these two sets of jars with respect to results from 

spraying with DsAflR-dsRNAs, compared to the eGFP-dsRNA and water controls. The 

use of two different methods, air drying and sealing immediately after spray inoculation 

with dsRNA and fungal spores, may have contributed to variability in shoots between the 

two sets of jars (Figure 5.4). After the conclusion of the experiment at 5.5 weeks, the 

remaining jars of shoots were photographed with the lids removed (Figure 5.5). Although 

fewer dead needles were observed on microshoots sprayed with DsAflR 2-dsRNA 
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compared to shoots sprayed with eGFP-dsRNA as a control in this figure, there was 

variability between replicate shoots. After treatment with the eGFP-dsRNA control, more 

needle death was seen after 5.5 weeks compared to 4.5 weeks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Spray-induced gene silencing in Dothistroma septosporum in Pinus radiata clonal 
shoots in sealed glass jars. Pine shoots were sprayed with 1 mL of dsRNA (eGFP, DsAflR 1 or 
DsAflR 2) diluted with DEPC-treated water (+ 0.03% SILWET-L77), as in section 2.12.1, 
followed by spray inoculation with D. septosporum spores and air-dried (left panel) or sealed 
immediately (right panel). As a control, water was sprayed instead of dsRNA. An extra jar was 
provided, which was used as a no-dsRNA treatment control. Pine shoots within this jar were 
infected with D. septosporum but were not treated with dsRNA. Photographs were taken with 
petri dish lids on after 4.5 weeks of incubation to avoid contamination.   
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Figure 5.6. Pinus radiata needles sprayed with dsRNA showing fluorescent eGFP 
lesions at 4.5 weeks. Images were captured post-inoculation with dsRNA (+ SILWET-
L77) as shown and Dothistroma septosporum (eGFP) spores. Individual needles were 
sampled from pine microshoots in glass jars and examined for the presence of fluorescent 
eGFP lesions, indicative of infection. Scale bar is 100 µM.  
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Figure 5.7. Pinus radiata needles sprayed with dsRNA showing fluorescent eGFP 
lesions at 5.5 weeks. Images were captured post-inoculation with dsRNA (+ SILWET-
L77) and Dothistroma septosporum (eGFP) spores. Individual needles were sampled 
from pine microshoots in glass jars and examined for the presence of fluorescent eGFP 
lesions, indicative of infection. Scale bar is 100 µM. 
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To determine if there was reduced pathogen growth on P. radiata, qPCR was performed 

to estimate D. septosporum biomass in needles with eGFP lesions at 4.5 weeks post-

inoculation. Due to the time required to examine each needle for individual eGFP lesions 

prior to gDNA extraction, gDNA was also extracted from some whole shoots (with a mix 

of needles with and without lesions) to determine if this would be a suitable alternative 

sampling method for biomass estimation. The proportion of fungal biomass was estimated 

by comparing the gene concentration, as the ratio of two genes, the fungal gene DsPksA, 

and the pine gene CAD (Chapter 2, section 2.12). For each of these methods (needles with 

verified lesions or whole shoots), three biological replicates were carried out for each 

treatment, which were three different shoots within one set of jars (air-dried or sealed 

immediately). 

 
There was no successful PCR amplification of the CAD and/or DsPksA genes in at least 

half of the gDNA samples from both the needles with lesions and the whole shoots 

(Appendix Tables A7.12-A7.13, Test 1). In case there were inhibitors present in the 

sample that prevented amplification, such as a high content of polysaccharides, the gDNA 

samples were purified with an additional chloroform isoamyl alcohol extraction and 

ethanol precipitation step. However, all but one of the non-amplifying samples still did 

not amplify in the qPCR, despite the extra clean-up step (Appendix Tables A7.12-A7.13, 

Test 2), and increased Ct values for the amplifying samples from needles with lesions 

indicated possible loss of gDNA during the clean-up (Appendix Tables A7.12). 

  
For the subset of qPCR biomass estimations that were successful, Table 5.3 shows the 

results using needle samples and Table 5.4 for shoot samples (taken from the full results 

shown in Appendix Tables A7.12 and A7.13). For both, there was high variability in 

results between replicate samples, particularly for the water controls. The analysis 

undertaken with samples of needles with confirmed eGFP lesions (Table 5.3) showed no 

significant differences in fungal biomass in needles treated with dsRNA and those treated 

with water, even when comparing to the eGFP-dsRNA control (Table 5.3 and Figure 5.9).  
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Table 5.3. Quantitative Polymerase Chain Reaction (qPCR) results for biomass 

estimation in pine needles with eGFP lesions 4.5 weeks post-inoculation.  

aShoot refers to the number of the pine shoot from which the needles with lesions were taken for each 
independent treatment (dsRNA targeting eGFP or DsAflR regions 1 or 2, or water). Raw data are provided 
in Appendix Table A7.12. Data shown here are a subset of those results, since only some samples were 
successfully amplified.   
bRep refers to technical replicates used for qPCR. 
cCycle threshold (Ct) for amplification of polyketide synthase A (DsPksA). Regression line equation:  
Y = -3.267x + 23.73 
dCt for amplification of cinnamyl alcohol dehydrogenase (CAD). Regression line equation: 
Y = -3.365x + 27.84 
eTarget/Ref refers to the ratio of DsPksA (target gene) to CAD (reference gene), calculated from the 
regression equation. 
fT-tests using the ratio of target to reference values, calculated from the regression equation, to compare 
treated samples to the four water samples shown (untreated controls).   
gT-test as done above, except comparing the ratio of target to reference values between DsAflR-dsRNA-
treated samples to the eGFP-dsRNA control.  
 
 

 

 

 

 

 

 
 
Figure 5.9. Estimation of fungal biomass after 4.5 weeks in disease lesions on Pinus 
radiata needles after treatment with dsRNA. A graphical representation of the results 
shown in Table 5.3. Pine shoots were sprayed with dsRNA targeting either the eGFP or 
DsAflR genes. The ratio of fungal polyketide synthase A (DsPksA) to pine cinnamyl 
alcohol dehydrogenase (CAD) (target/reference) is shown. X axis shows treatment with 
the dsRNA or water. Y axis shows the ratio between the two genes. Data represent one 
biological replicate for each dsRNA treatment and two biological replicates for the water 
controls; two technical replicates are shown for all treatments. Error bars represent 
standard deviation. 
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0.018 
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Estimation of D. septosporum biomass from whole pine shoots was only successful for 

some of the samples treated with dsRNA targeting DsAflR-2, and some water controls, 

but from each of the tests 1 and 2 (i.e. before and after re-purification of the gDNA 

templates) (Table 5.4). In this case, there was a signficant difference in fungal biomass 

between DsAflR 2-dsRNA-treated and untreated whole pine shoots (Table 5.4 and Figure 

5.10).  Estimates for D. septosporum biomass were consistent across both tests, showing 

similar ratios of the two genes. In both tests, there was a higher proportion of fungal 

biomass in shoot 1 sprayed with DsAlfR 2-dsRNA than in shoot 6 treated with the same 

dsRNA. High variability was also seen for the three water controls, highlighting immense 

variability in D. septosporum biomass estimations between clonal shoots (Figure 5.10).  

 
Table 5.4. Quantitative Polymerase Chain Reaction (qPCR) results for biomass 

estimation in whole pine shoots 4.5 weeks post-inoculation.  

aTest refers to the experimental number. In test 1, the assay was done with genomic DNA (gDNA) 
extracted from whole pine shoots and test 2 was a repeat of test 1 with gDNA further purified as 
in Chapter 2, section 2.12. 
bShoot refers to the number of the pine shoot from which the needles with lesions were taken for 
each treatment (dsRNA targeting eGFP or DsAflR regions 1 or 2, or water). Raw data are provided 
in Appendix Table A7.13.   
cRep refers to technical replicates used for qPCR. 
dCycle threshold (Ct) for amplification of polyketide synthase A (DsPksA). Regression line 
equation: Y = -3.267x + 23.73 
eCt for amplification of cinnamyl alcohol dehydrogenase (CAD). Regression line equation:  
Y = -3.365x + 27.84 
fTarget/Ref refers to the ratio of DsPksA (target gene) to CAD (reference gene).  

Test 
#a 

Treatment Shoot 
#b 

Repc Ct target 
(PksA)d 

Ct ref 
(CAD)e 

Target/Reff T  
Testg 

1 DsAflR 2-dsRNA 1 1 
2 

21.35 
21.06 

22.13 
21.97 

0.108 
0.118 

0.008 

2 DsAflR 2-dsRNA 1 1 
2 

23.6 
23.9 

24.89 
24.83 

0.146 
0.113 

0.054 

1 DsAflR 2-dsRNA 6 1 
2 

- 
26.45 

- 
24.48 

- 
0.015 

0.147 

2 DsAflR 2-dsRNA 6 1 
2 

28.01 
27.82 

26.35 
26.03 

0.018 
0.016 

0.308 

1 Water 1 1 
2 

23.2 
23.22 

21.85 
22.01 

0.024 
0.027 

- 

2 Water 1 1 
2 

24.92 
25.62 

24.17 
24.46 

0.035 
0.026 

- 

1 Water 3 1 
2 

23.61 
23.74 

22.08 
22.17 

0.021 
0.021 

- 

2 Water 3 1 
2 

26.90 
26.27 

25.22 
24.87 

0.018 
0.022 

- 

1 Water 6 1 
2 

20.88 
20.93 

21.09 
21.07 

0.074 
0.070 

- 

2 Water 6 1 
2 

24.18 
23.96 

24.89 
24.91 

0.097 
0.114 

- 
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for FgAGO1, 192 bp for FgAGO2, 182 bp for FgDCL1 and 193 bp for FgDCL2), had 

lower silencing efficiencies compared to dsRNAs longer than 650 bp (manually designed 

dsRNA constructs) (658 bp for FgAGO1, 871 bp for FgAGO2, 912 bp for FgDCL1 and 

870 bp for FgDCL2) (Werner et al., 2020). Although differences in lengths of the DsAflR-

dsRNAs in this study were small compared to those compared in other studies described 

above (Höfle et al., 2020; Werner et al., 2020), this highlights differences in gene 

silencing efficiencies between different dsRNAs.  

 
The concentration or amount of dsRNA used has the potential to affect the silencing 

efficiency of target genes in an organism. In the current study, an experiment was 

conducted to determine if greater silencing was achieved using more dsRNA. A lower 

amount (500 ng) of DsAflR 2-dsRNA was sufficient to silence DsAflR and achieved more 

silencing than 1000 ng of dsRNA (Figure 5.3). Differences in silencing efficiencies with 

dsRNAs applied at varying concentrations could be explained by the amount of RNA 

molecules present at the site for processing by the RNAi machinery. For example, with 

higher doses of the potent dsRNA it may be that the silencing machinery is not able to 

keep up with the high demand of RNA molecules. Therefore, the effects of silencing 

could be less than that of dsRNAs of lower concentrations where the RNA molecules can 

all be processed at once (McLoughlin et al., 2018). McLoughlin et al. (2018) also found 

that once maximal knockdown was achieved with a certain dsRNA concentration, 

stronger silencing responses were not seen with higher concentrations beyond this. RNAi 

studies in insects and mice have also shown that oversaturation of the RNAi machinery 

can occur due to an abundance of dsRNAs or siRNAs at the site for processing, resulting 

in competition between molecules (Grimm et al., 2006; Miller et al., 2012). 

 
Successful silencing also depends on whether the fungal pathogen possesses components 

of the RNAi silencing machinery and their regulation. An attempt was made to investigate 

expression of the core RNAi gene, DCL, to determine if there was upregulation in 

response to treatment with dsRNA in D. septosporum (Appendix Figure A7.30 and Table 

A7.10). However, due to the presence of multiple peaks from the melt curve analysis 

using test samples, the DCL primers were deemed non-specific. Future work in designing 

a new set of primers with a higher primer specificity is required to investigate gene 

expression levels. Despite trends that indicated reductions in gene expression in response 

to treatment with dsRNA in vitro (section 5.3.1), it could be that DCL is very lowly 
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expressed or is not expressed at all (as shown by late amplification in some samples, 

Appendix Table A7.10), which could be a contributing factor for the lack of significant 

differences between dsRNA-treated and untreated samples. Further investigation of dicer 

expression is needed to determine whether this gene, or any of the other core genes (AGO 

and RdRP), are upregulated in response to addition of dsRNA. If DCL is not expressed in 

D. septosporum, SIGS could still be achieved via the plant processing route, where the 

dsRNA firstly gets taken up into plant cells, then processed into 21-bp siRNA, prior to 

transfer into the fungus where targeted gene silencing occurs. Song and Thomma (2018) 

found that the two dicer genes (FaDicer1 and FaDicer2) in F. graminearum showed 

differential expression. A significant reduction was observed in FaDicer2 expression 1 h 

and 5 h after removal of the Myo5-8-dsRNA targeting the myosin 5 gene (myo5 segment 

8) compared to time 0 h; there was also a decrease in AGO1 expression after 5 h in the 

same experiment. This suggests that expression of fungal dicer genes may be regulated 

by the presence or absence of dsRNA. 

 

5.3.2 Factors impacting exogenous applications of dsRNA in planta 
 
The stability of RNA molecules represents another important factor impacting gene 

silencing. It is possible that the dsRNA used for experiments in this study for in vitro and 

in planta assays may have degraded, reducing the effectiveness of the dsRNA. Various 

strategies can be used to increase the stability of dsRNA molecules, such that they are not 

degraded by RNases. Although this was not tested in this study, future work in using 

formulations and carriers should be undertaken. This may improve dsRNA uptake and 

delivery, preventing the dsRNA molecules from degradation and providing different 

silencing outcomes. UV light, oxygen and temperature are all environmental factors, 

which influence the stability of dsRNA molecules. The use of edible coatings and 

nanoencapsulation of dsRNA for controlling diseases of post-harvest crops appears 

promising to improve stability of the dsRNA in the environment (de Oliveira Filho et al., 

2021). Without formulations and carriers, naked dsRNAs can be degraded within two 

days of soil application (Dubelman et al., 2014), emphasising that this is a major 

limitation to applications of this technology. Mitter et al. (2017) and Jain et al. (2022) 

have used nanoparticles as carriers for delivery of dsRNA, such as layered double 

hydroxide (LDH) clay nanosheets. These carriers also help to stabilise dsRNA and have 

been shown to improve the longevity of dsRNAs for up to 30 days on leaves (Mitter et 
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entire plant is not adequately sprayed on all needles. In addition to spraying for disease 

control, factors such as growing fungal pathogens under suboptimal conditions, like 

temperature and nutrient availability, can increase the sensitivity of the fungus to dsRNA. 

A silencing study where treatment with dsRNA at multiple time points under variable 

environmental conditions was explored for controlling Macrophomina phaseolina in 

vitro with application of a siRNA targeting a chitin synthase gene. Their results suggested 

that silencing can be successful under variable climate conditions, proposing that, for in 

planta RNAi assays, the efficacy of RNAi-based silencing technologies could potentially 

be advanced by adding dsRNA molecules at the time of planting, coordinated with 

periods where there are variable soil temperatures where M. phaseolina does not grow as 

well. This could, in turn, inhibit fungal growth and offer additional protection to the host 

plant (Forster & Shuai, 2020). As with timing of spray application and conditions 

affecting dsRNA uptake by fungi, it is likely that multiple sprays of the dsRNA solution 

should be applied to the host plant for effective treatment for future studies with 

D. septosporum and other pathogens, to inhibit the pathogen from sporulating and 

completing its life cycle.  

 
Whilst developing an RNA bio-fungicide spray for disease control there are other 

considerations that need to be addressed. Firstly, this includes the need for quality dsRNA 

that is of a high yield for spraying crops. Production of large volumes of dsRNA can be 

achieved using platforms such as fermentation (Nerva et al., 2020; Zhu et al., 2016), 

which was discussed in the previous chapter (section 4.3.3). Secondly, the dsRNA must 

be sufficiently stable for commercialisation purposes. To improve the shelf life of RNA 

bio-fungicide sprays the dsRNA could be mixed with a formulation of nanoparticles or 

encapsulated in a coating (de Oliveira Filho et al., 2021). Thirdly, the efficacy of the 

dsRNA should be tested in the greenhouse, and further in field trials. However, methods 

to enhance dsRNA stability are promising for future disease control.  

 

5.3.3 Limitations and challenges of pine infection assays 
 
A limitation of the infection assay with D. septosporum was not being able to get similar 

levels of infection within replicate microshoots. Not all needles showed symptoms and it 

was hard to determine if there were lesions, as many needles were already dying (dark 

brown) and some had saprophytic fungal growth. An eGFP-labelled strain of 
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Chapter 6: Conclusions and Future Outlook 
 

6.1 General conclusions and limitations of the study 
This study explores the potential for external RNA in the management of a fungal disease, 

DNB. In the long term, this technology could potentially replace fungicides with RNAi 

bio-fungicides. The work described here provides a framework for future gene silencing 

studies with the forest pathogen D. septosporum. SIGS has not been attempted so far to 

control this fungal pathogen. The present work was undertaken to determine if the DsAflR 

gene of D. septosporum, and the eGFP control gene in transgenic D. septosporum, can 

serve as potential targets for achieving reduced DNB disease using SIGS.  

 
DsAflR is a dothistromin pathway regulatory gene, deemed as the master regulator for the 

biosynthetic pathway involved in making the toxic virulence factor dothistromin. This 

gene was identified from a comprehensive literature study as a successful target for RNA 

silencing (Chapter 3) and most likely to have an effect on suppressing the virulence of 

D. septosporum. Two types of DsAflR-dsRNA, targeting different regions (1 and 2) of the 

DsAflR gene, were synthesised using an in vitro MEGAScript RNAi kit. Both DsAflR-

dsRNAs were successfully taken up directly into D. septosporum (Chapter 4) and 

effectively silenced DsAflR in vitro (Chapter 5); however, not all reductions in DsAflR 

gene expression were statistically significant. In planta silencing trials revealed 

significantly fewer needles with disease lesions on shoots sprayed with DsAflR 1- and 

DsAflR 2-dsRNA respectively (12% and 16% of needles) compared to 24% of needles 

treated with eGFP-dsRNA in the 5.5 week samples (Table 5.2). However, fungal biomass 

in either pine needles or whole shoots sprayed with DsAflR-dsRNA was not significantly 

reduced compared to untreated controls, although due to lack of time these assays were 

only done with the 4.5 week samples. However, estimations of fungal biomass revealed 

significantly higher D. septosporum biomass in one of the 4.5 week whole shoot samples 

in DsAflR 2-dsRNA-treated pines compared to pines sprayed with water (P = 0.008 for 

test 1 and 0.054 for test 2; Table 5.4), opposite to what was predicted.  

 

The eGFP gene was used as a control in this study to provide proof of concept of whether 

RNA silencing occurs in D. septosporum (Chapter 3). The use of commercially 

synthesised and manually constructed templates facilitated synthesis of eGFP-dsRNA 

(Chapter 4). Confocal microscopy showed that eGFP-dsRNA was capable of being taken 
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disease progression indicated that disease lesions develop at different rates on various 

needles, as reported previously for D. septosporum (Bradshaw et al., 2016).  

 

Biomass measurements by qPCR are useful for determining the growth of 

D. septosporum in P. radiata. The biomass results for needles differed considerably 

compared to the results for whole pine shoots. Needle samples were more reliable than 

the whole shoots, as needles were only chosen that had fluorescent lesions. Lesions were 

not able to be cut out of individual needles to minimise variation, as a considerable 

amount of pine tissue was required for extracting gDNA, and since the numbers of eGFP-

fluorescing lesions differed in the different treatments, this could not be done. Given that 

all biomass estimates were taken at 4.5 weeks for qPCR, gDNA could be extracted from 

needles and whole shoots sampled at a later timepoint (e.g. at 5.5 weeks) to determine 

differences in fungal biomass between the two timepoints in future. However, in this work 

there was an extra variable, in that the two sets of jars were treated differently - air drying 

or sealing jars immediately after inoculation - as it was not certain which would best 

support D. septosporum infection of the pine shoots. In future work, only one of these 

conditions should be used for all jars. Pine shoots would be sealed immediately after spray 

inoculation with the fungus, as in general there were higher numbers of DNB lesions 

under these conditions (4.5 week samples in Table 5.2) compared to air-dried samples. 

This would maintain a higher level of needle wetness and also minimise opportunities for 

introduction of other contaminants.  

 

To determine if SIGS could be successful for nursery applications, an assay could be 

performed by infecting pine seedlings or saplings. Differences in the effects of dsRNA 

treatments on targeted gene silencing and disease levels could also be compared on young 

seedlings and mature pines to provide an insight into efficacy of the treatment on pines 

in different seasons of the year and on different ages of pine trees. Optimal conditions for 

spraying Pinus radiata will help prevent infection by D. septosporum. Determining the 

best time of year to spray will also aid in most effective disease control. Wang et al. 

(2016) showed that by spraying with dsRNA two days before inoculation with B. cinerea, 

Arabidopsis plants were protected against disease. 
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To study the function of genes it is useful to make mutant strains lacking each gene of 

interest and determining the effect of the loss of gene function. In future, D. septosporum 

mutants could be made knocking out or mutating RNAi genes, such as DCL for example. 

Disruption of the DCL gene could be achieved using clustered regularly interspaced short 

palindromic repeats and CRISPR-associated protein 9 (CRISPR/Cas9) technology, which 

has been a successful method for generating disruption mutations in the AflR gene of 

D. septosporum (McCarthy et al., 2022). However, firstly, it would be important to 

identify if DCL is expressed and if the dsRNA is processed into siRNAs. Also, the 

functions of other potential target genes, could be explored to elucidate their function by 

disrupting or knocking out genes completely using CRISPR/Cas9 technology. This could 

determine if they play a role in reducing the production of dothistromin and affect the 

virulence of the fungal pathogen. 
 

6.2 Future outlook 
 
Future applications of RNA bio-fungicides could be aimed at spraying plants in nurseries, 

or existing forest management strategies could be adapted to spray forests with dsRNA. 

RNA silencing technologies could also be applicable to other pathogens of interest and if 

the pathogen became resistant due to mutation of the target gene, new sequences could 

be deployed in the dsRNA formulations, or new gene targets could be used. This section 

addresses potential applications of SIGS in the forest to control D. septosporum. These 

include developing an RNAi bio-fungicide that is capable of targeting multiple genes, is 

specific in that it does not target other organisms and has increased longevity. 

 
Transcriptome analysis and literature searches enabled identification of D. septosporum 

SIGS gene candidates. Careful considerations were taken into account for choosing target 

genes and the location of the target region within a gene for which dsRNA could be 

synthesised. In future RNAi studies, other target genes could be explored, or multiple 

genes could be targeted at once, rather than creating an RNAi fungicide targeting a single 

gene. For example, multiple genes in the biosynthetic pathway for making dothistromin 

could be targeted. Studies have shown effective disease management through targeting 

multiple genes at once. A key study showed that transgenic A. thaliana plants expressing 

hairpin dsRNAs targeting two DCL genes (DCL 1 and DCL 2) of both B. cinerea and 
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V. dahliae simultaneously were effective in suppressing disease, increasing resistance to 

both pathogens (Wang et al., 2016).  

 
The specificity of target genes is highly important to avoid silencing unintended genes in 

other organisms. Endophytes and other organisms within the environment could be 

affected, potentially disturbing the balance between beneficial organisms in the plant 

community. Future work should determine if there are off-target effects on unwanted 

organisms prior to production of dsRNA at a commercial level. Before conducting field 

trials in the forest, it would be important to determine which organisms (e.g. endophytic 

fungi) are present in the forest environment. Genomes of these organisms could be 

sequenced to look for matches to the dsRNA sequence and also to matches of the 21-base 

siRNAs created once the dsRNA is processed. In this study, the DsAflR gene was chosen 

as a candidate gene, as it is not known to be found in other forest fungi, but a broader 

search would be needed for field trials.   

 
The ability of dsRNA to degrade in the environment represents an important factor to 

consider for future in planta RNAi experiments, especially for field trials. The viability 

of dsRNAs should be tested to determine how long the dsRNA persists within pine 

seedlings. Further experiments exploring the use of nanoclay carriers to improve the 

longevity of the dsRNA within the plant, or on the surface of the plant, and/or in the 

environment should be investigated. This will help to ensure the dsRNA is successfully 

delivered and can withstand degradation by RNases (Landry & Mitter, 2019). dsRNA in 

combination with nanoclay particles can also be applied to plants in different ways, not 

just by spraying leaves in laboratory settings (Mosa & Youssef, 2021). For example, in 

the case of targeting root pathogens, the dsRNA can be directly applied to roots by 

dipping them in a dsRNA solution. For leaf pathogens the dsRNA solution mixed with a 

formulation could be applied to pine shoots by dipping the whole shoot in solution for in 

vitro tests with the dsRNA or via leaf petiole adsorption in vitro; however, these are not 

practical in forest settings. Seed coatings - encasing seeds with dsRNA - could also be 

applicable for applying dsRNA for protection against pathogens. SILWET L-77 was used 

within this study to help improve dsRNA uptake, as used by McLoughlin et al. (2018), 

but this does not protect dsRNA from degradation. 
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Figure 6.2. Potential risks for topical applications of dsRNAs. DsRNA molecules can 
be sprayed on plants to protect against various pathogens as shown here. To mitigate risks 
associated with spraying, the dsRNA should be specific to the pathogen, so that it does 
not target other organisms. Exposure to dsRNA could create potential risks for human 
health (Fletcher et al., 2020).   
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TE buffer  (RNase-free) 

10 mM Tris (Carl Roth), 1 mM EDTA (Sigma) pH 8.0. 

3M Sodium acetate (RNase-free) 

Sodium acetate (Sigma) 246.09 g/L. Add 700 mL of MQ to dissolve and adjust pH to 5.2 

using acetic acid. Add remaining MQ to top up to 1 L.  

0.5 M EDTA 

EDTA (Sigma) 186.12 g/L, pH to 8.0 using sodium hydroxide (BDH).  

200 mM MOPS (pH 7.5) (RNase-free) 

Morpholinepropanesulfonic acid (MOPS) (Sigma) 41.852 g/L.  

Aniline blue (AB) and trypan blue (TB) staining solution 

A 1% aniline blue stock solution was prepared by dissolving 10 mg aniline blue 

diammonium salt (Sigma-Aldrich) in 1 mL MQ. A 1% trypan blue stock solution was 

prepared by dissolving 10 mg trypan blue powder (Merck) in 1 mL MQ. To mix both 

staining solutions (AB20/TB20) 20 µL of each stain was combined.  

7.3 Reagents for running gels 
 

7.3.1 DNA gels 
 
10X TBE 

Tris (Invitrogen) 108 g/L, EDTA (Sigma) 9.3 g/L, boric acid (Univar) 55 g/L, dissolved 

in MQ and adjusted to pH 8.2 using concentrated HCl (BDH). MQ was added to reach 

the desired final volume.  

 
1X TBE 

Dilute 40 mL of 10X TBE with 360 mL of DEPC-treated water to a 1X solution.  

6X loading dye 

20% (w/v) sucrose (BDH), 5 mM EDTA Na2.H2O (BDH), 1% (w/v) SDS (BDH), 0.2% 

(w/v) bromophenol blue (J.T. Baker Chemical Co) and 0.2% (w/v) xylene cyanol 

(Sigma). 
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7.4 Appendices for Chapter 3 
7.4.1 Protein alignments 
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