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Abstract 

Fungal species impact humans in many areas, some positively and others negatively. 

Some fungi are agents of disease in plants or animals, yet others find diverse 

beneficial uses in industry and food production. A greater understanding of fungal 

biology is a pressing requirement because it will allow us to ameliorate the negative 

effects of certain species and enhance currently beneficial interactions, as well as to 

identify new uses for fungi. With this in mind, this thesis has focused on the 

development of new molecular tools and approaches that will improve capabilities for 

gene characterisation and phylogenetic inference in fungi. This work has extended 

across several species including the canola pathogen Leptosphaeria maculans, the 

heat tolerant ascomycete Paecilomyces variotii and the species in the order 

Mucorales.  

 

In L. maculans I utilised novel tools including CRISPR-Cas9 to identify pathogenicity 

genes. After evaluating the efficiency of identifying pathogenicity genes using a 

combination of RNA-sequencing based prediction and CRISPR-Cas9 targeted 

disruption of putative pathogenicity genes, I turned to a more conventional approach 

using T-DNA mutagenesis and forward genetics to screen for mutants with altered 

pathogenicity. I paired this with whole genome sequencing to identify T-DNA 

integration events, and in this way identified three new pathogenicity genes, one 

encoding a Sit4 Associated Protein (SAP), one encoding a flavoprotein, and one 

encoding a heat repeat protein.  

 

In Paecilomyces variotii I developed all the tools required to work effectively at the 

genetic level. These include two genome sequences and techniques for 
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transformation, targeted gene disruption and sexual crossing. Using these tools, I then 

examined interesting aspects of the biology of this organism including discovering 

Repeat Induced Point (RIP) mutation for the first time in the Eurotiales and uncovering 

the genetic basis for the biosynthesis of the secondary metabolite viriditoxin.  

 

In the final chapters of this thesis I describe some of my work uncovering diversity 

among Australian Mucorales species. This has included the discovery of a new 

species of Pilaira, a new species of Syncephalastrum and a comprehensive 

examination of the genus Backusella.  
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Introduction and literature review 
 

Global Importance of Fungi 

 

Fungal species interact with human activities in a number of areas, both positively and 

negatively. Typifying this duality, some fungi, most notably the ascomycete yeast 

Saccharomyces cerevisiae and a wide variety of basidiomycete mushrooms, are 

commonly used in food production or are food sources (Dupont et al., 2017), whereas 

other fungal species are a serious risk to global food security due to their ability to 

cause plant diseases (Dean et al., 2012). Adding more complexity, some species such 

as Ustilago maydis fall into both categories as both a food (“huitlacoche”) and a plant 

pathogen (corn smut of Zea maydis) (Valverde et al., 1995). Beyond as a food supply, 

fungi are a source of enzymes and molecules, notably citric acid, which has been 

produced industrially using Aspergillus niger for the past 100 years (Cairns et al., 

2018) and the antibiotic penicillin produced by certain Penicillium strains for more than 

75 years (Gaynes, 2017). Fungi also impact us negatively in an equally diverse 

number of ways including being the microbial lineage causing the most plant diseases 

(Dean et al., 2012), a familiar cause of food spoilage (Snyder and Worobo, 2018) and 

serious agents of human disease (e.g. Aspergillus fumigatus (Kwon-Chung and Sugui, 

2013), Candida spp. (Eggimann et al., 2003; Kojic and Darouiche, 2004), 

Cryptococcus spp. (May et al., 2016) or Mucorales spp. (Petrikkos et al., 2012)). 

Beyond these direct interactions with humans, well over 1 million species of fungi 

(Blackwell, 2011; Hawksworth and Lücking, 2017) play an unseen, but important role, 

as key species in the natural ecosystems, by forming mycorrhizal interactions that 

support plant growth (Bonfante and Genre, 2010; Plett and Martin, 2011), 
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decomposing organic matter (Janusz et al., 2017), and providing food sources to 

animals, including some endangered species (Bougher and Friend, 2009). 

 

During my lifetime, a noted trend has been the emergence or spread of new fungal 

diseases. Examples in animals include a chytrid Batrochochytrium dendobaditis that 

has caused the extinction of at least 90 species of frogs (Fisher et al., 2009; Scheele 

et al., 2019), Candida auris infections in humans (Jeffery-Smith et al., 2018) or white 

nose syndrome of bats caused by Pseudogymnoascus destructans (Drees et al., 

2017). Plant examples are wheat blast caused by Pyricularia graminis-tritici (Ceresini 

et al., 2018), myrtle rust caused by Austropuccinia psidii (Carnegie et al., 2016), and 

Ash dieback caused by Hymenoscyphus fraxineus (Downie, 2017). Previously one 

could rely on fungicides to combat fungal diseases, but resistance is increasingly 

emerging (Lucas et al., 2015; Fisher et al., 2018). Fungicide resistance is linking what 

were once considered separate research disciplines, such as the rise of fungicide-

resistant A. fumigatus in health clinics presumably caused by the use of fungicides in 

agriculture (Chowdhary et al., 2013).  

 

Goals and Expected Outcomes of my PhD Project 

 

These problems caused by fungi – the spread of new diseases and the increased 

prevalence of fungicide resistance – are complex in their origins, and it is clear that 

the next generation of researchers cannot be limited in working only on the previous 

model species or on single genes/pathways. With this in mind, I seized the opportunity 

to touch on a number of different areas of fungal genetics and molecular biology during 

my PhD studies. 
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An initial aim of my PhD project was to identify pathogenicity genes in the economically 

important species Leptosphaeria maculans, which causes blackleg disease of 

Brassica napus (canola) worldwide (Howlett et al., 2001; Van de Wouw and Howlett, 

2019). Pathogenicity genes are defined as being essential for disease progression, 

but non-essential under in vitro conditions. These genes thus represent candidate 

targets for fungicides designed to inhibit their activity and thus block disease. At the 

start of my PhD research only nine pathogenicity genes had been discovered in L. 

maculans (Idnurm and Howlett, 2002; 2003; Elliott and Howlett, 2006; Remy et al., 

2008a; Remy et al., 2008b; Remy et al., 2009; Van de Wouw et al., 2009; Feng et al., 

2014; Soyer et al., 2015). The identification of pathogenicity genes will illuminate the 

genetic mechanisms underlying blackleg disease as well as provide a greater number 

of potential fungicide targets. 

 

I decided to exploit two recent technologies that have revolutionised many aspects of 

biology. The first is the proliferation of “RNA-seq” gene expression data. These are 

now extensively available for the L. maculans – Brassica napus pathosystem (Lowe 

et al., 2014; Haddadi et al., 2016; Sonah et al., 2016; Gervais et al., 2017; Haddadi et 

al., 2019; Zhou et al., 2019), and have provided a clearer picture of the transcriptomic 

changes occurring during disease progression in both the pathogen and plant host. 

The second is the development of the CRISPR-Cas9 system. This system has opened 

up new gene editing possibilities in a number of species, including fungi (Dean et al., 

2012; Nødvig et al., 2015; Deng et al., 2017; Idnurm and Meyer, 2018; Schuster and 

Kahmann, 2019). Given the difficulty associated with making knockouts of genes in L. 

maculans using conventional techniques such as homologous recombination, which 
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frequently required the cloning of several kilobases of flanking genomic sequence and 

the screening of several hundred transformants (Gardiner and Howlett, 2004); or with 

gene silencing approaches using RNAi, which often resulted in only partial and highly 

variable reductions in gene expression (Fox et al., 2008; Elliott et al., 2011; Soyer et 

al., 2014; Soyer et al., 2015; Trdá et al., 2017), CRISPR-Cas9 represented an exciting 

new approach. As part of Assoc. Prof. Alex Idnurm’s team I helped to apply the 

CRISPR-Cas9 system to L. maculans [(Idnurm et al., 2017); see Appendix 1]. I then 

examined the available RNA-seq data to identify fungal genes that were up-regulated 

during disease, and then mutated these genes using the CRISPR-Cas9 system. 

However, none of the chosen genes resulted in a loss of pathogenicity when mutated. 

This work is presented in Chapter 1 and is published (Urquhart and Idnurm, 2019). 

 

Given that mutating these upregulated fungal genes did not result in a loss of 

pathogenicity, I decided to try an opposite approach – overexpressing a gene that is 

usually down-regulated during disease. I chose sirZ that encodes a transcription factor 

controlling expression of the genes of the biosynthesis cluster responsible for 

sirodesmin, the best characterised secondary metabolite of L. maculans (Rouxel et 

al., 1988; Gardiner et al., 2004; Gardiner et al., 2005; Elliott and Howlett, 2006; Elliott 

et al., 2007; Fox et al., 2008; Kremer and Li, 2010; Elliott et al., 2011; Pedras and 

Khallaf, 2012). Expression of SirZ under the constitutive L. maculans actin promoter 

resulted in a loss of pathogenicity on canola. However, mutation using CRISPR-Cas9 

in the SirZ overexpression strain of either the gene encoding the non-ribosomal 

peptide synthase (sirP) or the glutathione-S-transferase (sirG) that are required for 

sirodesmin production did not restore pathogencity suggesting that the effects of 
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overexpressing sirZ are independent of sirodesmin production. This work is presented 

in Chapter 2 and under revision for publication (Urquhart et al., 2019b). 

 

In parallel to the targeted approach to discover pathogenicty genes described above, 

I employed a random insertional-mutagenesis approach using Agrobacterium 

tumefaciens to introduce T-DNA into the fungal genome that by chance would insert 

in a gene required for disease development. The majority of previously identified 

pathogenicity genes have been found using the approach of insertional mutagenesis 

(Idnurm and Howlett, 2002; 2003; Remy et al., 2008a; Remy et al., 2008b; Remy et 

al., 2009; Van de Wouw et al., 2009). Using T-DNA mutagenesis I identified 3 novel 

pathogenicty genes. The first, a homolog of a component in the target of rapamycin 

(TOR) signaling pathway in Saccharomyces cerevisiae (Rohde et al., 2004) - Sit4 

associated protein (SAP), which is described in the Chapter 3 and published (Urquhart 

and Idnurm, 2017). The remaining two genes encoding a flavoprotein and a heat 

repeat domain containg protein are described in Chapter 4. 

 

Difficulties in identifying the site of T-DNA integration have been a limiting factor during 

insertional mutagenesis studies in many fungi, including L. maculans. A previous 

student in the laboratory overcame this hurdle by using next generation sequencing 

technology to sequence the entire genomes of individual strains and then identify the 

T-DNA insertion sites (Chambers et al., 2014). I aimed to use a similar approach, but 

with improvements by sequencing pooled DNA samples from multiple strains, by 

generating a series of plasmids with different “barcodes” and then fungal strains 

carrying these unique barcodes to distinguish each amongst the pool of DNA. Given 

the slow growth rate of L. maculans, I then decided to test this approach first in 
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Paecilomyces variotii (Eurotiales), which is a fast-growing fungus. P. variotii initially 

piqued my interest because it appeared to inhibit the growth of L. maculans as a 

chance contaminant on an L. maculans plate that I was subculturing. My serendipitous 

isolation of this organism has led to a number of important discoveries about fungal 

biology that stemmed from using the strain to trial my barcoding approach. Although 

the barcoding approach did work in identifying the T-DNA insertion sites in P. variotii, 

not all T-DNA sites were identified, probably due to “non-canonical” integration events 

in which the right and left borders of the T-DNA were not preserved. Based on this 

information I used the barcoding plasmids but thus decided against using the system 

to sequence multiple strains of L. maculans simultaneously, rather to instead 

sequence individual strains.  

 

I focused attention on aspects of the biology of P. variotii. Sequencing of the P. variotii 

genome, both through the barcoding described above and via a collaboration with the 

US Department of Energy’s Joint Genome Institute, revealed an unusual bimodal 

genome structure containing distinct AT-rich regions. This type of structure is 

reminiscent of L. maculans in which AT-rich regions are the result of Repeat Induced 

Point (RIP) mutation and believed to promote sequence diversification, thus increasing 

the evolutionary potential of this species (Idnurm and Howlett, 2003; Rouxel et al., 

2011). RIP mutation is a process, initially described in Neurospora crassa, in which 

duplicated DNA sequences are mutated during meiosis, and also hypothesised to be 

a defence against the proliferation of transposable elements (Selker and Garrett, 

1988; Hane et al., 2015). However, while predicted to be prevalent in fungi (Testa et 

al., 2016), RIP has not been experimentally demonstrated beyond the 

Sordariomycetes (e.g. N. crassa) and Dothiodeomycetes (e.g. L. maculans). Thus, I 
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decided to test whether RIP occurs in the Eurotiales species P. variotii and furthermore 

establish this fungus as a “model” organism for molecular biology and genetics 

research. This involved developing experimental techniques that included 

transformation, gene disruption and sexual crossing. I then used these techniques to 

demonstrate that RIP occurs in P. variotii. This work is presented in Chapter 5 and 

published (Urquhart et al., 2018). 

 

Having established a set of molecular genetics techniques for P. variotii, I investigated 

other aspects of the biology of this organism; in particular the biosynthesis of 

viriditoxin, a secondary metabolite produced by this species with previously reported 

anti-microbial and anti-cancer properties (Wang et al., 2003), and potentially involved 

in the inhibiting L. maculans growth. Viriditoxin has a curious link to the School of 

BioSciences (previously School of Botany), in that the toxin was first isolated and 

derives its name from Aspergillus viridinutans.  This is a species that was isolated in 

Frankston, Victoria, and described as a new species (McLennan et al., 1954) by the 

distinguished mycologists Dr Ethel McLennan (Ducker, 2012) and Dr Sophie Ducker 

(May, 2004), who had a long history with the School. In order to identify the genes 

involved in viriditoxin synthesis, I sequenced the genome of McLennan and Ducker’s 

original strain and used that genome information. This research is described in 

Chapter 6 and published (Urquhart et al., 2019c). 

 

My research on Paecilomyces variotii demonstrates that “non-model” fungal species 

can be “tamed” in the lab in a relatively short space of time. However, if fungal genetics 

is to fully expand its horizons, understanding the phylogenetic basis for how species 

are defined, and then assigned into hierarchies is required. More specifically, the 
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rationale for why such directions are essential is that having knowledge of the inter-

relaionships between species means that findings from one may with higher 

probability be extrapolated to others.  During my PhD studies I had the privilege to 

work alongside and interact with several students co-supervised by the Senior 

Mycologist at the Royal Botanic Gardens Victoria, Dr Tom May, leading to the isolation 

of several new species into culture and the opportunitiy to develop experience in fungal 

phylogenetics. I examined the Mucorales, an order of early divergent fungi that is so 

understudied in Australia that last time an Australian Mucorales species was described 

was in 1986 by Dr. Hin-Yuen Yip in the School of Botany, University of Melbourne 

(Yip, 1986a; b). 

 

The rate of discovery of new fungal species has increased to over 2,000 species per 

year, largely as a result of DNA sequencing, which has revolutionised phylogenetics. 

Despite these advances, the basal fungal lineages outside the Dikarya represent only 

1% of this figure, or just 24 species described in 2017 (Willis, 2018). Species in the 

order Mucorales are significant decomposers in natural ecosystems and others are 

used in food preparation and industry (Nout and Kiers, 2005; Meussen et al., 2012; 

Ashu et al., 2016). Some species are potent pathogens of humans and other animals 

(Obendorf et al., 1993; Ribes et al., 2000), while species in the genus Rhizopus 

commonly cause food spoilage as well as plant disease (Sanogo et al., 2010; Murray 

and Brennan, 2012).  

 

The first new species I discovered was a member of  the genus Pilaira, growing on 

emu faeces, which I found on a lab retreat one weekend along the Great Ocean Road 

during the first year of my PhD (Chapter 7, and published (Urquhart et al., 2017)). 
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Since then I have obtained my isolates largely from soil samples gathered from a 

range of natural environments across Victoria and Tasmania. Many of these samples 

I collected whilst bushwalking and others were generously collected by local field 

naturalist groups. Initial work led to the identification another species in the genus 

Syncephalastrum (Chapter 8) as well as a novel species of Absidia (Appendix 2). I 

then focused on the genus Backusella by conducting a more thorough study involving 

the collection of over 200 isolates. New species and the phylogenetic relationships 

between them were discovered through initial Sanger sequencing of the ribsomal DNA 

sequences, the standard phylogenetic barcode for fungi (Schoch et al., 2012) followed 

by whole-genome sequencing of representative isolates of key clades. This research 

provides a new level of understanding of speciation within the Mucorales, and is 

presented in Chapter 9 and published (Urquhart et al., 2019a). 
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ABSTRACT 

 

Identification of pathogenicity determinants in Leptosphaeria maculans, a major cause 

of disease of oilseed crops, has been a focus of research for many years. A wealth of 

gene expression information from RNA sequencing promises to illuminate the 

mechanisms by which the fungus is able to cause blackleg disease. However, to date, 

no studies have tested the hypothesis that high gene transcript levels during infection 

correlate with importance to disease progression. In this study we use CRISPR-Cas9 

to disrupt 11 genes that are highly expressed during the early stages of disease and 

show that none of these genes are crucial for fungal pathogenicity on Brassica napus. 

This finding suggests that in order understand the pathogenicity of this fungus more 

sophisticated techniques than simple expression analysis will need to be employed. 

 

Keywords: blackleg disease, CRISPR-Cas9, Dothideomycete, RNA-seq 

Topic: gene expression, gene disruption, host-pathogen interactions 

Issue Section: Pathogens and pathogenicity  
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INTRODUCTION 

 

Leptosphaeria maculans is a major pathogen of canola (Brassica napus) and is 

endemic in many parts of the world (Fitt et al. 2006). This fungus initially infects the 

cotyledons and leaves of young plants then moves down to the base of the stem where 

it causes a canker that restricts nutrient flow and reduces structural integrity (Fitt et al. 

2006, Hammond et al. 1985). In addition to avoidance of inoculum through farming 

practises, current management relies on a combination of resistance (R) genes in 

cultivars and fungicide application, without which the industry would not be viable 

(West et al. 2001). Alarmingly, both of these approaches are vulnerable to the 

development of resistance by the fungus. The “breakdown” of R-gene mediated 

resistance has occurred serval times in the past. This includes the rapid breakdown of 

LepR3 in Australia in the early 2000s, which led to 90% yield losses and cost up to 10 

AUD million dollars (Sprague et al. 2006), Rlm1 in France between 1996 and 1999 

(Rouxel et al. 2003), and more recently evidence that a breakdown of cultivar Hyola50 

resistance on the Eyre Peninsula in Australia, which was ameliorated through the 

recommendation to sow cultivars with alternative R genes, which saved a predicted 

13 million AUD dollars (Van de Wouw et al. 2014). There are signs that fungicides, 

that have become increasingly common in the industry, may also be vulnerable in light 

of recent reports of L. maculans isolates resistant to one of the most commonly used 

fungicides fluquinconazole (Van de Wouw et al. 2017). The development of new 

fungicides targeted to specific fungal proteins required for disease is a promising, yet 

unrealised, solution to this problem (Acero et al. 2011). 
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The identification of fungicide targets in L. maculans has thus been a focus of research 

and has largely centered around the identification of pathogenicity genes, defined as 

genes which are essential for disease development. Unfortunately, despite decades 

of research only nine such genes have been discovered whose deletion or silencing 

causes a substantial reduction in pathogenicity (reviewed in Urquhart and Idnurm 

2017). This slow rate of gene discovery may in part be explained by the difficultly 

associated with making targeted gene disruptions in this species via homologous 

recombination, which typically requires the cloning of at least 7 kb of homologous DNA 

and then screening hundreds of transformants (Gardiner and Howlett 2004, Idnurm et 

al. 2003, Wilson et al. 2002). However, the development of CRISPR-Cas9 gene editing 

system in L. maculans could provide a more convenient system of gene disruption 

(Idnurm et al. 2017), opening up new possibilities for the study of gene function in this 

plant pathogen.  

 

Another research focus in L. maculans has been gene expression profiling during 

infection using RNA-sequencing based approaches (Gervais et al. 2017, Haddadi et 

al. 2016, Lowe et al. 2014, Sonah et al. 2016). RNA-sequencing transcriptomics have 

also been extensively used in a diverse selection of species, including economically-

important fungal pathogens (Naidoo et al. 2018). Such RNA-seq studies aim to identify 

those genes that are highly expressed during host infection compared to in vitro 

culture, based on the hypothesis that such genes will be required by the fungus to 

cause disease. Thus, these sets of up-regulated genes represent a priority direction 

to explore as fungicide targets. However, to date, no studies have tested this 

hypothesis in L. maculans. To address this fundamental gap, we selected L. maculans 

genes strongly up-regulated during infection of canola cotyledons and disrupted 11 
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genes using the CRISPR-Cas9 system. We found that all 11 strains with the gene 

mutations were still able to cause disease on canola cotyledons, a finding that has 

important implications for the interpretation and use of RNA-seq data in this species – 

and likely other pathogenic fungi – in relation to the ongoing efforts to identify new 

fungicide targets.  

 

MATERIALS AND METHODS 

 

Analysis of RNA-sequencing data 

 

Previously generated RNA-sequencing data were examined to identify genes up-

regulated during the early stages of cotyledon infection, as well as to examine the 

expression profile of previously identified pathogenicity genes. Raw RNA-sequencing 

reads from two studies (Lowe et al. 2014, Sonah et al. 2016) were obtained from the 

Sequence Read Archive at NCBI (Leinonen et al. 2011), and mapped to the L. 

maculans JN3 genome (Rouxel et al. 2011) using Geneious version 11 software. The 

TPM (Transcripts Per Kilobase Million) was calculated for the 3´ exon of each gene to 

minimise bias effects against long transcripts. Highly expressed genes were first 

identified in the data of Lowe et al. (2014) (SRA accessions SRX456552, SRX456553 

and SRX456556) and then confirmed using the data of Sonah et al. (2016) (SRA 

accessions provided in Supplemental Table 1). Genes were chosen primarily on the 

basis of expression profile (i.e. those most strongly up-regulated in planta); however, 

genes with closely related paralogs that may have redundancy in function were 

avoided, as were known or predicted avirulence genes.   
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Plasmid construction 

 

Constructs were generated to express guide RNAs to target Cas9 to L. maculans 

genes that are up-regulated during infection of B. napus. The cloning approach was 

the same as that used previously (Idnurm et al. 2017). Briefly, for each gene an 

oligonucleotide encoding a partial guide RNA including the region unique to the 

targeted gene (Table 1) was synthesized (Sigma-Aldrich, Castle Hill, Australia) and 

then made double stranded through PCR with primers MAI0309 and MAI0310. This 

double-stranded fragment was cloned into the XhoI site of plasmid pMAI75 (Idnurm et 

al. 2017) using the NEBuilder DNA assembly cloning kit (New England Biolabs, 

Ipswich, USA) resulting in a construct to express constitutively a guide RNA between 

two ribozymes for processing.  
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Table 1: Features of the L. maculans genes disrupted by CRISPR-Cas9.   
Protein ID gRNA 

oligonucleotide a 
Screening 
primers b 

Restriction 
enzyme for 
screening c 

SignalP 
secretion d 

Putative 
function/fe
atures e 

Lema_P070100.1 AU407 F: AU407ScF 
R: AU407ScR 

BamHI Yes LysM 
polysaccha
ride binding 
domain 

Lema_P120090.1 AU409 
 

F: AU409ScF 
R: AU409ScR 

ApoI Yes Monooxyge
nase 
 

Lema_P056680.1 AU410 
 

F: AU410ScF 
R: AU410ScR 

KpnI Yes Glycoside 
hydrolase 
family 16 
protein 

Lema_P122320.1 
 

AU411 F: AU411ScF 
R: AU411ScR 

AgeI No Cupin 
domain 
 

Lema_P123340.1 
 

AU412 F: AU412ScF 
R: AU412ScR 

EcoRI Yes Amine 
oxidase 

Lema_P117020.1 
 

AU416 F: AU416ScF 
R: AU416ScR 

ScaI Yes Galactosyl 
transferase 

Lema_P034100.1 AU417 F: AU417ScF 
R: AU417ScR 

PsiI Yes Polygalactu
ronase 
 

Lema_P043000.1 
 

AU421 F: AU421ScF 
R: AU421ScR 

NdeI No DUF946 
domain 

Lema_P006160.1 
 

AU424 
 

F: AU424ScF 
R: AU424ScR 

BamHI Yes - 

Lema_P082980.1 AU425 F: AU425ScF 
R: AU425ScR 

AflIII Yes - 

Lema_P030640.1 AU426 F: AU426ScF 
R: AU426ScR 

HindIII No Fucose/glu
cose/galact
ose 
permease 

a Primer sequences are provided in supplemental table 1. 

b Primer sequences are provided in supplemental table 1. 

c Enzyme used in screening transformants for mutation within the gene target site. 

d Bioinformatic prediction if the protein encoded by the gene is secreted (Petersen et 

al. 2011). 

e Functions were inferred from homologs identified by BLAST comparisons. 
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Fungal transformation and screening of gene “edited” strains 

 

Plasmid pMAI23 (Idnurm et al. 2017) and the guide RNA constructs were transformed 

into Agrobacterium tumefaciens strain EHA105 using electroporation as described 

previously (Urquhart and Idnurm 2017). 

 

The T-DNA from pMAI23, encoding the Cas9 endonuclease and resistance to the 

selectable agent G418, was transformed into the wild-type L. maculans strain D9 

(Marcroft et al. 2012) using Agrobacterium-mediated transformation as described 

previously (Gardiner and Howlett 2004, Urquhart and Idnurm 2017). A transformant 

was selected, confirmed to retain pathogenicity, and then separately transformed with 

each of the guide RNA constructs with selection on medium containing hygromycin. A 

number of transformants were selected for each construct and single-spored 

passaged three times before PCR screening with the appropriate primers for each 

gene (supplemental table 1). Transformants were screened first on the basis of 

changes in PCR product size, which would indicate a deletion, and then by restriction 

digest of the PCR product (enzyme details are in supplemental table 1). The nature of 

the genetic changes in the mutants obtained were subsequently defined by Sanger 

sequencing at the Australian Genome Research Facility, primarily to identify those 

with frame-shift mutations that would result in loss-of-function. 

 

Pathogenicity assays 

 

The pathogenicity of L. maculans strains was assessed by preparing a suspension of 

pycnidiospores (106 spores/ml) in sterilized water and inoculating 20 l of this solution 
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onto the cotyledons of seven-day old B. napus cv. Westar plants that had been 

wounded using a syringe needle. Disease progression was examined every day over 

a period of 14 days, when the lesions were photographed and assessed for qualitative 

differences in disease severity using an established scoring index from 0-9 (Koch et 

al. 1991).  To quantify disease severity, the lesion areas were measured using ImageJ.  

The plant disease experiment was repeated twice. 

 

RESULTS 

 

Identification of genes up-regulated during the early stages of blackleg disease 

were selected for gene disruption 

 

Two datasets are available that cover gene regulation at different stages of disease 

progression by L. maculans on B. napus, and relative to growth in vitro.  Genes 

selected for disruption were initially chosen based on up-regulation during the 

cotyledon stage of disease according to the data of Lowe et al. (2014).  Re-analysis 

of the raw RNA sequencing reads of Sonah et al. (2016) confirmed that all of these 

genes are up-regulated during infection. The range of up-regulation was from 3.7 to 

20,996 fold (Figure 1). Absolute expression values obtained from the data of Sonah et 

al. (2016) expressed as TPM values are available in supplemental table 2.  

 

In contrast, analyzing the expression profile of the nine previously identified 

pathogenicity genes revealed up-regulation in only 4 genes (Figure 1, Table 2). The 

most highly up-regulated of the genes was Lmpma1 (17.0-fold), which is still much 

less dramatic than most of the genes chosen for disruption. 
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Figure 1. Up-fold regulation (TPM) of expression of L. maculans genes during early 
infection at seven days post inoculation on B. napus compared to in vitro culture. The 
candidates chosen for gene disruption by CRISPR-Cas9 are in black and the 
previously identified pathogenicity genes are in blue. 
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Table 2: Pathogenicity genes previously identified in L. maculans 

 

Gene name Function Protein ID Reference 

Lmepi 
UDP-glucose-4-

epimerase  

Lema_P035270.1 (Remy et al. 2009) 

Lmgpi15 GPI-anchor 

biosynthesis  

Lema_P000130.1 (Remy et al. 2008b) 

LmIFRD 
Required for cell wall 

integrity  
Lema_P000020.1 

(Van de Wouw et al. 

2009) 

icl1 
Isocitrate lyase  

Lema_P000080.1 
(Idnurm and Howlett 

2002) 

LOP-B Unknown function  Lema_P065010.1 (Idnurm and Howlett 

2003) 

Lmpma1 Plasma membrane 

H+-ATPase  

Lema_P099140.1 (Remy et al. 2008a) 

LmSNF1 Protein kinase for 

carbon catabolite-

derepression 

Lema_P000770.1 (Feng et al. 2014) 

sap1 Sit4-associated 

protein  

Lema_P071490.1 (Urquhart and Idnurm 

2017) 

LmStuA Transcription factor Lema_P011910.1 (Soyer et al. 2015) 

 

Eleven highly up-regulated genes were disrupted by CRISPR-Cas9 induced 

mutations 

 

17 L. maculans genes were targeted for disruption by gene editing. Despite several 

rounds of passaging the strains transformed with the guide RNA construct, strains with 

specific gene mutations were obtained for 11 of the genes. Mutants with the alleles 

featuring frame shift mutations were selected, as shown in Figure 2. The mutations 

included both single nucleotide insertions/deletions and longer deletions. One mutant 

was selected per strain as all of these mutations will prevent correct translation of the 

protein down-stream of the mutation site and thus will render the protein non-

functional.  
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Of the eleven strains with gene disruptions, two displayed obvious in vitro phenotypes. 

Strains with mutations in genes Lema_T006160.1 and Lema_T082980.1 had reduced 

radial growth rate on a standard growth medium, V8 juice agar (Figure 3).  
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f

 

Figure 2. Diagrams of the intron-exon structures of the genes targeted for mutation, 
and the nature of the mutations induced in them using CRISPR-Cas9. Sanger 
sequencing of potential mutants was conducted to identify those that resulted in 
reading-frame shift and thus a clear loss of potential function. Sequences of the mutant 
strains at the site of mutation are displayed below that of the wild type strain. 
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Figure 3. In vitro growth of gene disruptants compared to wild type after seven days 
on clear V8 juice medium. Two of the mutants showed reduced growth rate 
(Lema_T006160.1 and Lema_T082980.1). The variation in pigmentation between 
strains is typical of the parent isolate, D9, in in vitro culture. 
 

Pathogenicity is not lost in any of the 11 gene disruption strains 

 

All 11 strains with mutations retained the ability to infect and cause disease symptoms 

on B. napus cotyledons (Figure 4A). The strains consistently produced lesion score 

averages (Koch et al. 1991) above 6, indicating pathogenicity (data not shown). This 

demonstrates that none of these highly up-regulated genes are essential for these 

stages of pathogenesis when they are expressed. Some or all of these genes may 

make a quantitative contribution towards pathogenicity. Measuring subtle changes in 
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virulence is difficult given the inherent variability in plant infection assays. To address 

this, the lesion areas were measured and compared to wild type (Figure 4B).  For two 

strains, a statistically significant (P < 0.01) difference compared to wild type was 

observed, with larger lesions for the mutant in Lema_T120090.1 and smaller lesions 

for the mutant in Lema_T006160.1. The T006160.1 mutant also has a reduced radial 

growth rate (figure 3), so this loss of pathogenicity might be attributed to a general 

reduction in fitness. Regardless of these subtle differences, as the focus of this study 

was to examine the use of RNA-sequencing data as a source of potential targets for 

fungicide or RNA interference-based disease controls, our primary phenotype of 

relevance was on a loss in pathogenicity, which is an obvious prerequisite for a useful 

target.  

 

Of note, the two mutants with slower growth in vitro were still able to cause wild type 

levels of disease.  This observation suggests that vegetative growth defects do not 

imply that a strain will be unable to cause plant disease. 
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Figure 4. Deletion of 11 genes with high expression levels during infection does not 
impair pathogenicity.  (A) The strains produced silver-grey lesions similar to the wild 
type strain D9.   (B) Mean lesion areas (from between 17 and 56 lesions) for each 
strain were calculated.  Error bars represent ± 1 standard deviation.  Significant 
differences are indicated with an asterisk (t-test; P < 0.01). Red bar indicates the lesion 
area corresponding to a circular lesion of 1 cm in diameter, representing a highly 
pathogenic strain. 
 

DISCUSSION 
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A lack of correlation between gene expression and gene function has been observed 

in other biological contexts.  For example, in Saccharomyces cerevisiae it has been 

noted that gene expression in response to DNA-damaging agents does not correlate 

with UV sensitivity in corresponding mutant strains (Birrell et al. 2002) and that the 

fitness of deletion mutants in anaerobic chemostat cultures does not correlate with 

transcript profiles (Tai et al. 2007).  

 

The loss of these 11 L. maculans genes, which are up-regulated during disease and 

in some cases show homology to genes implicated in the pathogenicity of other plant 

pathogens (including a putative LysM effector (Kombrink and Thomma 2013) and a 

sugar permease (Wahl et al. 2010)), does not impair the fungus from causing disease 

(on cotyledons, although the possiblity of a subsequent role in stem infection can not 

be excluded). This might reflect a fundamental feature of L. maculans’ biology. 

Pathogens such as L. maculans are locked in an evolutionary state of “warfare” with 

their hosts. Hosts evolve R-genes which encode for proteins recognizing specific 

fungal proteins known as Avr proteins (Bent and Mackey 2007). The Avr genes are 

some of the most highly expressed genes during infection (Lowe et al. 2014; Sonah 

et al. 2016). For the fungus to be able to cause disease, it must either lose or modify 

the Avr protein. As discussed in the introductory paragraphs, L. maculans has been 

able to do this numerous times to “breakdown” the actions of resistance genes bred 

into B. napus cultivars. The fact that L. maculans is able to dispense with a number of 

proteins, likely involved in disease, while still maintaining the ability to infect its host, 

might therefore represent an important evolutionary adaptability that partly explains its 

widespread success around the world. 
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This study demonstrates the ability to make targeted gene disruptions in L. maculans 

using CRISPR-Cas9 modifications, without using positive selection for disruptants as 

was used to identify mutations in the hos1 gene that confers resistance to iprodione 

fungicide (Idnurm et al. 2017). It also demonstrates that genes can be specifically 

targeted using this technology without causing off-target effects that render the fungus 

non-pathogenic. One caveat to this method is that of the 17 genes initially targeted 

only 11 could be readily disrupted, suggesting that the efficiency of the technique in L. 

maculans is likely influenced by the target sequence. Variable efficiency in gene 

targeting by CRIPSR-Cas9 is an established issue (Yarrington et al. 2018). An 

alternative hypothesis is that the other six genes may be required for viability of L. 

maculans, and therefore isolating mutants is not feasible. 

 

The ability to make targeted mutations in L. maculans opens up new possibilities in 

the study of this organism. However, if reverse genetic approaches are to supplant 

traditional forward genetic screens, an efficient means to identify candidate essential 

pathogenicity genes will have to be available. The assumption that genes that are 

highly up-regulated during disease are most likely to be essential for disease is one 

that we challenge. 
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Supplementary Table 1: Oligonucleotides used in this study 
 
Name Sequence (5´-3´) 
AU407 GAAACCTAATCAATCAACAGTTGTCTGATGAGTCCGTGAGGACGAAACGAGTA

AGCTCGTCACAACTAACAGTCCCGGATCGTTTTAGAGCTAGAAATAGC 
AU407ScF TATTCAGGTGCCCAAGTGTGC 
AU407ScR CCCAGCAGTAATCCGGCTCG 
AU409 
 

GAAACCTAATCAATCAACACAGCCCTGATGAGTCCGTGAGGACGAAACGAGT
AAGCTCGTCGGCTGTTTGATCGAATTTGCGTTTTAGAGCTAGAAATAGC 

AU409ScF CGACTACATTGAACATACAGC 
AU409ScR CAGTTTTGTGACGTCTTGACC 
AU410 
 

GAAACCTAATCAATCAACGCCGTACTGATGAGTCCGTGAGGACGAAACGAGT
AAGCTCGTCTACGGCTATCCCTGGGGTACGTTTTAGAGCTAGAAATAGC 

AU410ScF CTGGCGGTACCTACAACAGC 
AU410ScR GCGGTTAGGCGGAGGACACC 
AU411 GAAACCTAATCAATCAACGGGAAACTGATGAGTCCGTGAGGACGAAACGAGT

AAGCTCGTCTTTCCCATCCTGACCGGTCTGTTTTAGAGCTAGAAATAGC 
AU411ScF CCAGAGACTTCTCACTCAGG 
AU411ScR CAAGTACATAGCCGAAATGG 
AU412 GAAACCTAATCAATCAACACTTGCCTGATGAGTCCGTGAGGACGAAACGAGTA

AGCTCGTCGCAAGTATGGGGGAATTCAAGTTTTAGAGCTAGAAATAGC 
AU412ScF TGAGTTGGGCGGATATGTGG 
AU412ScR ACAGATTACCATAGGTTTGC 
AU415 GAAACCTAATCAATCAACATTGCTCTGATGAGTCCGTGAGGACGAAACGAGTA

AGCTCGTCAGCAATCTCCTTCAAGCTTAGTTTTAGAGCTAGAAATAGC 
AU415ScF 
 

TACAAGAGCAACACAGTACGC 

AU415ScR ATACGATCGGTGTGACATCTCC 
AU416 GAAACCTAATCAATCAACAAGATTCTGATGAGTCCGTGAGGACGAAACGAGTA

AGCTCGTCAATCTTGCAACTGAGTACTTGTTTTAGAGCTAGAAATAGC 
 

AU416ScF CTAGGGATGGGTTATATAGG 
AU416ScR ATTGTTTTGTACCGATAGTGC 
AU417 GAAACCTAATCAATCAACGCTGCACTGATGAGTCCGTGAGGACGAAACGAGT

AAGCTCGTCTGCAGCGACGTCTTTTATAAGTTTTAGAGCTAGAAATAGC 
AU417ScF CTCATCAGCTTTGCTTGACACC 
AU417ScR CACCCTGAGGCTGCGGTCGTG 
AU421 GAAACCTAATCAATCAACTGCTCGCTGATGAGTCCGTGAGGACGAAACGAGTA

AGCTCGTCCGAGCACAGCGTCGGCATATGTTTTAGAGCTAGAAATAGC 
AU421ScF GGTGACGTCCTTTGGGGAGG 
AU421ScR CTGGTGAGAACGGGAGGTAGG 
AU425 GAAACCTAATCAATCAACCGAGATCTGATGAGTCCGTGAGGACGAAACGAGTA

AGCTCGTCATCTCGAGAATCAAAACGTGGTTTTAGAGCTAGAAATAGC 
 

AU425ScF GATTGAAATATTTGCCTTGAAACC 
AU425ScR TTTGACAGAACGTGACATCG 
AU426 GAAACCTAATCAATCAACGGCTGACTGATGAGTCCGTGAGGACGAAACGAGT

AAGCTCGTCTCAGCCGTCAAACGAAGCTTGTTTTAGAGCTAGAAATAGC 
 

AU426ScF TCCAAGCTGCCTACTTCGGCGCC 
AU426ScR CGACAGCCTGGACGGACTGG 
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Supplementary Table 2:

 

Transcripts Per Kilobase Million (TPM) 

In vitro In planta 

SRX1904259 SRX1904260 SRX1904282 SRX1904288 SRX1904289 SRX1904290 SRX1904291 

Lema_T070100.1 0.63 0.66 0.53 329.29 359.89 342.02 235.26 

Lema_T120090.1 2.45 2.98 4.1 113.85 123.35 185.06 75.09 

Lema_T056680.1 71.24 66.2 65.32 329.97 390.61 387.04 220.22 

Lema_T122320.1 0.76 0.99 1 39.37 43.73 71.7 30.57 

Lema_T123340.1 0.07 0.06 0.12 22.25 19.69 16.72 16.78 

Lema_T117020.1 0.04 0.01 0.02 12.31 11.41 6.4 8.1 

Lema_T034100.1 1.85 2.05 2.15 6.34 5.89 10.82 6.9 

Lema_T043000.1 0 0.02 0.03 432.4 351.4 300.96 314.99 

Lema_T006160.1 4.47 4.39 4 805.85 746.44 897 608.74 

Lema_T082980.1 0.51 0.87 1.11 309.33 282.08 172.06 227.99 

Lema_T030640.1 0.87 0.74 0.72 3.86 2.82 3.24 3.22 

Lmgpi15 15.08 16.42 16.21 8.01 8.77 10.56 4.73 

Lmepi 19.32 20.35 19.85 19.33 17.28 18.4 13.56 

LmIFRD 22.39 23.11 21.89 32.12 29.05 32.99 23.54 

icl1 10.57 12 11.81 35.55 40.21 79.74 25.02 

LOP-B 0.86 0.9 1.19 6.67 6.26 3.05 6.41 

Lmpma1 0.71 0.53 0.67 19.81 7.2 0.44 15.74 

LmSNF1 6.65 7.52 8.86 11.01 7.37 6.9 7.42 

Sap1 32.03 32.25 40.19 23.94 21.43 28.79 19.89 

LmstuA 2.37 2.54 3.35 11.89 7.99 1.81 8.85 
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Abstract 

  

Sirodesmin, the major secondary metabolite produced by the plant pathogenic fungus 

Leptosphaeria maculans, has been suggested to play an undefined role in plant 

disease.  Re-examination of gene expression data revealed that all previously 

described sirodesmin cluster genes as well as two additional genes are down-

regulated during the early stages of disease on Brassica napus.  To test if this is a 

strategy employed by the fungus to avoid detection by the host plant during its 

biotrophic phase, sirodesmin was produced constitutively by overexpressing the sirZ 

gene that encodes the transcription factor that regulates the genes in the cluster.  The 

sirZ over-expression strains had a reduction in pathogenicity.  Mutation of this 

construct restored pathogenicity.  However, mutation of two genes, sirP and sirG, 

required for sirodesmin biosynthesis in the sirZ over-expression background resulted 

in strains that, although unable to synthesize sirodesmin, were still non-pathogenic.  

These results suggest caution should be applied when interpreting pathogenicity data 

from overexpression strains.  However, elucidating which induced genes are 

responsible for the pathogenicity phenotype or finding ways to overexpress sirZ during 

disease may provide new strategies for control of blackleg disease. 

 

Keywords: blackleg; canola; epipolythiodioxopiperazine; gliotoxin; CRISPR-Cas9; 

Zn(II)2Cys6 transcription factor  
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Introduction 

 

Leptosphaeria maculans is the most significant biological threat to the global canola 

industry [1]. The pathogen displays a complex life cycle, which begins with an initial 

biotrophic infection of cotyledons and young leaves. The fungus then travels down the 

plant to the base of the stem where it causes cankering [2].  

 

L. maculans is known to make a number of secondary metabolites, of which the best 

studied is an epipolythiodioxopiperazine, sirodesmin. Sirodesmin is produced by the 

actions of proteins encoded by a cluster of 18 genes [3]. Disruption of one of these 

genes, encoding the two-module non-ribosomal peptide synthase SirP, results in an 

inability to produce sirodesmin [3]. While it was initially hypothesized that SirP 

catalyzed the first step in the pathway, joining together tyrosine and serine [3], more 

recent evidence suggests that SirD first produces 4-O-dimethylallyl-L-tyrosine to which 

SirP then adds serine [4]. In either scenario, SirP acts in the early steps of the pathway 

(Fig 1). 

 

Fig 1. Abbreviated pathway for sirodesmin synthesis illustrating where the 
enzymes SirG and SirP are predicted to function. Double arrows indicate multiple 
enzymatic reactions. 
 

The role of a second enzyme, SirG, in sirodesmin synthesis has not been 

experimentally determined. Gardiner et al. 2004 proposed a possible role in self-

protection; however, based on a recent study of the homologous gliG gene of the 
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epipolythiodioxopiperazine glitoxin biosynthetic cluster of Aspergillus fumigatus [5], it 

is hypothesized that SirG is essential for sirodesmin biosynthesis by acting after the 

synthesis of phomamide [6] (Fig 1). The transcription factor SirZ has been 

demonstrated to regulate the expression of the genes in the cluster [7, 8]. 

 

The finding that sirodesmin causes chlorotic lesions on canola leaves initially indicated 

that sirodesmin might be important for disease progression [9]. However, isolates in 

which sirodesmin production is disrupted are still able to cause normal disease on 

cotyledons suggesting that the phytotoxic properties of sirodesmin are not required for 

early disease symptoms [3, 7, 10]. The fact that sirodesmin is indeed produced by the 

fungus and is stable in B. napus raised the possibility that perhaps sirodesmin was 

required for infection of stem tissue, however the loss of sirodesmin resulted in only a 

partial reduction in pathogenicity [11]. Sirodesmin does trigger the production of 

antifungal phytoalexins when applied to Brassica species [12], including brassilexin, 

which is a compound known to be active against fungi.  Hence, how sirodesmin may 

be involved in the pathogenicity of L. maculans is unclear. 

 

Transcriptomic studies have found that the expression of a large number of L. 

maculans genes is altered at different stages of the disease cycle, including genes 

that are markedly down-regulated during the earliest stages when the fungus grows 

as a biotroph [13-15]. Here, we observe that the genes comprising the gene cluster 

responsible for the production of the secondary metabolite sirodesmin are expressed 

at a very low level during the cotyledon stage of disease relative to in vitro.  We thus 

formulated the hypothesis that the down-regulation of this gene cluster in planta may 

be required for early pathogenesis to avoid detection by the plant, and to address this 
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hypothesis we constitutively expressed the SirZ transcription factor and analysed this 

strain and those derived from it. 

 

Materials and methods 

 

Growth media and strains 

 

L. maculans strains were cultured in 10% cleared V8 juice (Campbell’s) that had been 

adjusted to pH 6 using NaOH prior to autoclaving (CV8). 2% agar was added to 

produce solid media. Cultures on solid media were kept at 22°C with a 12 h light-dark 

cycle to induce sporulation while liquid cultures were grown at 22°C in the dark. The 

wild-type strain used was D5 (also called IBCN18 or M1), and other strains are listed 

in Table 1. Pathogenicity testing of strains was conducted on Brassica napus cv. 

Westar, with lesion areas measured 14 days post inoculation as described previously 

[16]. 

 

Table 1.  Strains of Leptosphaeria maculans used in this study 

Strain name Construct introduced Strain background 

D5+sirZOE (5 
independent 
transformants) 

PLAU50 (SirZ 
overexpression) 

D5 

D5+AvrLm6 PLAU14 (AvrLm6 
overexpression) 

D5 

D5+GFP PLAU17 (GFP 
overexpression) 

D5 

D5+sirZOE#6B+cas9#2 Cas9 G418 D5+sirZOE#6B 

sirZ Crispr sirZ gDNA D5+sirZOE#6B+cas9#2 

sirP Crispr sirP gDNA D5+sirZOE#6B+cas9#2 

sirG Crispr sirG gDNA D5+sirZOE#6B+cas9#2 
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RNA-sequencing expression analysis  

 

Previously generated RNA-sequencing data were used to examine the expression of 

genes in the sirodesmin biosynthesis cluster. As per another recent study [17], Raw 

RNA-sequencing reads from two studies [13, 14] were obtained from the sequence 

read archive at NCBI, and mapped to the L. maculans JN3 genome [18] using 

Geneious version 11 software. The TPM (Transcripts Per Kilobase Million) values 

were calculated for the 3´ exon of each gene to minimise bias effects of long 

transcripts. 

 

Generation of over-expressing strains 

 

A construct to constitutively express SirZ was developed by cloning the coding region 

of the sirZ gene, amplified using primers AU226 and AU227, into the BglII site of 

plasmid PLAU2 [19] to produce plasmid PLAU50 (Table 1). This resulted in the sirZ 

gene being expressed under the control of the L. maculans actin promoter. Similarly, 

genes encoding green fluorescent protein (GFP) and the avirulence protein AvrLm6 

were amplified using primer pairs AU24 and AU27; and AU28 and AU31, respectively, 

and cloned into the BglII site of PLAU2. 

 

The constructs were transformed by electroporation into Agrobacterium tumefaciens 

strain EHA105 as described previously [16]. Fungal transformation was conducted 

using an overlay method [20] with 200 g/ml of hygromycin and 200 g/l of 

cefotaxime in the overlay media. Multiple independent transformants were assessed 

pathogenicity. 



 
 

85 

 

Generation of gene disruption strains by CRISPR-Cas9 mutations 

 

One of the SirZ over-expression strains (6B) was selected for the construction of 

additional mutations.  To enable genes in the sirodesmin biosynthesis pathway to be 

disrupted in this strain it was first transformed with the T-DNA from plasmid pMAI23 

that expresses the cas9 gene [19] with selection on 100 µg/ml G418, rather than 

hygromycin. 

 

Three guide RNA constructs, for targeting Cas9 to the L. maculans sirP, sirG and sirZ 

genes, were produced. These were made by cloning the oligonucleotides “SirP”, 

“SirG” and “SirZ” (sequences in S1 table) into the XhoI site of plasmid pMAI75 by 

Gibson assembly NEBuilder HiFi Assembly Cloning Kit, New England Biolabs), and 

then by subcloning the gRNA constructs using restriction enzymes NheI and SpeI into 

the XbaI site of the plasmid pPZPnat1 [21], which confers resistance to nourseothricin 

when the T-DNA is transformed into L. maculans.   

 

The T-DNAs that express the guide RNA constructs were transformed into a sirZOE-

Cas9 strain as described above, except with 100 µg/ml nourseothricin as the selective 

agent. In this system, incorrect repair of the Cas9 endonuclease introduces mutations 

into the target regions. Transformants were screened by a combination of PCR and 

restriction digest to identify isolates in which insertions or deletions had occurred at 

the target site of the three genes. Transformants were then cultured through a step of 

isolating a colony from a single spore to ensure nuclear homogeneity, and the gene 



 
 

86 

regions analyzed using Sanger sequencing of PCR amplicons to characterize the 

resulting mutations. 

 

Extraction of secondary metabolites and HPLC 

 

25 ml CV8 liquid was inoculated with approximately 106 spores. After culturing for 

seven days at 22°C in darkness, mycelia were removed by filtration through miracloth 

and the entire culture volume (approximately 20 ml) was extracted once with 20 ml of 

ethyl acetate. The extract was taken to dryness under a stream of nitrogen and the 

residue suspended in 200 µl pure ethanol. 10 µl was injected into an Agilent 1100 

series for high performance liquid chromatography (HPLC). The HPLC was run with 

an H2O-acetonitrile gradient using a Synergi 4u Fusion-RP 80A column (250 × 4.60 

mm; C18; Phenomenex) as described previously [3]. Molecules eluting from the 

column were detected by absorbance of 240 nm UV light. 

 

Mass spectrometry was used to confirm the identity of relevant peaks on the HPLC 

chromatogram. Samples peaks were manually collected and analyzed on a Thermo 

Q Exactive Orbitrap mass spectrometer in the positive mode. 

 

Microscopy 

 

Fluorescence images in planta were taken using a Leica DM2500 compound 

microscope with a Leica DC 300F digital camera. The different fluorescence filter I3 

was used, which allows the green fluorescence from GFP and the red 

autofluorescence of the plant cells to be viewed simultaneously. Camera settings were 



 
 

87 

such that images captured mirrored what was observed through the eyepiece of the 

microscope and were kept consistent between strains. 

 
 
Results 

 

The sirodesmin biosynthesis cluster genes are down-regulated during the early 

stages of disease 

 

Examination of two previously published RNA-seq data sets [13, 14] revealed that all 

18 annotated genes in the cluster are highly down-regulated during early pathogenesis 

relative to in vitro or the later necrotrophic stage of disease (Fig 2). The data of Sonah 

et al. represent 11 dpi compared to Lowe et al. who harvested cotyledons 14 dpi; 

however, the two datasets show the same pattern of gene regulation.  
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Fig 2. The genes for sirodesmin biosynthesis are down-regulated in planta.  (A) 
The gene cluster consists of 20 genes, 18 of which were previously annotated (solid 
arrows) and two additional genes annotated as sirK and sirX (speckled arrows). (B 
and C) All of the genes in the cluster are down-regulated in planta compared to in vitro, 
both in the data of (B) Sonah et al. and (C) Lowe et al., while the actin gene is well 
expressed in both in planta and in vitro. 
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In addition, examination of the transcriptomic data revealed two additional genes in 

the cluster that were not previously identified, which we name sirK and sirX. The 

predicted protein sequence for SirK shows homology to GliK of the Aspergillus 

fumigatus gliotoxin biosynthesis cluster, which is essential for the synthesis of gliotoxin 

[22]. SirX does not show clear homology to any proteins in GenBank based on BLAST 

searches. Both sirK and sirX are also down-regulated during the early stages of 

disease, along with the rest of the cluster. The sequences of the two genes have been 

submitted to GenBank as accessions MK609857 and MK609858.  

 

The L. maculans actin promoter can be used to drive protein expression in 

planta 

 

To assess the ability of the L. maculans actin promoter to drive expression of proteins 

during early pathogenesis on cotyledons, two proteins were expressed; green 

fluorescent protein (GFP) and the avirulence factor AvrLm6. GFP was clearly visible 

as green fluorescence in vitro (not shown) and in planta (Fig 3A). Expression of 

AvrLm6 resulted in a loss of pathogenicity on Brassica juncea cv Aurea, which 

contains the Rlm6 resistance gene that recognizes AvrLm6 (Figure 3B), while the wild 

type, which has a mutation in the avrLm6 avirulence gene, causes lesions. The 

avirulence genes are amongst those most highly expressed during plant disease, and 

hence avrLm6 was used as a control to show that actin could drive expression to a 

sufficient level to generate enough protein to induce a phenotype 
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Fig 3. The L. maculans actin promoter can be used to drive protein expression 
in planta. (A) Expression of GFP during colonization of plants 14 days post infection.  
Scale bar: 200 microns.  (B) A strain expressing the avirulence protein AvrLm6 was 
unable to cause disease of Brassica juncea cv Aurea (+Rlm6) but retained 
pathogenicity on Brassica napus cv Westar (no resistance genes).  
 

Expression of transcription factor SirZ during the early biotrophic disease stage 

results in a loss of pathogenicity   

 

Five independent transformants expressing the actin promoter-sirZ construct showed 

a loss of pathogenicity phenotype (Fig 4).  To establish if this property is due to the 

synthesis of sirodesmin or some other effect, three genes were targeted for mutation 

in one representative of the over-expression strain background (D5+sirZOE#6B).  

CRISPR-Cas9 constructs were transformed into this strain, and candidate mutations 

identified by PCR analysis.  Sanger sequencing of these sirZ, sirP and sirG mutants 

made in the SirZ overexpressing background identified frameshift mutations (Fig 5). 
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Fig 4. Over expression of the SirZ transcription factor reduces pathogenicity of 
L. maculans. Strains were inoculated on B. napus cv Westar and lesions analyzed 
14 days later. Introduction of a construct expressing SirZ under the control of the actin 
promoter reduced pathogenicity of all five independent transformants tested. 
Disruption of sirZ, but not sirP or sirG, restored pathogenicity in one of these 
transformants. (A) Photographs of representative lesions on a single cotyledon 
inoculated with each strain.  (B) Quantitative comparisons of lesion area sizes. Bars 
represent the average lesion size of >14 replicate inoculation points. Error bars 
represent +/- one standard deviation.  
 

Disruption of the introduced sirZ allele via CRISPR-Cas9 mutation resulted in a 

restoration of pathogenicity (Fig 4). On the other hand, disruption of either the sirP or 

sirG genes that encode enzymes for the synthesis of sirodesmin did not restore 

pathogenicity. 

 

 

Fig 5. CRISPR-Cas9 gene editing of three genes in the sirodesmin gene cluster.  
Schematic representation of genes of the sirodesmin cluster showing exons drawn as 
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boxes and introns as black lines. Positions within the three genes that were targeted 
for CRISPR-Cas9 gene editing are marked with a red line, and DNA sequence 
alignments of the resultant mutant alleles with the wild type allele are shown below the 
corresponding gene model.  
 

Over-expression of SirZ resulted in a decreased growth rate that does not 

account for the loss in pathogenicity 

 

The five transformants expressing sirZ from the actin promoter showed a slight 

reduction in growth rate and darkening of colony color (Fig 6). Disruption of sirZ as 

well as sirG and sirP reversed this effect (Fig 6), suggesting that this phenotype is 

attributed to the production of sirodesmin. 

 

Fig 6. In vitro growth is reduced in the SirZ overexpression strains.  Disruption 
of sirZ, sirP or sirG restored the growth rate.  Strains were grown for 10 days on 
CV8 media.  Plates are 90 mm in diameter. 
 

HPLC analysis of secondary metabolites in wild type and mutant strains 

confirms gene functions 

 

HPLC analysis confirmed that the sirZ and sirP disruptants produced neither 

sirodesmin nor its precursor phomamide, thus confirming the function of these genes 

had been abolished (Fig 7A). The sirG mutant produced phomamide but not 
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sirodesmin, and the sirG mutant produced a number of additional products. This is 

consistent with the position of where the enzymes SirP and SirG act in the pathway 

for sirodesmin synthesis (Fig 1). Mass-spectra obtained from selected HPLC fractions 

confirmed the 11.5 min peak to represent phomamide and the 17.5 min peak to 

represent sirodesmin (Fig 7B). 

 

Fig 7. SirG and SirP are required for sirodesmin synthesis.  (A) HPLC analysis of 
culture filtrates from the wild type strain revealed two major peaks at approximately 
11.5 mins and one at approximately 17.5 mins, whose presence changes when sirP 
or sirG are mutated. (B) Fourier transform mass spectra were generated from 1 ml 
Fractions collected at 11.5 min and 17.5 mins from the wild type strain. The presence 
of m/z 487.12 (M+H) and a fragment ion characteristic of sirodesmin m/z 423.18 (M+H-
2S) were found in the 17.5 minute fraction. The presence of m/z 319.17 (M+H) from 
the 11.5 min fraction correspond to phomamide. The sirZ and sirP mutants produced 
neither molecule. The sirG mutant produced phomamide, in addition to a number of 
novel peaks. 
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Discussion 

 

The transcription factor SirZ, which regulates the synthesis of the major secondary 

metabolite produced by L. maculans, was constitutive expressed, and this blocked 

pathogenicity in cotyledon infection assays (Figure 4). Because the strain is no longer 

pathogenic, the transcription of sirZ itself during infections could not be measured due 

to the limited amount of fungal biomass.  However, the same promoter used to drive 

expression of GFP or the avirulence factor AvrLm6 both led to the functional 

expression of high levels of these proteins.  Disruption of the sirZ overexpression 

allele, via CRISPR/Cas9, restored pathogenicity, indicating that the loss of 

pathogenicity was related to the expression of SirZ.  

 

In vitro the SirZ constitutive expression isolates grew somewhat slower compared to 

the wild-type, which may reflect autotoxicity (Fig 6).  However, this growth rate is not 

the cause of the reduction in pathogenicity.   First, L. maculans wild isolates exhibit a 

range of growth rates yet cause equal lesion sizes on cotyledons (Van de Wouw, pers. 

commun). Second, we have isolated mutants with vegetative growth defects yet 

remain fully pathogenic [17]. Third, disruption of either sirP or sirG resulted in a 

restoration of growth rate but not pathogenicity, indicating that the mechanisms of 

autotoxicity and loss of pathogenicity differ.  Hence, the overexpression of sirZ leads 

to a true pathogenicity effect rather than a general reduction in strain fitness.  

 

We chose two genes in the sirodesmin biosynthesis cluster for disruption using 

CRISPR/Cas9: sirP and sirG. The sirP gene was chosen because it has previously 

been shown to be required for sirodesmin production and is expected to act early in 



 
 

95 

the biosynthetic pathway, which agrees with the fact we did not detect sirodesmin or 

phomamide production in the sirP mutant.  The sirG gene was chosen because this 

gene has not previously been demonstrated to be essential for sirodesmin production, 

although homology to gliG in the gliotoxin biosynthetic pathway suggested that it was 

responsible for adding the sulfur atoms to the molecule by acting downstream of 

phomamide [5]. The phytotoxicity of sirodesmin (as well as other 

epipolythiodioxopiperazines) has been attributed to the disulfide bridge that enables 

these toxins to cross-link proteins via cysteine residues [23]. The HPLC 

chromatograph of the sirG disrupted strain supports such a role as phomamide, but 

not sirodesmin, was present in the culture filtrates. In addition to phomamide, a 

number of novel peaks were observed in the sirG mutant. This is consistent with the 

findings of previous work in which a gliG deletion strain of A. fumigatus was found to 

produce compounds not observed in either the wild type or gliP (homologous to L. 

maculans sirP) deletion strain [5]. 

 

Given that the sirG and sirP mutants remained non-pathogenic we conclude that the 

loss of pathogenicity due to SirZ overexpression is not due to the over-production of 

sirodesmin. Two possible explanations for this unexpected finding are that expression 

of one of the sirodesmin biosynthesis pathway genes is causing the loss of 

pathogenicity or that SirZ regulates additional targets outside of the cluster. The 

possibility of the second explanation is supported by the fact that regulatory cross talk 

between biosynthetic gene clusters has been reported previously [24]. In either case, 

these findings should be a caution against assuming that phenotypes due to 

overexpression of putative pathway specific transcription factors can be solely 

attributed to increased metabolite production.  Discovering which genes other than 
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those in the sirodesmin gene cluster are regulated when sirZ is over-expressed should 

reveal new genes required for disease development. 

  

This study suggests a promising new direction for future studies on L. maculans on 

the investigation of genes that are not normally expressed during disease. Most 

previous work on L. maculans has focus on either avirulence genes or on 

pathogenicity genes, which are two groups of genes that are normally expressed 

during disease. However, RNA-sequencing data [13, 14] show that a large number of 

genes are expressed at a high level during in vitro growth but at a very low level during 

the early biotrophic stages of disease. Despite having been probed for a role in 

pathogenicity [3, 7, 11, 21] the genes of the sirodesmin biosynthetic cluster fall into 

this group. It is possible that many such genes are not only dispensable at this stage 

of disease but moreover that their expression during this stage would be deleterious. 

We have demonstrated this to be the case for SirZ. If strategies can be developed to 

cause pathogenic fungi to miss-express such genes this would be a powerful tool in 

the fight against plant disease.   
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Supporting information 

SI Table. Oligonucleotide primers used in this study. 

Name Sequence (5´-3´) 

AU226 TCGAAACCTAATCAATCAACATGTCGCCAGCACCGCCGC 

AU227 TGCTCATAGTCACATCCCTCAGCAGCCCACCTGTTTTTCC 

AU24 CGAAACCTAATCAATCAACATGGTGATTTACCTACCCC 

AU27 GCTCATAGTCACATCCCTCATTGGATTTGTCCTTCCC 

AU28 CGAAACCTAATCAATCAACATGGTGAGCAAGGGCGAGG 

AU31 GCTCATAGTCACATCCCTCACTTGTACAGCTCGTCCATG 

SirZ  GAAACCTAATCAATCAACCTTGACCTGATGAGTCCGTGAGGACGAAACGAG
TAAGCTCGTCGTCAAGCTCAAATGCCTGGGGTTTTAGAGCTAGAAATAGC 

SirG GAAACCTAATCAATCAACTTCCCGCTGATGAGTCCGTGAGGACGAAACGAG
TAAGCTCGTCCGGGAAGCGCCTCAACATATGTTTTAGAGCTAGAAATAGC 

SirP GAAACCTAATCAATCAACGAGTCGCTGATGAGTCCGTGAGGACGAAACGAG
TAAGCTCGTCCGACTCGGAGGAAGCAGATCGTTTTAGAGCTAGAAATAGC 
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Abstract 

An insertional mutant with reduced pathogenicity on Brassica napus was identified in 

the plant pathogenic fungus Leptosphaeria maculans. The transfer-DNA molecule 

from Agrobacterium tumefaciens inserted into a gene encoding a SIT4-associated 

protein (SAP). In contrast to Saccharomyces cerevisiae which has four members of 

the SAP family, there is a single copy of the gene in L. maculans. The mutant had 

normal spore production and spore germination, but altered hyphal branching, 

suggesting that nutrient signaling is impaired in the strain. This is the first time that a 

SAP gene has been mutated in a filamentous fungus and links the function of SAP 

proteins to plant pathogenesis and hyphal branching. 

 

Keywords: canola, insertional mutagenesis, sap1, target of rapamycin 
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Introduction 

 

The Dothideomycete Leptosphaeria maculans is a major burden on the canola 

(Brassica napus) industry worldwide because it causes the disease “blackleg”, which 

results in severe yield loss [10]. Antifungal targets in this species, in particular those 

genes that are required by the fungus during pathogenesis, are being sought by 

techniques that include insertional mutagenesis [28]. 

 

Despite significant effort, only nine genes required for pathogenicity on B. napus have 

been identified in L. maculans. These encode a predicted isocitrate lyase [14], a gene 

of unknown function [15], 3-ketoacyl-CoA thiolase [8], a plasma membrane H+-

ATPase [24], a GPI-anchor biosynsthesis pathway gene [25], UDP-glucose-4-

epimerase [26], a gene affecting cell wall integrity [35], a homolog of the SNF1 protein 

kinase [9] and the StuA transcription factor [31]. The majority of these genes have 

been identified using insertional mutagenesis. The slow rate of gene discovery using 

insertional mutagenesis in part relates to the fact that the inserted DNA often occurs 

between rather than within genes and multiple insertions may occur simultaneously 

[3, 5, 15]. This complicates the analysis of resulting pathogenicity mutants. For 

example, a reduction in pathogenicity may result from misregulation of gene 

expression, as in the case of 3-ketoacyl-CoA thiolase [8]. Furthermore, another 

problem encountered when using an insertional mutagenesis approach is that the loss 

of pathogenicity may not be due to the disrupted gene itself but due to background 

mutations at other positions in the genome. Blaise et al. found that only 50% of 

mutants had loss of pathogenicity phenotypes segregating with the T-DNA insert [3]. 

Another consideration is that a second gene may be disrupted elsewhere in the 
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genome by a second T-DNA insertion. Analysis of gene function using targeted gene 

disruption is equally problematic, with targeting being at rates lower than 0.25% of 

transformants [16]. However, as more pathogenicity genes are discovered, the types 

of processes involved in the pathogenicity of  L. maculans will become clearer, 

potentially leading to new strategies to control blackleg disease. 

 

In many plant pathogenic fungi, genes involved in signalling in response to the external 

environment are of key importance to pathogenesis. An example of a well studied 

family of such genes is the mitogen activated protein kinases. Mutants in these genes 

have reduced pathogenicity in a number of species including Bipolaris sorokiniana [20] 

and Magnaporthe oryzae [37]. One signalling kinase, sucrose non-fermenting protein 

kinase 1 (SNF1), has been identified as being required for virulence in L. maculans 

[9]. In Saccharomyces cerevisiae this gene is involved in carbon catabolite repression, 

which is essential for the efficient utilization of preferred carbon sources [6]. Consistent 

with this finding, Feng et al. found that in L. maculans SNF1 was required for the 

utilization of certain carbon sources [9]. This finding coupled with information gained 

in other species suggests that signalling in response to environmental stimuli, in 

particular nutrient availability, is likely to be important to the ability of L. maculans to 

cause disease. 

 

In this paper we describe an insertional mutant in a Sit4-associated protein (SAP) that 

shows markedly reduced pathogenicity. SAPs are part of the Target of Rapamycin 

(TOR) signalling pathway and associate with the protein kinase, Sit4. 
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Materials and methods 
 

Leptosphaeria maculans isolates and culture conditions 

 

The L. maculans isolate D5 (M1; IBCN18) was used for insertional mutagenesis and 

isolate D9 (05MGPS049) was used for mating experiments. L. maculans was 

subcultured on V8 agar plates [10% V8 juice (Campbell’s), 2% agar, pH 6] at 22°C 

with a 12 h night/day cycle. Hyphal and colony morphology was observed on both V8 

agar and on water agar. Asexual pycnidiospores were harvested by scraping the 

surface of L. maculans plates that had been flooded with sterile deionized water, and 

subsequently filtered through Miracloth (Millipore). Mycelial cultures for DNA 

extraction were set up in liquid V8 juice medium and incubated for one week at room 

temperature. 

 

Agrobacterium-mediated transformation of L. maculans 

 

A plasmid containing a hygromycin resistance gene was transformed into 

Agrobacterium tumefaciens strain EHA105 by electroporation. This plasmid, pLAU12, 

is modified from pPZPHygHindX [8] for the overexpression of genes in L. maculans 

(manuscript in preparation). These additional sequences do not modify the T-DNA 

transfer capabilities or selection system. A. tumefaciens-mediated transformation of L. 

maculans was carried out using an agar overlay method described by [11]. Antibiotics 

in the overlay were cefotaxime (200 g/ml) and hygromycin (100 g/ml). 

 

 

 



 
 

106 

Pathogenicity tests on Brassica napus cotyledons 

 

Cotyledons of B. napus cultivar Westar were inoculated 10 days after seed 

germination by first wounding the leaves with modified tweezers (four inoculations per 

plant) then applying 10 µl of pycnidiospores (~5×106 spores/ml); 150 transformants 

were screened. After 14 days cotyledons were photographed and disease was 

assessed by measuring the area of necrosis. Image J software was used to assess 

disease for 70 wild type D5 inoculation points and 76, 85 and 80 inoculation points for 

the T-DNA insertional mutant and complementation strains SAPC1_1 and SAPC9_1, 

respectively [30]. Student’s t-tests were used to determine statistical significance for 

P < 0.05.  

 

Trypan blue staining of infected cotyledons 

 

Hyphae in infected cotyledons (14 days post inoculation) were stained with trypan blue 

[18]. Cotyledons were immersed in staining solution (10 ml lactic acid, 10 g phenol, 10 

ml glycerol, 10 mg trypan blue (Sigma-Aldrich T0776), 10 ml H2O mixed 1:1 with 

ethanol immediately prior to use) and boiled for several minutes. Cotyledons were 

destained in chloral hydrate (70% w/w in H2O) for one week then observed under a 

compound microscope. 

 

Genomic DNA extractions from L. maculans mycelia 

 

Mycelia (~100 mg) were freeze-dried then ground on a MM 300 mixer mill (Retsch 

Instruments) using tungsten carbide beads at 30 Hz for 30 s. Homogenized tissue was 



 
 

107 

mixed with DNA isolation buffer (0.5 M NaCl, 10 mM EDTA, 1% SDS, 10 mM Tris-

HCl) in a phase lock-tube. Phenol:chloroform (1:1) was added and the samples were 

centrifuged for 15 min at 13000 rpm. Chloroform was added to the supernatant and 

the samples were centrifuged for 10 min at 13000 rpm. DNA in the supernatant was 

precipitated by adding 0.6 volume of isopropanol and pelleting by centrifugation at 

13000 rpm for 5 min. 

 

Inverse PCR 

 

Inverse PCR [23] was used to identify the site of T-DNA insertions in the genome of 

the T-DNA insertional mutant. Genomic DNA was digested with PstI restriction 

enzyme (Promega) at 37°C for 3 h and the digested fragments circularised using T4 

DNA ligase (Promega). PCR reactions were set up off the circularised template using 

ExTaq polymerase (Takara) and the primer pairs M13F (5´ GTAAAACGACGGCCAG 

3´) / ai76 (5´ AACAGTTGCGCAGCCTGAATG 3´) and M13R (5´ 

AACAGCTATGACCATG 3´) / ai077 (5´ AGAGGCGGTTTGCGTATTGG 3´). The 

location of the insert was confirmed by a second PCR using primers AU130 (5´ 

ACAACAGGCCAGGGACTGG 3´) and ai077. Amplicons were sequenced and the 

sequences were matched to the L. maculans genome ([29]; available through 

http://genome.jgi.doe.gov) using BLAST [1]. 

 
cDNA cloning and sequencing 

 

Mycelium of isolate D5 was cultured in a defined minimal medium [34] with 2% glucose 

as the carbon source.  RNA was isolated using Trizol reagent following the 

manufacturer’s guidelines (Invitrogen). cDNA was synthesized using SuperScript IV 
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(Invitrogen). The full length open reading frame of the sap1 gene was amplified with 

primers MAI0152 (5´ GGATCCATGTTTTGGCGCTTCGGC 3´) and MAI0153 (5´ 

GGATCCTTATCGATAGTCCATGTCAGC 3´) and amplicons were cloned into the 

pCR™ 2.1-TOPO® TA vector (Invitrogen). The cloned fragments were sequenced. 

 

Crosses and genetic segregation analysis 

 

The Leptosphaeria T-DNA insertional mutant was crossed to isolate D9. Plugs cut 

from the two isolates were placed on mating V8 agar [20% V8, CaCO3 (0.2%), agar 

(2%)]. Strains were grown for one week at 22°C with a 12 h photoperiod then overlaid 

with water agar (1% agar). After 4-6 weeks incubation at 14°C with a 12 h black-light 

photoperiod, pseudothecia were produced and individual ascospores were isolated. 

Progeny were screened for resistance to hygromycin, colony morphology and 

pathogenicity on B. napus. In addition, the mating type of each of the progeny was 

determined by PCR as described previously [7]. 

 

Complementation of the Leptosphaeria mutant strain 

 

The T-DNA insertion in the Leptosphaeria pathogenicity mutant was located in the 

homolog of a gene encoding a Sit4-associated protein. The mutant was 

complemented with the wild type allele. The genomic sequence of the L. maculans 

sap1 gene (Lema_T071490) from isolate v23.1.3 was obtained from the Joint Genome 

Institute database. The predicted intron-exon sequence was corrected by mapping 

RNA-seq reads [21] onto the gene using Integrative Genomics Viewer [33] and from 

sequencing cDNA clones. The gene information available on the JGI database 
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contained 150 bp of unknown sequence. Covering this region using a combination of 

Sanger sequencing and next generation sequencing reads revealed that this 150 bp, 

in addition to 21 bp and 268 bp upstream and downstream, respectively, is not present 

in isolate D5 (Fig S1). Seven hundred and forty-one bp of sequence upstream of the 

start codon was taken as the promoter and 819 bp of sequence downstream of the 

stop codon as the terminator. Three PCR fragments covering the gene were obtained 

from isolate D5: one corresponding to the promoter of the gene (AU172 5´ 

GCCTCACCGCGGCCCATGGTCATGCCCACCCACTTTTGC 3´ and AU138 5´ 

GCCGAAGCGCCAAAACATGG 3´), one corresponding to the coding region of the 

gene (AU131 5´ ATGTTTTGGCGCTTCGGCGG 3´ and AU141 5´ 

TTATCGATAGTCCATGTCAGC 3´) and a third to the terminator (AU173 5´ 

GCTGACATGGACTATCGATAATCC 3´ and AU174 5´ 

GTCATCTTCTGTCGAATCGGTACCCAGCTATCCCGATCCCTTGCCG 3´). The 

three fragments of the gene were then cloned using Gibson assembly (New England 

Biolabs) into plasmid pPZPNat1, which includes the gene for nourseothricin 

acetyltransferase for selection [12], linearized with XbaI and XhoI. Agrobacterium-

mediated transformation was used to transform this complementation construct into 

the Leptosphaeria SAP mutant strain with selection on medium containing 

nourseothricin (200 g/ml in overlay). Two randomly selected independent 

transformants, named SAPC1_1 and SAPC9_1, were characterized. 

 

Radial growth and pycnidiospore germination assays 

 

The in vitro growth rates of strains were determined by placing 2 µl of pycnidiospores 

(107 spores/ml in H2O) onto the center of agar plates. A cross was drawn on the bottom 
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of the plate and growth (at 22°C with a 12 hour photoperiod) along each of the four 

lines was measured at regular intervals from day 4 to day 16. Two different agar media 

were used: water agar (1% agar in H2O) and clarified V8 juice medium. The colonies 

grown on water agar did not show sufficient contrast to the media to be photographed, 

so the hyphae were stained using lactophenol cotton blue (0.05 g cotton blue, 20 g 

phenol, 20 ml lactic acid, 40 ml glycerol and 20 ml of distilled H2O) by flooding the 

stain over the surface of the media and removing excess stain after several minutes. 

 

Spore germination was assessed in vitro with a method adapted from that used by [9]. 

Spores (200 µl of 1×107 spores/ml in distilled H2O) were mixed with 10 ml of molten 

0.8% V8 agar. The mixture was poured into a petri dish and kept at 22°C in a dark 

incubator. After 48 h, a portion of agar was cut from the center of the plate, stained 

with lactophenol cotton blue, placed on a microscope slide and then pressed under a 

coverslip. Approximately 100 spores were counted under a compound light 

microscope and the proportion of spores that had germinated was recorded. Bright 

field images of hyphae in vitro and in planta were taken using a Leica DM2500 

compound microscope with a Leica DC 300F digital camera. 

 

Results 

 

Isolation of a mutant of L. maculans with reduced pathogenicity on canola 

 

One strain with reduced pathogenicity was identified after screening 150 strains 

derived from A. tumefaciens transformations. The mutant caused markedly reduced 

disease on cv. Westar, with an average lesion area of 2.1 mm2 compared to 19.7 mm2 
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for the wild type (Figs 1A and 2). This difference was statistically significant as 

determined by a Student’s t-test. In cotyledons infected with the wild type L. maculans 

isolate, long hyphae penetrated far into the leaf, whereas in the mutant such hyphae 

were rarely seen. In cases where a small lesion had formed, the hyphae never 

extended far from the initial inoculation point and were highly branched (Fig 1B). 

 

Fig. 1 Isolation of a T-DNA insertional mutant with reduced pathogenicity. (A) 
Representative lesions 14 days post inoculation on B. napus cv. Westar cotyledons of 
the wild type isolate, the Leptosphaeria SAP T-DNA insertional mutant, and two 
complemented strains (SAPC1_1 and SAPC9_1). (B) Infected cotyledon tissue 
stained with trypan blue. The hyphae of the wild-type infection appeared less branched 
and penetrated further into the cotyledon tissue. Scale bar = 0.1 mm. 
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Fig. 2 Distributions of lesion sizes of four L. maculans strains 14 days post inoculation 
on B. napus cv. Westar. The lesions generated by the Leptosphaeria SAP mutants 
were in all cases only very small or not visible. A reversal back to the wild-type 
phenotype occurred in the two complemented strains (SAPC1_1 and SAPC9_1). 
 

Identification of the T-DNA insertion site within a gene (sap1) encoding a Sit4-

associated protein 

 

One flank of the T-DNA insertion was obtained by inverse PCR. Sequencing and 

subsequent BLAST of the inverse PCR product indicated that the insert was located 

on SuperContig 7 of the L. maculans genome, into the first exon 307 bp downstream 

of the start codon of the gene Lema_T071490.1, which is annotated as “similar to Sit4-

associated protein (SAP185)”. A second PCR was used to define the other side of the 

insertion and revealed a deletion of 22 nucleotides from the genomic DNA of L. 

maculans (Fig 3). Due to ambiguities in the annotation of the gene from the genome 

sequence project, the coding regions of the sap1 gene were confirmed by isolating and 

sequencing cDNA molecules. An annotated version of the DNA sequence and the 
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coding region for the sap1 gene is presented in Fig S1. As a consequence of the T-

DNA insertion, the predicted protein is truncated to just 119 amino acids, of which 102 

match to the start of the wild type SAP1 sequence of 964 amino acids. 

 

 

Fig. 3 Location of the T-DNA insertion within the first exon of Lema_T071490.1, 307 
bp downstream of the start codon in the Leptosphaeria SAP mutant. (A) The genomic 
sequence at the insertion site is shown for the wild type and SAP mutant. The T-DNA 
replaces between 22-27 nt, with this ambiguity being due to the regions of 
microhomology (underlined) between the L. maculans genomic DNA and the T-DNA 
sequence. (B) Diagram of the position of the T-DNA insertion (bar) into the sap1 gene. 
Black boxes represent exons and white boxes represent introns. The positions and 
orientation of the primers used to amplify fragments to make the complementation 
construct are presented as arrows. 
 

 

 

The growth rate of the SAP mutant is altered 

 

The growth rate of the Leptosphaeria SAP mutant strain, as measured by colony 

diameter, was reduced on both water agar and V8 agar. On water agar the growth 

rate of the wild type was 2.1 mm/day while the SAP mutant grew at 1.0 mm/day (Fig 

4A). On V8 agar the wild type grew at 1.6 mm/day compared to 0.78 mm/day in the 

SAP mutant (Fig 4B). This difference is attributed to hyphal growth rather than a 

germination defect, because the spores of the wild type and the Leptosphaeria SAP 
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mutant had a similar germination frequency after 48 h in two independent experiments 

(93% and 74% for wild type spores and 94% and 82% for the SAP mutant spores). 

 

 

Fig. 4 The in vitro growth rate of the Leptosphaeria SAP mutant compared to the wild 
type and two complemented strains (SAPC1_1 and SAPC9_1) on (A) water agar and 
(B) V8 juice agar media. Growth assays are from seven replicates on V8 media and 
three replicates on water agar. Error bars represent ± 2 times the standard deviation. 
 

 

 

Hyphal and colony morphology are impaired in the SAP mutant 

 

The morphology of the Leptosphaeria SAP mutant colonies grown on V8 agar differed 

from the wild type due to the presence of short hyphal branches, giving the mycelium 

a slightly ‘fluffy’ appearance (Fig 5). There was considerable difference between the 

Leptosphaeria SAP mutant and the wild type on water agar because the mutant did 

not show the reduction in branching displayed by the wild type (Fig 5). The wild type 

colony was sparse, consisting of long trailing hyphae extending into the medium, 

whereas the Leptosphaeria SAP mutant formed a smaller, denser colony of highly 

branched hyphae.  
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Fig. 5 In vitro growth of L. maculans strains after 10 days. The top panel of four images 
are colony morphologies on clarified V8 juice agar.  The middle and bottom panels are 
the colony edge morphologies of strains growing on clarified V8 juice or water agar. 
The hyphae growing on water agar were stained using lactophenol cotton blue to 
increase contrast. Scale bars represent 1 cm for the whole colonies and 750 µm for 
colony edges. 
 

Genetic segregation and complementation experiments confirm that mutation 

of the sap1 gene is responsible for the mutant phenotypes 

 

Twenty-four progeny were obtained from a cross between the Leptosphaeria SAP 

mutant and isolate D9: fourteen were hygromycin-sensitive and 10 were hygromycin-

resistant. This ratio is consistent with a single T-DNA insertion event into the genome. 

Thirteen out of the 14 hygromycin sensitive progeny were able to cause disease to a 
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similar extent to that of a wild type isolate and all ten of the hygromycin-resistant 

progeny showed reduced pathogenicity. Of the hygromycin-sensitive progeny, 10 

showed a wild type phenotype in vitro (fast growth with a smooth colony edge), three 

showed a reduced growth rate but normal hyphal morphology, and one showed an 

unusual hyphal morphology somewhat similar to the phenotype of the Leptosphaeria 

SAP mutant. Of the hygromycin-resistant progeny, seven showed a branching 

phenotype similar to the Leptosphaeria SAP mutant, two showed an intermediate 

phenotype in which the hyphae appeared only slightly more branched and one isolate 

showed little growth. The mating types of the progeny were assessed by PCR, 

indicating that the progeny set includes recombinant classes. Of the hygromycin 

sensitive isolates six were MAT1-2 and eight were MAT1-1. Of the resistant progeny 

six were MAT1-1 and four were MAT1-2. 

 

A wild type copy of the sap1 gene was transformed into the Leptosphaeria SAP 

mutant. Complementation with the wild type copy of the gene restored the 

pathogenicity of the mutant back to the wild type level in two independently 

complemented strains (average lesion areas of 18.2 mm2 in strain SAPC9_1 and 21.7 

mm2 in strain SAPC1_1, Fig 1A and 2). These values were not statistically significantly 

different from the wild type as determined by a Student’s t-test. Additionally the 

complemented isolates had the equivalent growth rates as wild type (Fig 4), and they 

had a smooth colony edge and lacked the branching hyphal protrusions present in the 

mutant (Fig 5). 

 

Discussion 
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Of 150 insertional mutants of L. maculans screened on B. napus cotyledons, one 

transformant was identified as having reduced pathogenicity. In crosses with this 

transformant, the T-DNA segregated with the loss of pathogenicity. The mutant 

phenotype was rescued by complementation with a wild-type copy of the SAP gene. 

These experiments show that the T-DNA insertion is responsible for the loss of 

pathogenicity. The T-DNA inserted within the reading frame of a SAP gene homolog. 

Bourras et al. showed that T-DNA insertion is biased towards regulatory regions of 

genes, including promoters [5], which can complicate the analysis of the resulting 

mutants. The fact that the insertion is into the coding region of the sap1 gene is 

serendipitous. The site at which the T-DNA integrated shows microhomology to the T-

DNA left and right borders, which may explain why the T-DNA has inserted at this 

position in the genome. 

 

Although the Leptosphaeria SAP mutant grew more slowly than the wild type isolate, 

this does not solely account for the loss of pathogenicity phenotype because wild type 

isolates show a wide range of growth rates. A more likely contributing factor to the 

reduction in pathogenicity is the increased branching phenotype seen in the hyphae 

of the Leptosphaeria SAP mutant. This phenotype was most obvious on the low 

nutrient water agar where hyphae of the wild type and complemented strains were 

markedly less branched than that of the mutant (Fig 5). This in vitro phenotype is 

reflected in vivo during infection. When inoculated onto plants the wild type produces 

long penetrating hyphae that extend into the leaf. The Leptosphaeria SAP mutant 

appeared to be impaired in this process while the complemented strains did not (Fig 

1B and data not shown). 
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The disrupted gene in the Leptosphaeria SAP mutant is a homolog of a component in 

the target of rapamycin (TOR) signaling pathway. TOR signaling plays an important 

regulatory role in eukaryotic cells. In the model fungus Saccharomyces cerevisiae 

TOR signaling couples cellular metabolism to nutrient availability [27]. TOR promotes 

Tap42 to form complexes with type 2A and type 2A-like phosphatases [36]. One such 

type 2A phosphatase is Sit4. Deletion of Sit4 results in serious growth defects or loss 

of pathogenicity in a number of fungi including S. cerevisiae [22], the human 

pathogens Aspergillus fumigatus [4] and Candida albicans [19] and the filamentous 

plant pathogen Fusarium graminearum [36]. 

 

TOR is active when nutrients are available, which results in the association of Sit4 and 

Tap42 to form an inactive complex. On the other hand, when nutrients are limited, 

TOR is inactive and the TAP42-Sit4 complex dissociates leaving the Sit4 phosphatase 

active [2]. One of the roles of the active Sit4 protein in S. cerevisiae is to 

dephosphorylate the transcription factor Gln3, which results in untethering from the 

cytoplasmic protein Ure2 and subsequent localization into the nucleus leading to 

transcription of genes needed for adaptation to nutrient stress [2]. In addition to Tap42, 

in both S. cerevisiae and F. graminearum Sit4 also interacts with a number of other 

proteins including Sit4-associated proteins (SAPs) [22, 36]. S. cerevisiae contains four 

SAP homologs - SAP185, SAP190, SAP155 and SAP4. This contrasts to L. maculans 

in which there is only a single SAP homolog in the genome, as assessed by BLAST. 

 

SAP loss-of-function mutants have only been reported for S. cerevisiae [17, 22, 27]. 

Deletion of either SAP185 or SAP190 alone did not cause a significant decrease in 

growth rate. However, in the sap185 sap190 double mutant, growth rate was 
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significantly reduced. A quadruple mutant of all four SAP genes had a severe decrease 

in growth rate of an equivalent magnitude to a sit4 knockout. The fact that the 

quadruple SAP knockout in S. cerevisiae shows the same phenotype as a sit4 

knockout indicates that the SAP genes positively regulate Sit4. 

 

In wild type L. maculans the degree of hyphal branching is influenced by nutrient 

availability in that growth when nutrients are limiting leads to reduced branching, as 

seen by the pattern on the low nutrient water agar. The Leptosphaeria SAP mutant 

showed a higher degree of branching on water agar than the wild type or 

complemented strains, indicating that SAP plays a role in regulating branching in 

filamentous fungi. The branching phenotype observed in the Leptosphaeria SAP 

mutant segregated in progeny from a cross with a wild type isolate: it was evident in 7 

out of 9 of the hygromycin resistant isolates that grew sufficiently well for hyphal 

morphology to be assessed, while only one of the 14 sensitive progeny showed 

unusual branching. This suggests that the branching phenotype segregates with the 

T-DNA insert. Coupled with the complementation experiment, in which the branching 

phenotype of the SAP mutant was fully restored to the wild type morphology (Fig 5), 

we conclude that the loss of SAP function is responsible for both the loss of 

pathogenicity and the changes in hyphal morphology. 

 

TOR type 2A phosphatases have not previously been implicated in hyphal branching. 

However, another TOR target, the kinase FgSch9, regulates hyphal branching in F. 

graminearum [13]. Interestingly, the way in which Sch9 regulates branching differs 

between species: in F. graminearum the sch9 knockout has reduced branching, 

whereas, in Candida albicans a sch9 knockout shows an increase in branching [32]. 
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In conclusion, in this study we have identified a new pathogenicity factor in L. 

maculans. Future research should explore the signaling system through which this 

Sit4-associated protein integrates environmental nutrient levels to impact the ability of 

this fungus to cause disease on canola. 
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Chapter 4: Identification of two pathogenicity genes 
in Leptosphaeria maculans by Agrobacterium-
mediated insertional mutagenesis 
 
 

Abstract 

 

Leptosphaeria maculans causes blackleg disease of Brassica napus, but the genetic 

basis for how this filamentous fungus causes disease are not well understood.  Here, 

six non-pathogenic mutant strains were identified from an Agrobacterium-mediated 

insertional mutagenic screen. The T-DNAs of these 6 mutants were located with their 

genomes using next-generation sequencing. This revealed a range of unusual 

integration events that would have prevented conventional analysis using techniques 

such as inverse or TAIL PCR. Two of the mutants were complemented with the wild 

type copy of the gene, thus identifying two novel pathogenicity genes: one encoding a 

flavoprotein and the other encoding a HEAT repeating-containing protein. 

 

Introduction 

Leptosphaeria maculans is the most serious disease of canola (Brassica napus) 

globally (Fitt et al., 2006; Van de Wouw and Howlett, 2019). It undergoes a complex 

infection cycle. This begins with a biotrophic infection of the cotyledons and young 

leaves. The fungus then travels to the base of the stem where is leads to the formation 

of a necrotrophic canker which both restricts nutrient flow up the stem and reduces 

the structural integrity of the plant, resulting in potentially severe yield losses 

(Hammond et al., 1985; Fitt et al., 2006).  
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A combination of two main strategies has been employed to control this pathogen. 

The first, utilising gene-for-gene interactions, is the deployment of resistant canola 

cultivars that have single resistance (R) genes that recognise specific avirulence 

proteins in L. maculans. Unfortunately, as is the case in other pathosystems, L. 

maculans has repeatedly overcome major-gene resistance. This includes the rapid 

breakdown of LepR3 in Australia in the early 2000s, which led to 90% yield losses and 

cost up to 10 AUD million dollars (Sprague et al. 2006), Rlm1 in France between 1996 

and 1999 (Rouxel et al. 2003), and more recently the a breakdown of cultivar Hyola50 

resistance on the Eyre Peninsula in Australia, which was ameliorated through the 

recommendation to sow cultivars with alternative R genes, saving a predicted 13 

million AUD dollars (Van de Wouw et al. 2014). The second major strategy which has 

been employed is the use of fungicides. Azole fungicides are now routinely used in 

many parts of the world to control L. maculans. This has provided agronomists with 

greater flexibility in cultivar choice and sequential canola plantings. However, fungicide 

resistance is increasingly recognised as a major global issue both in agriculture and 

human health. Alarmingly, recent work suggests that Australian L. maculans 

populations might be developing resistance to currently effective classes of fungicides 

(Van de Wouw et al. 2017).   

 

The canola industry is thus in need of new ways to combat this disease. Unfortunately, 

our understanding of the genes underlying the biology of L. maculans is limited. This 

is highlighted by how few pathogenicity genes have been identified (Idnurm and 

Howlett, 2002; 2003; Elliott and Howlett, 2006; Remy et al., 2008a; Remy et al., 2008b; 

Remy et al., 2009; Van de Wouw et al., 2009; Feng et al., 2014; Soyer et al., 2015; 

Urquhart and Idnurm, 2017). Pathogenicity genes have the potential to be employed 
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as fungicide targets and provide a clearer understanding of the processes underlying 

disease, an understanding that will underlie the development of novel control 

strategies.  

 

In this study we identify two novel pathogenicity genes, one encoding a flavoprotein 

and the other encoding a HEAT-repeat containing protein, using Agrobacterium-

mediated mutagenesis combined with next-generation sequencing. We also describe 

examples of “non-canonical” T-DNA integration events that may partially explain the 

limited efficacy of previous approaches used to localise T-DNAs including inverse 

PCR and TAIL-PCR. 

 

Methods 

 

Fungal culturing 

 

The wild type strain used was D5. L. maculans was cultured on V8 juice agar as 

standard. 

 

Insertional mutagenesis 

The CSBX series of plasmids described previously (Urquhart et al., 2018) was used 

for the purpose of insertional mutagenesis.  

 

A small quantity of Agrobacterium (~100 l) cultured on Lysogeny broth (LB; Bertani 

1951) was transferred directly from an LB plate into ice-cold glycerol (10%) using a 

sterile loop. Cells were washed twice with ice-cold glycerol (10%) then resuspended 
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in ice-cold glycerol (10%, approximately 500 µL). Plasmid DNA (2 µL) and 50 µL of 

washed Agrobacterium were pipetted into a 2 mm electroporation cuvette on ice and 

then electroporated using a BioRad MicroPulser electroporation device set to “E. coli 

2” (2.5 kilovolts).  Cells were allowed to ‘recover’ in SOC medium for 2 h at 28oC before 

being plated onto LB plates with kanamycin and cultured at 28oC for 2-4 days. 

 

T-DNA sequence contained within these plasmids transferred into the fungus as 

described previously (Gardiner and Howlett, 2004). A suspension of A. tumefaciens 

(OD 0.6 at 600nm) was made by transferring bacterial cells directly off the LB 

transformation plate into SOC medium, then 200 l was pipetted onto a petri dish (15 

cm diameter) containing 25 µL of induction media (5 mM glucose, 0.5% glycerol, 2% 

agar, 100 µM acetosyringone, 1x MM Salts. Fungal spores suspended in H2O (500 

µL; 106 spore/ml) were pipetted onto the Agrobacterium suspension and the mixture 

was spread over the plate. Plates were incubated for 2-3 days in a dark incubator at 

22oC, then were overlayed with molten V8 agar supplemented with cefotaxime (200 

g/L) to eliminate the Agrobacterium and hygromycin (100 g/L) to inhibit growth 

of untransformed L. maculans. Antibiotic resistant fungal colonies were excised from 

the plates and cultured on V8 plates supplemented with antibiotics at half the 

concentration used in the overlay. 

 

Genomic DNA was prepared from L. maculans using a CTAB extraction protocol 

(Pitkin et al., 1996). Mycellia was harvested from a 7-day old V8 liquid culture and 

freeze dried. Freeze dried mycelia was beaten with 2 mm glass bead then suspended 

in 10ml of CTAB buffer (100mM Tris-HCl pH 7.5, 0.7 M NaCl, 10 mM EDTA, 1% CTAB, 

1% 2-mercaptoethanol) and incubated at 65oC for 30 minutes. An equal volume of 
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chloroform was added and samples were centrifuged and the supernatant was 

transferred into an equal volume of isopropanol. The precipitated DNA was pelleted 

by centrifugation and washed with 70% ethanol before being resuspended in a 

minimum volume of water. 

 

T-DNAs were located in the genome using Illumina sequencing of individual strains 

(Chambers et al., 2014). That is, whole genome sequences were obtained from an 

Illumina HiSeq 2500 run with 125-bp paired reads. The reads were mapped onto the 

sequence of the CSBX T-DNA and in cases whole plasmid, in Geneious. Reads with 

regions flanking the foreign DNA were used to seek the region in the L. maculans 

genome using BLAST. 

 

Pathogenicity testing 

 

Conidia were scraped off an agar plate into sterile water, filtered through miracloth and 

washed once with water before being resuspended at 106 spores per ml. 10 μl of spore 

solution was inoculated onto cotyledons, which had been pre-wounded using a 

needle. Disease severity was assessed at 14 days post inoculation. Plants were grown 

in a growth cabinet with a 12 hour day/night cycle.  

 

Complementation 

 

Genomic regions corresponding to genes potentially affected by T-DNA integrations 

were amplified using Q5 polymerase with the primers listed in Table 1 from wildtype 

genomic DNA. The PCR products were cloned into plasmid PMAI2 (Idnurm et al., 
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2017), first linearized with EcoRV and XbaI, using the NEbuilder assembly kit (New 

England Biolabs). Lema_T048720.1 was amplified as a single fragment. The size the 

region needed to complement Lema_T006490.1 (9.7 kb) meant that it could not be 

efficiently amplified as a single piece. Thus, a two-stage approach was employed in 

which a partial fragment was cloned into PMAI2, then this construct was digested with 

XbaI and the remaining section of the gene introduced. As the regions cloned were 

large the constructs were not verified by sanger sequencing and instead several 

clones were investigated to guard against PCR incuded sequencing errors. These 

constructs were then introduced into the respective T-DNA mutants as described 

above, using G418 as the selective agent. 

 

 

Table 1: Primers used in this study 

Name Sequence (3’ to 5’) Gene amplified 

437F TAGGCCTCTGCAGGTCGACTTGCATGCTCTGGAGTCAACG 

Lema_T048720.1 

437R CCAGAATTCTTAATTAAGATCGCGCCTCGTTTTCGTTGC 

605F step 1 TAGGCCTCTGCAGGTCGACTCAAGCCGTGGACCCAGAAGG Lema_T006490.1 

(partial) 605R step 1 CCAGAATTCTTAATTAAGATCCTGATATTCCTTGTAGAGG 

605F step 2 TAGGCCTCTGCAGGTCGACTCAAGCCGTGGACCCAGAAGG Lema_T006490.1 

(partial) 605R step 2 GCGAAGAGTCGAAGAATTCC 
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Results and Discussion  

 

Pathogenicity screening and T-DNA location 

 

Of approximately 800 T-DNA transformants screened, 6 were identified in which 

pathogenicity was lost. This represents a 0.75% percent, which is less than the 3.8% 

frequency previously reported (Blaise et al., 2007). T-DNAs were located in the 

genomes using Illumina sequencing and mapping the reads back onto the T-DNA 

sequence. This revealed a range of non-canonical integrations (Fig 1). Only 2 strains 

(numbered 195 and 437) out of the 6 strains showed a canonical integration in which 

both the right and left borders were preserved without rearrangements in neighbouring 

genomic regions. In two cases the border sequences were either lost or rearranged 

so as to be centrally located within the T-DNA (strains 605 and 847). In one of these 

cases, mutant 605, the entire Agrobacterium plasmid (CBSX) had been transferred 

into the fungus. The other, mutant 847, contained a T-DNA in which the right border 

was lost and an inversion within the T-DNA had internalised the left border. 

Identification of such integration events would have been challenging using the 

tradition molecular techniques of inverse or TAIL-PCR (Liu and Whittier, 1995). Two 

transformants showed large inversions in the genome adjacent to the T-DNA (mutants 

471 and 885). These inversion events potentially impact genes distant from the T-DNA 

at the site where the DNA was broken and re-joined to form the inversion. One of these 

mutants also had a large deletion (5 kb) deletion on the other side of the T-DNA 

containing the entire coding region of a gene. 
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Fig. 1: Diagram of insertion events in six L. maculans transformants: 195, 437, 471, 
605, 847, 885. Tick marks indicate 1 kb of DNA sequence. T-DNAs are indicated in 
orange. Other colours represent genes potentially affected by T-DNA integration. 
Grey box in mutant 605 indicates duplicated sequence.   
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These findings indicate that next generation is providing a clearer picture of the 

unusual integration events possible in these types of studies in L. maculans. Thus, we 

suggest that whole genome sequencing be considered an indispensable component 

of the T-DNA mutagenesis pipeline in L. maculans. The original rationale for using the 

CSBX series of plasmids was the potential to pool DNA from multiple strains before 

sequencing. Each plasmid contains a specific 20 base pair bar code close to the right 

border of the T-DNA. The bar code in the plasmids can be used establish from which 

strains the reads were obtained. However, these findings of T-DNA truncations, 

additional DNA, and chromosomal rearrangements also indicate that such an 

approach may lead to confounding interpretations. 

 

Complementation and in vitro growth of the complemented mutants 

 

For two of the mutants they could be complemented using the wild type copy of the 

gene affected by the T-DNA, thus confirming the role of these two genes in 

pathogenicity (Fig 2). The first of these in mutant 437 was a gene encoding a putative 

flavoprotein enzyme (Lema_T048720.1). A BLAST search indicated that this enzyme 

shows similarity to the Coenzyme A biosynthesis protein 3 (Cab3) of Saccharomyces 

cerevisiae (Fig 3). In S. cerevisiae, Cab3 is involved in the biosynthesis of coenzyme 

A (Olzhausen et al., 2009). The nutritional requirements of this strain are currently 

being investigated to determine whether this enzyme plays a similar role in L. 

maculans.  
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A second mutant, mutant 605 contained a mutation in a gene encoding a large HEAT-

repeat-containing protein (Lema_T006490.1). This protein shows only weak homology 

(28% amino acid) identity) to the Utp20 protein of S. cerevisiae. Utp20 is involved in 

biogenesis of the 18S rRNA in S. cerevisiae, so this gene may also have a role in RNA 

processing in L. maculans. 
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Fig. 2: Pathogenicity of mutants 437 and 605 and their complemented counterparts. 
(A) Representative images of cotyledons 14 days post inoculation.  (B) Quantification 
of the lesion sizes obtained for multiple cotyledons. 
 

 

Fig. 3: Similarity between the L. maculans flavoprotein and Cab3 of S. cerevisiae. 

 

Both mutants grew similarly to the wild type and complemented strains in vitro (Fig 4) 

suggesting that both these genes are true pathogenicity genes (as opposed to genes 

essential for overall growth rate). Further characterisation of these genes might shed 

light both on their individual functions and on the mechanisms underlying 

pathogenicity in this organism more generally. 
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Fig. 4: Growth phenotypes of mutants 437 and 605 on cleared V8 juice agar after 14 
days. 
 
 

While the discovery of pathogenicity factors in L.  macuans has been a long-term goal 

for the research community, the identification of these two genes does little to move 

towards better disease control.  This highlights one of the major limitations between 

converting between laboratory-based discoveries to the implementation of those in 

field scenarios.  It seems highly unlikely at least in the foreseeable future that such 

genes or their encoded proteins would be attractive enough to drive investment 

towards the development of new antifungal treatment options.  Similar challenges are 

observed for many other plant pathogenic fungi 
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ABSTRACT 

 

Species in the genus Paecilomyces, a member of the fungal order Eurotiales, are 

ubiquitous in nature and impact a variety of human endeavors. Here, the biology of 

one common species, Paecilomyces variotii, was explored using genomics and 

functional genetics. Sequencing the genome of two isolates revealed key genome and 

gene features in this species. A striking feature of the genome was the two-part nature, 

featuring large stretches of DNA with normal GC content separated by AT-rich regions, 

a hallmark of many plant-pathogenic fungal genomes. These AT-rich regions 

appeared to have been mutated by repeat-induced point (RIP) mutations. We 

developed methods for genetic transformation of P. variotii, including forward and 

reverse genetics as well as crossing techniques. Using transformation and crossing, 

RIP activity was identified, demonstrating for the first time that RIP is an active process 

within the order Eurotiales. A consequence of RIP is likely reflected by a reduction in 

numbers of genes within gene families, such as in cell wall degradation, and reflected 

by growth limitations on P. variotii on diverse carbon sources. Furthermore, using 

these transformation tools we characterized a conserved protein containing a domain 

of unknown function (Duf1212) and discovered it is involved in sporulation. 

 

Keywords: Agrobacterium tumefaciens-mediated transformation, 

Byssochlamys spectabilis, DUF1212, Eurotiales, genome defense, leuA, 

mitochondrial membrane carrier 
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INTRODUCTION 

 

Species in the order Eurotiales are amongst some of the best characterized fungi. 

They include the source of life-saving penicillin Penicillium rubens, the model 

filamentous fungus Aspergillus nidulans, the industrial species and source of citric acid 

Aspergillus niger, and the human pathogen Aspergillus fumigatus (Galagan et al., 

2005; Max et al., 2010; de Vries et al., 2017). While a handful of these species have 

been extensively studied most have not received a high level of investigation yet might 

provide similar benefits or risks to people. 

 

Paecilomyces variotii is a ubiquitous thermo-tolerant species that is encountered in 

food products, soil, indoor environments and clinical samples (Houbraken et al., 2010). 

Its thermo-tolerance and ability to grow at low oxygen levels allows it to survive heat 

treatment and it has been widely isolated as a contaminant of products such as heat-

treated fruit juices (Houbraken et al., 2006). Furthermore, it is emerging as an 

opportunistic human pathogen (Steiner et al., 2013), with cases of P. variotii and the 

closely related species Paecilomyces formosus infection in immuno-compromised 

individuals (Torres et al., 2014; Polat et al., 2015; Feldman et al., 2016; Kuboi et al., 

2016; Swami et al., 2016; Bellanger et al., 2017; Uzunoglu and Sahin, 2017) and plant 

disease (Heidarian et al., 2018). While this organism can be detrimental to human 

health, it also lends itself to diverse industrial applications. P. variotii has been 

explored as a source of industrial tannase, as its tannase has beneficial characteristics 

including a high optimum temperature (Battestin and Macedo, 2007a; Battestin and 

Macedo, 2007b). Among its other enzymes with favorable properties for industry are 

a thermostable glucoamylase (Michelin et al., 2008), a glucose-tolerant β-glucosidase 
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(Job et al., 2010) and an alcohol oxidase that displays stability at high temperature 

(50°C) and over a pH range (from 5-10) (Kondo et al., 2008). 

 

Despite the relevance of Paecilomyces species to human activities across the world, 

no well-annotated genome sequence is currently available for any members in the 

Paecilomyces genus except for draft genomes of P. formosus (Oka et al., 2014) and 

P. niveus (Biango-Daniels et al., 2018). Furthermore, methods for genetic 

manipulation or classical genetics have not been described for Paecilomyces, further 

limiting our ability to understand gene functions in the genus. 

 

Here, we sequenced and annotated the genome of P. variotii [Byssochlamys 

spectabilis] CBS 101075, which is the type strain of the teleomorphic state (Houbraken 

et al., 2008), and strain CBS 144490 that was isolated in this study. The genomes 

have a bi-modal pattern of overall DNA G:C content with alternating stretches of G:C-

equilibrated or A:T rich DNA, reminiscent of those found in the genomes of many plant 

pathogens as a consequence of repeat induced point mutation (RIP) (Testa et al., 

2016). RIP is a fungal process in which repetitive sequences are recognized during 

the sexual cycle and targeted for mutation (Hane et al., 2015))  Experimental evidence 

of RIP – that is a mutagenic process targeted to duplicated DNA sequences that 

occurs during mating – is limited to fungi of the fungal classes Dothideomycetes [L. 

maculans (Idnurm and Howlett, 2003; Van de Wouw et al. 2019)] and Sordariomycetes 

[Fusarium spp., Magnaporthe oryzae, Neurospora crassa, Podospora anserina and 

Trichoderma reesei (Selker and Garrett, 1988; Nakayashiki et al., 1999; Graïa et al., 

2001; Cuomo et al., 2007; Coleman et al., 2009; Li et al., 2017), reviewed by (Hane et 

al., 2015)]. In silico sequence analysis suggests that RIP occurs extensively in the 
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fungi [for example a potential activity in the Basidiomycota (Horns et al., 2012)], 

including species in the Eurotiales like A. niger (Braumann et al., 2008), A. nidulans 

(Nielsen et al., 2001; Clutterbuck, 2004), Aspergillus oryzae (Montiel et al., 2006), 

Penicillium chrysogenum (Braumann et al., 2008) and Penicillium roqueforti (Ropars 

et al., 2012). However, is these species whether those patterns of mutation represent 

RIP, the natural accumulation of mutations over time, or another mechanism of DNA 

mutation such as the spontaneous deamination of methylated cytosines (Lindahl, 

1993; Lutsenko and Bhagwat, 1999), remains unknown. This point is well illustrated 

in the case of A. nidulans, a genetic model for many decades yet in which RIP has not 

been observed despite the in silico evidence (Nielsen et al., 2001; Clutterbuck, 2004). 

Second, we developed methods for the genetic transformation of P. variotii, including 

an efficient next-generation-sequencing-based method to identify genes that are 

mutated in forward genetic screens, and classical genetics in which parents are 

crossed and their progeny used in genetic segregation analysis. Using these new 

tools, we characterized two genes of previously unknown function. 

 

By combining these methods, we demonstrate RIP activity experimentally for the first 

time in the Eurotiales, vastly expanding the phylogenetic breadth of the fungi 

experimentally verified to undergo RIP and thereby suggesting this is indeed a 

fundamental force that shapes fungal genome evolution. In addition, we compared the 

plant biomass degrading ability of P. variotii to other Eurotiales, hypothesizing that the 

active RIP mechanism in this species might reduce gene duplication events and thus 

limit the expansion of gene families in this species. Consistent with this hypothesis, 

our analysis revealed the poorest CAZy genome content in P. variotii among the fungal 

species used for comparison. This, and the identification of a phenotype associated 
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with mutating a gene encoding a protein with a DUF1212 domain, which is at present 

an enigmatic yet widely conserved domain, highlights how research on P. variotii offers 

new perspectives to understand the biology of Eurotiales fungi, and fungi more 

broadly.  

 

MATERIALS AND METHODS 

 

Wild-type strains and preparation of growth media 

 

The ex-type strain of Paecilomyces variotii, i.e. strain CBS 101075, was obtained from 

the Commonwealth Scientific and Industrial Research Organisation culture collection 

(FRR5219). A second strain was isolated as a contaminant after water damage to the 

laboratory, having attracted attention because of its ability to inhibit the growth of a 

plant pathogenic fungus Leptosphaeria maculans.  This strain has been deposited at 

the Westerdijk Institute as CBS 144490. As described below, CBS 10105 (MAT1-1) 

and CBS 144490 (MAT1-2) are of opposite mating type.  An Aspergillus niger strain 

was isolated from an onion (identification including ITS sequencing, as GenBank 

MH605508), and used as source of DNA in molecular biology experiments. The strain 

was deposited to the Westerdijk Institute as CBS 144491. The strains of Eurotiales 

species used for carbon utilization profiling are given in Table 1. 
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TABLE 1 | Additional fungal species and strains used in this study. 
CAZy gene comparison 
Species Strain Reference 
Talaromyces marneffei ATCC 18224 (Nierman et al., 2015) 
Penicillium rubens Wisconsin 54-1255 (van den Berg et al., 2008) 
Penicillium subrubescens FBCC1632, CBS 132785 (Peng et al., 2017) 
Aspergillus wentii CBS 141173 (de Vries et al., 2017) 
Aspergillus glaucus CBS 516.65 (de Vries et al., 2017) 

Aspergillus clavatus NRRL1 (Sherlock et al., 2012) 
Aspergillus fumigatus Af293 (Nierman et al., 2005) 
Aspergillus terreus NIH 2624 (Sherlock et al., 2012) 
Aspergillus oryzae RIB40 (Machida et al., 2005) 
Aspergillus nidulans FGSC A4 (Galagan et al., 2005) 
Aspergillus niger ATCC 1015 (Andersen et al., 2011) 
Secondary metabolite cluster comparison 
Species Strain Reference 
Aspergillus aculeatinus CBS 121060  
Aspergillus bombycis  NRRL 26010 (Moore et al., 2016) 
Aspergillus calidoustus SF006504 (Horn et al., 2016) 
Aspergillus fijiensis CBS 313.89   
Aspergillus homomorphus CBS 101889  
Aspergillus ibericus CBS 121593  
Aspergillus nidulans FGSC A4 (Galagan et al., 2005) 
Aspergillus uvarum CBS 121591  
Penicillium griseofulvum PG3 (Banani et al., 2016) 
Penicillium steckii  IBT 24891 (Nielsen et al., 2017) 
Penicillium subrubescens  FBCC1632, CBS132785 (Peng et al., 2017) 
Thermoascus aurantiacus ATCC 26904  

 
 

Cleared and uncleared V8 juice was adjusted to pH 6 with NaOH, and used at 10% 

v/v for media. Potato dextrose agar (PDA) and potato dextrose broth were obtained 

commercially (Difco). Minimal medium was prepared using an adaptation of Sutter 

(1975), and consisted of per litre: 20 g glucose, 2 g asparagine, 5 g KH2PO4, 500 mg 

MgSO4, 28 mg CaCl2, 2 mg citric acid·H2O, 1.5 mg ferric sulfate, 1 mg ZnSO4·7H2O, 

300 g MnSO4·H2O, 50 g CuSO4·5H2O, 50 g molybdic acid. 10 mg/ml leucine was 

added when needed. 

 

Genome sequencing of P. variotii strains 

 

Genomic DNA of the two strains was isolated as described previously (Pitkin et al., 

1996). The genome of P. variotii strain CBS 101075 was sequenced using the Pacific 

Biosciences platform. Unamplified libraries were generated using Pacific Biosciences 

https://genome.jgi.doe.gov/Aspfij1
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standard template preparation protocol for creating >10 kb libraries. 5 µg of gDNA was 

used to generate each library and the DNA was sheared using Covaris g-TUBEs to 

generate sheared fragments of >10 kb in length. The sheared DNA fragments were 

then prepared using Pacific Biosciences SMRTbell template preparation kit, where the 

fragments were treated with DNA damage repair, had their ends repaired so that they 

were blunt-ended, and 5′ phosphorylated. Pacific Biosciences hairpin adapters were 

ligated to the fragments to create the SMRTbell template for sequencing. The 

SMRTbell templates were then purified using exonuclease treatments and size-

selected using AMPure PB beads. PacBio Sequencing primer was then annealed to 

the SMRTbell template library and sequencing polymerase was bound to them using 

Sequel Binding kit 2.0. The prepared SMRTbell template libraries were then 

sequenced on a Pacific Biosystem's Sequel sequencer using v3 sequencing primer, 

1M v2 SMRT cells, and Version 2.0 sequencing chemistry with 1×360 sequencing 

movie run times. 

  

The filtered PacBio sub-read data were assembled together with Falcon version 1.8.8 

(https://github.com/PacificBiosciences/FALCON), improved with FinisherSC version 

2.0 (Lam et al., 2015), and polished with Arrow version SMRTLink v.5.0.0.6792 

(https://github.com/PacificBiosciences/GenomicConsensus).  

 

To aid in gene predictions and annotation, the P. variotii transcriptome was sequenced 

with Illumina. To generate a diversity of transcripts, mycelia were cultured under four 

conditions for 4 days without shaking: at two temperatures (30°C and 37°C) and in 

10% cleared V8 juice pH 6 and potato dextrose broth.  RNA was isolated from 

mycelium using TRIzol reagent (Invitrogen) following the manufacturer’s 

https://github.com/PacificBiosciences/FALCON
https://github.com/PacificBiosciences/GenomicConsensus
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recommendations, and equal quantities of RNA isolated from each mycelium were 

pooled.  Stranded cDNA libraries were generated using the Illumina Truseq Stranded 

RNA LT kit. mRNA was purified from 1 µg of total RNA using magnetic beads 

containing poly-T oligos. mRNA was fragmented and reverse transcribed using 

random hexamers and superscript II (Invitrogen) followed by second strand synthesis. 

The fragmented cDNA was treated with end-pair, A-tailing, adapter ligation, and 8 

cycles of PCR. The prepared library was then quantified using KAPA Biosystem’s 

next-generation sequencing library qPCR kit and run on a Roche LightCycler 480 real-

time PCR instrument. The quantified library was then multiplexed with other libraries, 

and the pool of libraries was prepared for sequencing on the Illumina HiSeq 

sequencing platform utilizing a TruSeq paired-end cluster kit, v4, and Illumina’s cBot 

instrument to generate a clustered flow cell. Sequencing of the flow cell was performed 

on the Illumina HiSeq 2500 sequencer using HiSeq TruSeq SBS sequencing kits, v4, 

following a 2×150 indexed run recipe.  Illumina reads were filtered for quality and 

artefacts, RNA spike-in, PhiX, and N-containing reads, trimmed and assembled into 

consensus sequences using Trinity version. 2.3.2 (Grabherr et al., 2011). 

 

The genome was annotated using the JGI Annotation Pipeline, and made publicly 

available via JGI fungal genome portal MycoCosm (Grigoriev et al., 2014). 

 

Strain CBS 144490 HYG1 is a transformant of strain CBS 144490, with a T-DNA 

inserted into its genome from plasmid pCSB1. This strain was sequenced to represent 

the genome of CBS 144490. Illumina sequencing of strain CBS 144490 HYG1 was 

conducted at the Australian Genome Research Facility (AGRF), with 100 bp paired-

end reads on an Illumina HiSeq 2500 instrument. The nuclear genome was assembled 



 
 

151 

using Velvet with the k-mer setting at 67 and auto detect for low coverage cut off 

(Zerbino and Birney, 2008). The mitochondrial genome was assembled using the 

inbuilt assembler in Geneious version 10.1.3 and annotated along with the 

mitochondrial genome of strain CBS 101075 using MFannot (Figure S1).  

 

Phylogenetic analysis of strains of Paecilomyces 

 

Three gene regions, encoding calmodulin and β-tubulin and the internal transcribed 

spacers (ITS), were used to build phylogenetic trees between strains. Sequences 

were those used previously (Samson et al., 2009), with the addition of the 

corresponding regions of the “P. variotii number 5”, CBS 144490 and CBS 101075 

obtained via BLAST searches of the whole genome sequences. Sequences were 

aligned using MUSCLE (Edgar, 2004) and phylogenetic relationships were inferred 

using MrBayes (Huelsenbeck and Ronquist, 2001) implemented through Geneious 

version 11.0.4 using the HKY85 substitution model and 1,100,000 iterations with the 

sequences from Paecilomyces divaricatus CBS 284.48 set as the outgroups. 

 

In addition, a species tree was generated using 3,374 single copy gene orthologs, 

identified using mcl (Enright et al., 2002). Genes were individually aligned using mafft 

(Katoh and Standley, 2013), trimmed using Gblocks (Castresana, 2000) using the 

following parameters: –t = p, –e = .gb and –b4 = 5, then the phylogeny was 

reconstructed using RAxML (Stamatakis, 2014) under the PROTGAMMAWAGF 

substitution model. 100 bootstrap replicates were performed (all branches were fully 

supported). 
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Generation of plasmids for fungal transformation using Agrobacterium 

tumefaciens 

 

Plasmids were constructed for the transformation of P. variotii using A. tumefaciens 

for differing purposes.  These plasmids are described in the following eight 

subsections. 

 

(i) Mitochondrial GFP barcode series. The nucleotide sequence corresponding to the 

first 76 amino acids of the L. maculans citrate synthase gene (Lema_T101280.1) was 

amplified using primers AU268 and AU269 (Table S1) off the genomic DNA of strain 

M1. Suelmann and Fischer (2000) showed that the corresponding sequence from A. 

nidulans was sufficient to direct GFP localization to the mitochondria. The coding 

region of the GFP gene was amplified using primers AU108 and AU68 off plasmid 

PLAU17 (Idnurm et al., 2017). These two fragments were then cloned into plasmid 

PLAU2 (Idnurm et al., 2017) using Gibson assembly (New England Biolabs). The 

resultant plasmid was linearized with PmeI and a 20 nucleotide “barcode” was inserted 

into this site using Gibson assembly. The barcode contained 20 semi-randomized 

nucleotides (NMNMNMNMNMNMNMNMNMNM; where N is any nucleotide and M is 

either A or C, as based on Hensel et al. (1995), and appropriate flanking sequence for 

Gibson assembly was included as a single stranded oligonucleotide AU257 that was 

made double-stranded via a PCR reaction with primers AU258 and AU259. The pool 

of resulting fragments was cloned into the PmeI site resulting in a series of plasmids 

with different barcodes. The sequences of clones in individual plasmids were 

determined by Sanger sequencing with primer ai076 (Table S2). 
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(ii) H2B-CFP. A fusion protein of A. nidulans histone H2B and GFP has previously 

been shown to be nuclear-localized (Maruyama et al., 2002). The coding region of the 

histone H2B gene of A. niger strain CBS 144491 was amplified using primers AU492 

and AU493 off genomic DNA. The coding region of CFP was amplified using primers 

AU494 and AU495 off plasmid PLAU41 (a PLAU2-based expression plasmid for CFP, 

analogous to PLAU17) and cloned into the BglII site of PLAU2 using Gibson assembly. 

 

(iii) dspA complementation construct. The dspA gene region was amplified using 

primers AU463 and AU464 and cloned into the XbaI site of plasmid pMAI2 (Idnurm et 

al., 2017) using Gibson assembly. 

 

(iv) prmJ complementation construct. Two fragments corresponding to the gene were 

amplified with primers AU461 and AU438, and AU437 and AU462 and cloned into the 

XbaI site of plasmid pMAI2 (Idnurm et al., 2017). 

 

(v) A. niger prmJ cross-species complementation construct. The coding region of the 

A. niger prmJ gene was amplified in two parts; the first using primers 

FD1212AFPLAU2 and FD1212ER, and FD1212DF and FD1212FRPLAU2 and then 

combined into the BglII site of pLAU53 (Idnurm et al., 2017) using Gibson assembly. 

 

(vi) mCherry-tagged DspA. The coding region of the dspA gene was amplified by PCR 

using the dspA complementation construct as a template with primers AU516 and 

AU473. The mCherry coding sequence was amplified using primers AU474 and 

AU517. These two fragments were cloned into the BglII site of plasmid PLAU2 using 

Gibson assembly. 
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(vii) Mitochondrial GFP in a plasmid conferring resistance to G418. A plasmid 

expressing mitochondrially-localized GFP and G418 resistance was created for co-

localization experiments. The coding region of the citrate synthase-GFP fusion was 

amplified from plasmid CSB1 using primers AU268 and AU68 and cloned into the BglII 

site of plasmid PLAU53 (Idnurm et al., 2017) using Gibson assembly. 

 

(viii) leuA gene knockout and complementation. A genomic fragment (1,449 bp) 

corresponding to the 5´ flank of the leuA homolog was amplified from strain CBS 

101075 using primers MAI0442 and MAI0443. The 3´ flank of the gene (1,439 bp) was 

amplified with primers MAI0444 and MAI0445. The hygromycin expression cassette 

of plasmid pMAI17 was amplified using primers MAI0440 and MAI0441. The three 

fragments were cloned, using Gibson assembly, into plasmid pPZP-201BK (Covert et 

al., 2001) that had been linearized with EcoRI and HindIII restriction enzymes. P. 

variotii ransformants were generated with this plasmid, as described below, and 

assayed for their ability to grow on minimal media without leucine. PCR analysis to 

confirm the successful integration of the knockout construct into the leuA gene was 

conducted using primer pairs: MAI0023 + MAI0446 and MAI0022 + MAI0447 that 

amplify from the hph gene into the 5´ or 3´ flank of the leuA locus, respectively. 

 

As a complementation control, the wild type copy of leuA was amplified with primers 

MAI0442 and MAI0445 and cloned into pPZP-201BK linearized with EcoRI and 

HindIII.  The plasmid and the empty pPZP-201BK were electroporated separately into 

A. tumefaciens strain EHA105.  These two A. tumefaciens strains were co-cultured 
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with two leuAΔ strains of P. variotii for three days, then overlaid with minimal medium 

and cefotaxime. 

 

Confirmation of T-DNA insertion sites and verification of complementation by 

PCR 

 

The T-DNA insertion sites of two mutant strains were confirmed by PCR, i.e. strains 

AU2_33 and AU1_63. Primers used for AU2_33 were AU446 and ai076 for the 

intragenic T-DNA and Match2F and Match2R for the intergenic T-DNA. Primers used 

for 1_63 were AU437 and ai076. The integration of the constructs into the genome, 

for the complementation of strains, was confirmed by PCR using primers AU446 and 

AU448 for AU2_33 (dspA) and AU437 and AU439 for AU1_63 (prmJ).  

 

Transformation of P. variotii by A. tumefaciens 

 

A. tumefaciens strain EHA105 was transformed with plasmids by electroporation, as 

described previously (Urquhart and Idnurm, 2017), with selection on LB agar + 50 

µg/ml kanamycin. An amount of Agrobacterium cells equivalent to a rice grain was 

scraped directly off the Agrobacterium transformation plate and suspended in 1 ml of 

SOC media. P. variotii spores were harvested off V8 agar cultures and suspended in 

dH2O at approximately 106 spores per ml. 500 µl of fungal spores and 100 µl of 

Agrobacterium suspensions were pipetted onto the centre of a 145 mm petri dish 

containing 25 ml of solidified induction media (Gardiner and Howlett, 2004). The 

mixture was spread around the plate and incubated at 22°C for three days and then 

overlaid with 25 ml of molten CV8 containing 200 µg/ml cefotaxime and either 100 
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µg/ml hygromycin or 200 µg/ml G418 as appropriate for selection of transformants. 

Leucine (10 mg/ml) was added to the overlay in the case of the transformation aiming 

at gene replacement of leuA. Fungal transformants appeared after five days and were 

transferred onto fresh V8 plates containing half the antibiotic concentrations used in 

the overlay. 

 

Barcoding mutagenesis and NGS to locate DNA inserts 

 

DNA was extracted from a number of P. variotii transformants that showed growth 

phenotypes, using a buffer containing CTAB as described previously (Pitkin et al., 

1996). The genomic DNA was pooled and sequenced at the AGRF with Illumina 

sequencing using the same instrument and parameters as strain CBS 144490. 

Analysis of the next generation sequencing data was conducted in Geneious version 

10.1.2. To identify the positions of T-DNA insertions in the genome of a given strain 

the NGS reads containing the “barcode” from the construct with which that strain was 

transformed were pulled out (Figure S2). Many of these reads extended out from the 

T-DNA into the sequence adjacent to the T-DNA and this section of the P. variotii 

genome was then identified using BLAST against the genome sequence. 

 

 

Microscopy 

 

A Leica M205 stereomicroscope was used for the examination of mating cultures on 

agar plates. Fluorescence microscopy was performed using a Leica DM6000 

microscope. Cell wall staining was conducted using calcofluor white M2R (0.0004%) 
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and emission was detected using a DAPI filter cube. Images were overlaid using 

ImageJ software.  

 

Genetic crosses 

 

Crossing was conducted as described by Houbraken et al. (2008). Recombination in 

the progeny was confirmed using genetic markers that were based on PCR 

amplification of a genomic fragment followed by digestion with restriction enzymes. An 

exception was for the mating type locus where a multiplex PCR resulting in different 

product sizes was employed. These markers and primers used for amplification are 

summarized in Supplementary Table S3.  

 

Amplification and sequencing of the hph gene conferring hygromycin 

resistance gene from progeny of a AU2_33 × CBS 101075 cross 

 

A region of each of the T-DNAs was amplified using primer MAI0022 located at the 

start of the hygromycin phosphotransferase (hph) open reading frame and a primer 

specific to the genomic region flanking each of the T-DNA insertion sites (primer 

Match2R or primer AU439). The resulting PCR product was then used as the template 

from which to amplify hph coding region by PCR using primers MAI0022 and MAI0023. 

This PCR product was sequenced using Sanger chemistry at the AGRF. 

 

Southern blot analysis of T-DNA insert copy number 
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Approximately 10 µg of genomic DNA was digested with HindIII and separated on a 

1% agarose gel by electrophoresis. DNA was blotted onto Hybond-N+ membrane (GE 

Healthcare) using standard methods. A fragment of the hph gene was labelled with 

the PCR DIG Probe Synthesis Kit (Roche), as per the manufacturer’s directions, 

hybridized to the blot overnight, and the probe was detected using the DIG wash and 

block buffer set (Roche) and the DIG Luminescent Detection Kit following the 

manufacturer’s directions. An image of the blot was captured with a ChemiDoc MP 

(Bio-Rad) using the High Sensitivity Chemi setting.  

 

Profiling fungal growth on different carbon sources 

 

Fungi were grown on Aspergillus minimal medium containing 25 mM monosaccharide 

or 1% polysaccharide for 2-5 days (depending on the species; table 1), after which 

pictures were taken. Growth was compared using D-glucose as an internal reference, 

so that growth on a specific carbon source relative to growth on glucose was compared 

between the species. 

 

Analysis of gene content 

 

Gene numbers in different functional categories for the two P. variotii strains were 

obtained using the “cluster” option from the MycoCosm portal (Grigoriev et al., 2014), 

comparing the two strains with other species in the Eurotiales as well as Neurospora 

crassa where RIP is most extensively characterized. As a focused case study, the 

putative Carbohydrate-Active enZYmes (CAZys) were filtered for families known to be 

involved in plant biomass degradation (de Vries et al., 2017). It should be noted that 
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for families the genes could not always be split by the predicted activity, resulting in 

some cases in an over-prediction of the number of genes encoding enzymes for the 

utilization of a certain polysaccharide. 

 

RESULTS 

 

Genome sequence characteristics of P. variotii strains CBS 101075 and CBS 

144490 

 

The genome of ex-type strain P. variotii CBS 101075 was sequenced using long reads 

of Pacific Biosciences technology, and genes were annotated using the JGI annotation 

pipeline (Grigoriev et al., 2014). The mitochondrial genome was annotated separately 

with MFannot software (Figure S1). The P. variotii CBS 101075 genome is 

approximately 30.1 Mb in total size, 4.53% of which is comprised of repetitive DNA of 

simple repeats and putative transposable elements (Table S4). The genome appears 

to represent gene-encoding regions completely, as estimated by the presence of 

100% of CEGMA genes [the Core Eukaryotic Genes Mapping Approach (Parra et al., 

2007)]. Analysis using Benchmarking Universal Single-Copy Orthologs (BUSCO V3; 

Waterhouse et al. 2018) also indicated a high level of completeness to the genome, 

with 99.6% and 99.0% of BUSCO genes being present using the Fungi or Eukaryota 

settings, respectively.  Assembly statistics are comparable to other related, recently 

published genomes (Table S4). We identified 9,270 genes in the P. variotii genome 

(Table S4), most of which are complete by having both start and stop codons (98.76%) 

and have well supported matches in various genomic databases, including NCBI 

(95.2% of genes) and Pfam (75.02%) (Finn et al., 2016). MCL-based ortholog 
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clustering (Enright et al., 2002) using the genomes in Table S4 reveals 8,808 P. variotii 

genes in orthologous gene clusters, and 462 unique genes. The genome assembly 

and related data for P. variotii CBS 101075 is available from 

https://genome.jgi.doe.gov/Paevar1, and the whole genome shotgun project 

deposited to GenBank as accession RCNU00000000. 

 

The genome of a second isolate, CBS 144490 HYG1, was generated using short read 

technology.  A total of 15,229,380 100 bp paired end reads was generated and 

assembled into 126 contigs (N50=642,740) totalling 32,365,222 bp.  This genome was 

annotated based on that of CBS 101075, and is available from 

https://genome.jgi.doe.gov/Paevar_HGY_1, and deposited in GenBank under 

accession RHLL00000000 and in the short read archive as PRJNA497137.   

 

Phylogenetic resolution of sequenced strains within the Paecilomyces genus 

 

A phylogenetic analysis was conducted to confirm the species-level taxonomy of strain 

CBS 144490, and “P. variotii” strain number 5 whose genome was previously 

sequenced (Oka et al., 2014). The calmodulin and β-tubulin gene regions and ITS 

separates P. formosus and P. variotii into separate clades (Figure S3), in agreement 

with previous studies (Samson et al., 2009). The regions obtained from the genome 

sequence of CBS 101075 were identical to those deposited previously for this isolate 

in GenBank. Strain CBS 144490, isolated in this study, also clearly groups with the 

other P. variotii strains. However, strain “P. variotii” number 5 (Oka et al., 2014) groups 

within the P. formosus clade, and not with P. variotii. 

 

https://genome.jgi.doe.gov/Paevar1
https://genome.jgi.doe.gov/Paevar_HGY_1
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Agrobacterium tumefaciens can be used for the efficient transformation of P. 

variotii 

 

Although the genomes of P. variotii contain a number of interesting genes and other 

features, testing their function requires methods for genetic manipulation. In the first 

step for this process, transformation with exogenous DNA was tested using delivery 

of T-DNA molecules from Agrobacterium tumefaciens. The T-DNA used expressed 

hygromycin phosphotransferase, GFP with an N-terminal mitochondrial targeting 

sequence, and contained a “barcode” sequence inwards of the right border.  Following 

selection on hygromycin colonies were examined for GFP fluorescence: the hyphae 

of all strains (n = 100) had fluorescent tubules consistent with mitochondria, indicating 

that when using this transformation system 100% of the resultant colonies have 

integrated the T-DNA construct, including the DNA for expression of GFP, into their 

genome (Figure 1).  
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FIGURE 1 | Transformation of P. variotii using Agrobacterium-mediated delivery of the 
exogenous DNA. The construct encodes an enzyme conferring hygromycin resistance 
for selection and a hybrid protein with a mitochondrial-targeted sequence fused to 
GFP.  (A) Mitochondrial GFP fluorescence of was observed in 100 out of 100 
hygromycin-resistant strains obtained after transformation; one representative strain 
is shown. (B) Cell walls fluoresce blue from staining with calcofluor white. (C) The 

overlay of the GFP and calcofluor white signals. Scale bar = 20 m. 
 

Targeted gene disruption in P. variotii is possible despite the multinucleate 

nature of its conidiospores 

 

Many fungi produce multinucleate spores, meaning that after transformation several 

passaging steps are required to isolate a homokaryotic mycelium. A histone H2B-CFP 

fusion construct, causing the localization of CFP to the nucleus, was transformed into 

P. variotii to allow the number of nuclei in the conidiospores to be counted. Most of the 

spores contained two or more nuclei and some spores containing up to four nuclei 

(Figure 2). 
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FIGURE 2 | P. variotii produces a mix of uni- and multinucleate spores. Nucleus copy 
numbers in strain CBS 101075 conidiospores were visualized through the expression 
of a CFP-Histone H2B fusion construct. (A) CFP fluorescence, (B) DIC image and (C) 
overlay, scale bar = 25 µm.  (D) Histogram of the distribution of the number of nuclei 
per spore (n=138); two nuclei per spore is the most common, and 32.6% of spores are 
uninucleate. 
 

The experiments above indicated that P. variotii could be transformed with DNA. 

However, whether targeted gene mutations were possible and if mutants could be 

easily isolated from a population containing multinucleate spores were unknown. To 

address this, the feasibility of targeted gene disruption via homologous recombination 

in this species was tested. The leuA gene, encoding α-isopropylmalate synthase 

required for leucine biosynthesis, was chosen as mutation of homologs of the gene 

results in leucine auxotrophy in ascomycetes, basidiomycetes and Mucoromycota 

species (Kohlhaw, 2003; Larson and Idnurm, 2010; Ianiri et al., 2011) that are easy to 
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identify by their inability to growth on media without leucine. Of 25 hygromycin-

resistant strains transformed with the leuA knockout construct, which contains 

approximately 1.5 kb of homologous sequence on either side of the construct for 

hygromycin resistance, four showed reduced growth on minimal media without amino 

acids and 21 showed wild type growth rate (Figure 3A). The growth of the four strains 

was restored by the addition of leucine to the medium (Figure 3A). PCR analysis 

confirmed the correct integration of the hygromycin resistance cassette into the leuA 

locus in the four leucine auxotrophs (Figure 3B). 

 

To confirm that the leucine auxotrophy was due to the gene deletion, two deletion 

strains were complemented with the wild type copy of leuA.  The full length gene was 

amplified from wild type DNA and cloned into plasmid pPZP-201BK.  The pPZP-

201BK-leuA and pPZP-201BK empty plasmids were used to transform the two strains 

using Agrobacterium-mediated delivery of their T-DNAs, with selection on minimal 

medium without leucine.  Colonies were obtained when using the leuA plasmid, but 

not empty plasmid (data not shown). 
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FIGURE 3 | Targeted gene disruption, through homologous recombination, of the leuA 
gene in P. variotii. (A) Growth of two representative transformants, 15 that is a putative 
leuA deletion strain and 11 that is an ectopic insertion of the deletion construct, on 
minimal medium with (+) or without (-) leucine. (B) PCR amplification of the 5´ and 3´ 
regions adjacent to leuA into the hph selectable marker gene illustrate correct 
integration of the knockout construct by amplifying sequences unique to a correct 
integrant (3,440 bp and 2,850 bp) in transformants 15 and 20, but not in ectopic 
insertion strains 4 and 11. 
 

 

 

Rapid identification of T-DNA insertion sites in barcoded mutants by next-

generation sequencing 
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To assess the potential for forward genetics using insertional mutagenesis of T-DNA 

molecules delivered from Agrobacterium in P. variotii, approximately 500 

transformants were screened for growth or development phenotypes on V8 juice 

medium and minimal medium. Transformants with such phenotypes were obtained, 

and seven were further investigated towards identifying the genes disrupted within 

them. 

 

A NGS approach was used in which a pool of DNA from the seven strains carrying a 

barcode near the right border of the T-DNA was sequenced, to identify the location of 

T-DNA insertion sites (Table S5). Three of the strains were found to each contain at 

least two T-DNA insertions. No reads containing barcode number 4 could be found 

and thus the location of the T-DNA is strain AU4_W could not be determined. Three 

of the strains contained the same barcode sequence (barcode 1). Only two T-DNAs 

corresponding to barcode 1 were found. However, reads were present which 

contained barcode 1 and vector sequence extending beyond the right border, so it is 

likely that one of these strains contains an abnormally integrated T-DNA. Two of the 

strains in which the T-DNA had clearly inserted within the open reading frame of genes 

were further studied, namely strains AU1_63 and AU2_33.  

 

Three of the strains whose DNA were pooled for sequencing were derived from 

transformation with the same plasmid so therefore contained the same barcode 

sequence (#1). PCR was employed to distinguish the insertion events between them, 

to reveal the presence of the mutation in a gene with a domain of unknown function 

(DUF1212) in strain AU1_63 (Figure 4). The insert is located approximately in the 

center of the single exon of the gene, upstream of the region encoding the conserved 
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DUF1212 domain (Figure 4C). We named this gene prmJ after the Saccharomyces 

cerevisiae homolog PRM10, employing the gene nomenclature used for A. nidulans 

and other Eurotiales species to P. variotii. 

 

The strain AU2_33 contains two insertion sites, one in the coding region of a 

mitochondrial membrane carrier (delayed sporulation A, dspA) and one that was 

intergenic. The genes near the intergenic insertion were not further characterized. The 

intragenic T-DNA insert was located 64 bp into the first exon of the dspA gene (Figure 

5C). 

 

Strains AU1_63 and AU2_33 were analyzed by Southern blotting to confirm the 

number of T-DNA inserts as indicated by the genome sequencing data (Figure S4). 

The single T-DNA insertion in strain AU1_63 was supported by the hph gene fragment 

hybridizing to a single HindIII fragment of approximately 3.9 kb, while two T-DNAs in 

strain AU2_33 were indicated as hybridization to two HindIII restriction fragments of 

~6.4 kb and ~8.3 kb. These sizes are consistent with size predictions based on HindIII 

sites in the genome sequence data adjacent to the T-DNA insertion sites. 

 

 

 

 

Strain AU1_63 has a media-dependent impairment in spore pigmentation, due 

to mutation of gene with an uncharacterized domain 
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Strain AU1_63 has a pale phenotype on cleared V8 juice (CV8) agar medium because 

it produces conidiospores that lacked the characteristic yellow pigmentation of P. 

variotii (Figure 4A). The phenotype was not observed when the strain was cultured 

instead on potato dextrose medium. A wild type copy of the prmJ gene was amplified 

and cloned into a plasmid containing a construct conferring G418 resistance, and then 

transformed into strain AU1_63. Of three strains transformed with the 

complementation construct, two had a phenotype similar to wild type and one 

resembled the AU1_63 mutant. However, PCR analysis showed that this non-

complementing transformant has not integrated the wild-type copy of the gene into its 

genome whereas the two other strains with the wild type spore pigmentation had 

(Figure 4B). 

 

P. variotii is heterothallic, and comparison of strains CBS 144490 (MAT1-1) and CBS 

101075 (MAT1-2) revealed that each has a distinct gene complement at its MAT locus 

(Figure S5). The pair therefore allows the potential for crossing. The 32 progeny of a 

cross between mutant AU1_63 and CBS 144490 showed prefect co-segregation of 

hygromycin resistance with the pale colony pigmentation, as shown in Table S6. Two 

additional genetic markers, 123A and 123B (Table S3), located 1,069,000 bp apart on 

contig 123 of CBS 144490 were examined in these progeny. These markers 

demonstrated that recombination events take place during crossing, consistent with 

meiotic reduction events rather than parasexual reduction in chromosome numbers 

as can occur in some Eurotiales species. 
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FIGURE 4 | (A) Mutation of the prmJ gene, in strain AU1_63, results in a pale 
phenotype on cleared V8 juice (CV8) agar but not on potato dextrose agar (PDA). Two 
of the three strains transformed with the complementation construct have a wild type 
phenotype while one resembles the prmJ mutant. (B) PCR analysis of the genotypes 
of the AU1_63 mutant, wild type CBS 101075, and the three strains after 
transformation with the complementation construct. The AU1_63CompB transformant, 
in which the phenotype was not complemented, has not integrated a wild-type copy of 
the prmJ gene. (C) Location of the T-DNA insert in the prmJ gene. Green represents 
sequence of the T-DNA and red represents nucleotides lost when the T-DNA 
integrated into the genome in the mutant strain AU1_63. 
 

 

The mutation in prmJ in strain AU1_63 can be cross-species complemented by 

the Aspergillus niger prmJ homolog 

 

The DUF1212-containing protein (PrmJ) identified in P. variotii shows strong 

sequence similarity to homologs from the genus Aspergillus. As a representative 
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example, the alignment of the A. niger homolog (GenBank: EHA28452.1) has 66% 

identical amino acids with PrmJ of P. variotii. 

 

To test the hypothesis that the PrmJ proteins have a conserved function, the coding 

region of the homologous gene from A. niger was cloned into the constitutive 

expression plasmid PLAU2 and transformed into the AU1_63 mutant. Five putative 

transformants were obtained; all showed an increase in colony pigmentation, and one 

of these transformants was further analyzed (Figure 6A). PCR confirmed that the 

transformant contained both the mutated copy of the prmJ allele and the introduced 

A. niger transgene (Figure 6B). Thus, the A. niger homolog can complement the 

functions lost in the P. variotii prmJ gene mutant. 

 

 

FIGURE 6 | Cross-species complementation of the P. variotii AU1_63 strain with the 
Aspergillus niger prmJ homolog restores the colony pigmentation to wild type levels of 
the AU1_63 mutant of CV8 media. (A) Growth of the wild type (CBS 101075), T-DNA 
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insertion mutant (AU1_63), and insertion mutant transformed with the A. niger prmJ 
gene (AU1_63+AnComp) on cleared V8 juice medium. (B) A PCR analysis for the P. 
variotii mutated allele and the introduced A. niger alleles in the three strains, with wild 
type A. niger as a control. 
 

The DUF1212 domain protein is not essential for mating in P. variotii 

 

There is little information about DUF1212 proteins in fungi, other than that the PRM10 

gene of S. cerevisiae is transcriptionally induced in response to sexual pheromones 

(Heiman and Walter, 2000). Of the progeny of the AU1_63 × CBS 101075 cross, eight 

contained the disrupted prmJ allele and were of the opposite mating type (MAT1-2) to 

strain AU1_63 (MAT1-1) (Table S6). One of these isolates was back-crossed to strain 

AU1_63, and this combination of strains was able to produce the sexual cleistothecia 

structures and viable progeny from ascospores (Figure S6).  Hence, the DUF1212 

domain protein is not essential for sexual crossing in P. variotii.  

 

Strain AU2_33 has a delayed sporulation and growth defect phenotypes due to 

mutation of the mitochondrial membrane carrier DspA 

 

Strain AU2_33 showed delayed sporulation on CV8 medium, with spore production 

beginning at around 3-4 days, in contrast to the wild type that produces spores as 

soon as the colony begins to expand (Figure 5A). Even after 14 days, the amount of 

sporulation was reduced. On this medium the radial growth rate was not noticeably 

reduced. In contrast, on defined minimal medium, the radial growth rate of the AU2_33 

mutant was highly reduced as it showed close to no growth. A complementation 

construct was produced with a wild type copy of the gene, and when transformed into 

strain AU2_33, the transformants showed a phenotype resembling that of the wild 



 
 

172 

type. As expected, PCR analysis of the two complemented isolates indicated that they 

contain both a mutant and a wild-type allele in their genomes (Figure 5B). 

  

Transformants of CBS 101075 expressing a DspA-mCherry fusion protein displayed 

red fluorescence. This co-localized with the green fluorescence of a mitochondrially 

localized GFP-citrate synthase fusion protein, indicating that this putative carrier 

protein also localizes to the mitochondrion (Figure 5D).  

 

The T-DNA insertion in strain AU2_33 co-segregated with the delayed sporulation 

phenotype in 18 out of 20 progeny as assessed by PCR (Table S7). Two progeny, 17 

and 19, contained the mutant dspA allele yet did not display the mutant phenotype, 

which might be due to the effect of other genetic rearrangements taking place during 

crossing. The two T-DNA inserts of mutant AU2_33 displayed genetic linkage co-

segregating in 19 of 20 progeny. There was recombination between the T-DNAs and 

mating type locus, demonstrating the progeny were the result of meiotic events. 

Intriguingly, all of the progeny from this cross were sensitive to hygromycin. 
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FIGURE 5 | Strain AU2_33 has a growth and sporulation defect due to mutation of the 
dspA gene. (A) Sporulation on CV8 was delayed in the mutant AU2_33 at both 3 and 
14 days after growth on clear V8 juice medium compared to the wild type CBS 144490 
and two complemented strains. The AU2_33 mutant also had impaired growth on 
minimal medium (MM). (B) PCR analysis of the genotypes of the AU2_33 mutant, wild 
type and two complemented isolates. (C) The T-DNA insertion is located in the first 
exon of the dspA gene. Green represents sequence of the T-DNA and red represents 
sequence lost from the genome in the mutant. (D) Co-localization of mCherry-tagged 
DspA protein and mitochondrially-localized GFP: (i) red fluorescence from the DspA-
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mCherry fusion, (ii) green fluorescence of citrate synthase-GFP, (iii) blue fluorescence 
due to calcofluor white staining of the cell wall, and (iv) the merged image. Scale bar 

= 10 m. 
 

The hph gene, conferring hygromycin resistance, is mutated by Repeat-Induced 

Point mutation (RIP) in the progeny of a cross between AU2_33 and CBS 101075 

 

None of the 20 progeny resulting from a cross between mutant AU2_33 and CBS 

101075 showed a hygromycin resistance phenotype, despite the the T-DNA construct 

being present in 10 of these progeny as demonstrated by PCR analysis (Figure 7A 

and B). Therefore the coding region of the hph gene, which confers resistance to 

hygromycin, in one of the progeny (progeny 3) was sequenced. The open reading 

frame of the hph gene amplified from both T-DNA insertion copies revealed 

substitution mutations characteristic of RIP (Figure 7C). A 780 bp region was 

sequenced and 141 (18.1%) and 156 (20%) nucleotides were mutated. The mutations 

were all C to T or G to A. RIPCAL analysis revealed bias towards CpA to TpA 

dinucleotides and the complementary TpG to TpA mutations that are characteristic of 

RIP in other fungal species such as N. crassa (Figure 7D). 
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FIGURE 7 | Repeat induced point mutation is active in the Eurotiales. (A) PCR analysis 
indicates that four progeny (P2, P3, P4 and P10) of a cross between the wild type 
(WT) and AU2_33 contain the hygromycin phosphotransferase gene, despite (B) 
these progeny being sensitive to hygromycin (HYG). (C) Nucleotide sequence 
alignment of 780 bp of the hph coding region of both T-DNAs in progeny number 3 
showed a pattern of C to T and A to G mutations, consistent with the RIP process. 
Dots represent identical nucleotides. (D) RIPCAL analysis of the sequencing 
information in (C) revealed a basis towards mutation of CpA dinucleotides, also 
consistent with RIP mutation. 
 

The P. variotii genome features evidence of RIP 

 

The genome sequences of P. variotii have a bimodal GC content, containing long 

stretches of approximately 50% G:C interspersed by relatively shorter regions of 

approximately 20% G:C. The example of the first 450,000 bp of CBS 144490 contig 

49 is given in Figure 8A. Overall, these AT rich regions constitute approximately 8.49% 

of the CBS 101075 assembly and 13.8% of CBS 144490 assembly (Figure 8B). It 

should be noted that because of the different sequencing strategies – long reads from 

Pacific Bioscience vs. 100 nucleotide reads from Illumina technologies – these 

proportions can only be compared broadly. One mechanism by which AT-rich regions 

can be created is RIP (Testa et al., 2016), which has been shown to defend the N. 

crassa genome against transposons (Kinsey et al., 1994). We hypothesize that the 

AT-rich regions identified in the P. variotii genome were due to RIP. 

 

In support of this hypothesis, a putative Tf2-type retrotransposon, Tn123, on contig 

123 (nucleotide position 231,587-238,677) of CBS 144490 was identified via BLASTx 

searches (Altschul et al., 1990). BLASTn comparison of this sequence against the two 

P. variotii genomes revealed sequence similarity between this transposon and a 

number of the AT-rich regions in both genomes. Furthermore, there was a clear 

pattern of C->T and G->A mutations that are characteristic of RIP. RIPCAL analysis 
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showed that most of the RIP-like mutations targeted CpA dinucleotides, which is also 

highly characteristic of RIP [(Hane et al., 2015); Figure 8C]. This strongly suggested 

that RIP mutation of retrotransposons including, but not limited to Tn123, is 

responsible for the formation of at least some of these AT-rich regions.  

 

FIGURE 8 | P. variotii isolates show a bipartite genome structure that is characteristic 
of a consequence of repeat induced point mutation acting in the organism. (A) The 
genome assembly of strain CBS 144490 contains a greater proportion of AT-rich 
regions than does that of strain CBS 101075 (B). A putative transposon was identified 
on contig 123 of CBS 144490 with similarity to some of the AT-rich regions present in 
both genomes: RIPCAL analysis revealed that most of the putative mutations were 
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CpA to TpA (TpG to TpA in the reverse strand), which is a feature of DNA that has 
undergone RIP. 
 

P. variotii has a reduced expansion of gene families, including polysaccharide 

degradation related CAZy genes, relative to other Eurotiales species  

 

Given the genomic and experimental evidence for the active occurrence of RIP in P. 

variotii we assessed whether a consequence is the limited expansion of gene families 

in this species. A comparison of P. variotii with other Eurotiales species shows that 

these strains have the fewest genes (Figure 9). We compared the bi-directional 

similarity of P. variotii genes against the second closest BLAST match in its own 

genome. Consistent with RIP P. variotii has fewer genes with close similarity than the 

comparison species in the genera Talaromyces, Penicillium, Saccharomyces, 

Schizosaccharomyces and most Aspergilli. However, several Aspergillus species 

including A. clavatus also had few similar genes, possibly indicating past or current 

RIP in these species (Figure 10A). 

 

Comparative cluster data obtained through the MycoCosm portal (Grigoriev et al., 

2014) shows that P. variotii along with two other species in the family Thermoascaceae 

(P. formosus and Thermoascus aurantiacus) contains considerably fewer genes in the 

100 most populous gene clusters (Figure 10B and Table S8). For example, 

examination of secondary metabolite gene clusters shows that the three species in 

the Thermoascaceae contain fewer secondary metabolite clusters than other species 

in the Eurotiales (Figure 10C). P. variotii is particularly depleted in genes encoding 

polyketide synthases, with strain CBS 101075 containing only six such genes 

compared to as many as 28 in some of the Aspergillus species examined.  Two other 
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striking reductions in gene family numbers were seen for amino acid permeases 

(cluster 12) and major facilitator superfamilies (clusters 10 and 13).  The one exception 

to the reduction in gene numbers in the Thermoascaceae species examined was an 

expansion in genes encoding methyltransferases (cluster 11). 

 

Comparison of the CBS 144490 genome with that of CBS 101075 revealed a high 

level of similarity; however, CBS 144490 contains an additional 1.2 Mb of sequence, 

some of which is made up of repetitive elements, while estimated to have 40 fewer 

genes overall (table S4).  A comparison between genomes revealed that the CBS 

144490 strain has 372 genes and the CBS 101075 strain has 450 genes that are 

unique to each strain and not found in the other.  No examples of recent DNA 

duplications were observed in either genome.  In many cases, genes unique to one or 

the other strain were found as clusters of varying size of such unique genes.  The most 

striking example is the presence of scaffold 108 (151 kb) in CBS 144490 that is absent 

from CBS 101075.  This region includes 52 predicted genes, including a putative non-

ribosomal peptide synthase.  However, despite these differences to date no in vitro 

growth differences have been observed for the two strains. 

 

Evidence for the lack of expansion of gene families in P. variotii can be seen in the 

genes encoding CAZys (for plant polysaccharide degradation), as P. variotii had the 

fewest number of such genes (74 genes) of all tested Eurotiales species (Figure 10D, 

Dataset S1). In total, this number is most similar to Aspergillus glaucus (92 genes), 

while significantly higher CAZy gene numbers in all of the other species suggests a 

better capability for plant polysaccharide degradation. 
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FIGURE 9 | P. variotii has fewer genes than many other species in the Eurotiales.  
Phylogenetic relationships between the Eurotiales species, with two yeast species as 
outgroups, were defined from a comparison of 3,374 single copy gene orthologs.  The 
graph shows total numbers of genes in each species and the distribution of the 
homologs. 
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FIGURE 10 | P. variotii and related Thermoascaceae have a reduced expansion in 
gene families. (A) A limited number of highly similar gene duplicates are observed in 
P. variotii compared to other Eurotiales. For each genome, a self BLASTp was 
conducted to identify orthologs by reciprocal best hit via BLAST, then the fraction of 
orthologs at various identity levels were plotted. x-axis: percent identity, y-axis: 
lineage, z-axis: fraction of all orthologs at a given % identity. Lineages are colored at 
the genus level, green: Paecilomyces, purple: Talaromyces, blue: Penicillium, dark 
red: Aspergillus, red: Saccharomyces, yellow: Schizosaccharomyces. (B) Three 
Thermoascaceae species have relatively fewer genes in the 100 most populous gene 
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clusters in the comparative cluster analysis obtained through MycoCosm. Similarly, 
these species showed a more restricted set of (C) secondary metabolite genes and 
(D) genes encoding Carbohydrate-Active enZYmes (CAZys).  
 

Assimilation capabilities are reduced in P. variotii for some carbohydrate 

sources 

 

To assess if the reduction in gene family numbers has a consequence on biology, the 

growth of P. variotii on different carbon sources was compared with other Eurotiales 

species. Overall, P. variotii is less able to use these plant-derived compounds as a 

carbon source than most other species (Figure 11). The growth profile of P. variotii is 

also most similar to A. glaucus, consistent with the genome content of CAZys.  

 

Growth of P. variotii is particularly poor on cellulose, xylan and inulin, which correlates 

with the very low number of genes encoding cellulolytic (8 genes), xylanolytic (30 

genes) and inulinolytic (2 genes) enzymes compared to other species in the 

Eurotiales. Talaromyces marneffei has no inulinolytic genes and A. nidulans has the 

same number as P. variotii: these species also grow very poorly on inulin, as do 

several others (Dataset S1, Figure 11). Interestingly, P. variotii can produce high levels 

of invertase when cultivated on agricultural and industrial residues (Job et al., 2010). 

Growth on commercial cellulose (Avicel) is challenging for most fungi, so it is hard to 

use it to draw comparative conclusions about species differences, although 

reasonable radial growth was observed for P. variotii. However, P. variotii has been 

shown to produce a glucose-tolerant β-glucosidase (Job et al., 2010) indicating its 

ability to release glucose molecules from short oligosaccharides. A clear difference in 

growth of the species is seen on xylan, but this does not fully correlate with the number 

of xylanolytic genes. Growth is poor for P. variotii and A. glaucus that have a low 
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number of xylanolytic genes, but also for A. wentii that has a similar number (66 genes) 

to species that grow well on this substrate. In contrast, good growth was observed for 

T. marneffei (47 genes), which has a similar number of genes as A. glaucus (41 

genes). However, a P. variotii strain showing high xylanase production has been 

described (de Laguna et al., 2015), suggesting that even with a few genes those 

enzymatic activities may reach high levels. 

 

P. variotii grows relatively well on guar gum (galactomannan) even though it has a low 

number of mannanolytic genes in its genome (10 genes), similar to A. glaucus. Both 

species grow better on guar gum than on xylan, suggesting that their limited enzyme 

system is sufficient for degradation of galactomannan. Neither species contains a 

known endomannanase, but both contain exo-enzymes, β-mannosidases and α-

galactosidases that can release the monomeric sugars from galactomannan. A. niger 

and P. subrubescens, which both have a much more extensive mannanolytic gene 

system, including several endomannanase encoding genes, grow much better on guar 

gum.  

 

Similarly to guar gum, P. variotii showed good growth on apple pectin despite having 

the lowest number of pectinolytic genes (25 genes) from the tested species. Exo-

polygalacturonases have also been purified from P. variotii cultures further 

demonstrating its pectinolytic capability (de Lima Damásio et al., 2010; Patil et al., 

2012). This is in contrast to poor growth of A. clavatus, which has a reduced number 

of pectinolytic genes (43 genes) compared to most other Aspergilli, but still almost 

twice as many as P. variotii. The better growth of P. variotii on apple pectin could be 

explained by a higher number of GH28 pectin hydrolases (6 genes) compared to A. 
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clavatus (3 genes). This may also explain the poorer growth of A. glaucus on this 

substrate, as while it has a similar number of pectinolytic genes as P. variotii, it only 

contains two genes encoding GH28 enzymes.  

 

P. variotii has been shown to produce thermostable glucoamylase and α-amylase with 

potential in industrial applications (Michelin et al., 2008; Michelin et al., 2010). Growth 

of P. variotii on starch was similar to most other species. Despite a somewhat reduced 

amylolytic gene set (16 genes), P. variotii has all the enzymatic activities for 

degradation of starch, which likely explains the growth observed on this 

polysaccharide.  
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FIGURE 11 | Growth of P. variotii compared to other Eurotiales species on different 
plant polysaccharides as the sole carbon source, compared to glucose. Petri dishes 
containing minimal medium and differing carbon sources were inoculated with different 
species of Eurotiales and growth photographed after 2 to 5 days depending on the 
species. 
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DISCUSSION 

 

The genus Paecilomyces has received limited attention for functional genomics, 

despite its role in industry, human disease, and as a commonly encountered saprobe 

found around the world. This research has generated high quality genome sequence 

resources, demonstrates that genetic segregation analysis is possible, and shows that 

gene disruption by either targeted or reverse genetics is highly feasible for gene 

discovery. Several key points arising from this work are described in the following 

sections. 

 

Using P. variotii, new properties associated with fungal genes of unknown function 

have been defined. For example, proteins with a DUF1212 are widely conserved in 

fungi and include Prm10 in S. cerevisiae and NCU00717 in N. crassa. In S. cerevisiae, 

the gene was found to be up-regulated three-fold in response to pheromone and 

predicted to contain five transmembrane segments (Heiman and Walter, 2000). 

However, the biological function of these proteins has not been elucidated and no 

phenotypes found in gene disruption strains. This study reports a pigmentation 

phenotype associated with disruption of the DUF1212 homolog in P. variotii (Figure 

4). Given that the PRM10 gene is up-regulated in response to pheromone in S. 

cerevisiae (Heiman and Walter, 2000), we assessed whether the protein is required 

for mating in P. variotii. Crosses between two isolates carrying the DUF1212 mutant 

allele produced cleistothecia, sexual spores and viable progeny (Figure S6). This 

suggests that the PRM10 homolog (prmJ) is not essential for the sexual cycle of P. 

variotii.  The ability of the A. niger prmJ homolog to complement the pigmentation 

phenotype of the P. variotii mutant strain implies that the function of this protein is 
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conserved between the two genera (Figure 6). Identification of a phenotype associated 

with a Domain of Unknown Function (DUF) protein that has a conserved function in a 

related species suggests that P. variotii is a species in which to study this protein family 

in greater detail.  

 

A second insertional mutant investigated in detail contained a T-DNA in the dspA gene 

encoding a mitochondrial carrier family protein. DspA is localized to the mitochondria 

and mutation of the dspA gene delays sporulation in a manner dependent on the 

medium composition (Figure 5). As in the case of the AU1_63 strain, the phenotype 

of the AU2_33 (dspA mutant) strain is influenced by the composition of the media. On 

a minimal medium, growth on the strain was highly restricted (Figure 5). This provides 

a possible direction for future studies into the function of this putative mitochondrial 

carrier protein. That is, if a compound can be found that when supplemented into the 

media restores the phenotype of this mutant, that compound might represent the 

substrate of the carrier. Despite their annotation, not all mitochondrial carrier family 

proteins are localized to the mitochondria. For example, proteins in this family have 

been found localized to chloroplasts (Palmieri et al., 2009) and peroxisomes (Jank et 

al., 1993). Thus, the localization of mitochondrial carrier family proteins cannot be 

predicted, so must be determined experimentally. We demonstrate, through co-

localization with a known mitochondrial protein, that the DspA protein in P. variotii has 

a mitochondrial localization.  

 

An unexpected finding from the genetic segregation analysis of mutant AU2_33, which 

contains two T-DNAs, was that all of the progeny were hygromycin sensitive despite 

half of the progeny encoding the hygromycin resistance gene when they were tested 
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by PCR (Figure 7). We traced this loss of resistance to mutation of the hph gene by 

RIP. Thus, this analysis in P. variotii provides important evidence that Eurotiales fungi 

have active RIP mechanisms. 

 

Analysis of the P. variotii genome sequence shows evidence for past RIP activity, both 

in its bi-modal G:C content and more conclusively the presence of a putative 

retrotransposon, Tn123, some copies of which strongly appear to have been affected 

by RIP (Figure 8). In the majority of genomes analyzed for past RIP activity there is a 

dinucleotide profile that is biased towards RIP-like CpA mutations (Hane et al., 2015). 

Analysis of the Tn123 sequences also indicated a strong CpA bias, strengthening our 

conclusion that the mutated copies of this transposon sequence have been created 

through RIP mutation (Figure 8). 

 

The predicted consequences of RIP are limitations in the expansion of genes by gene 

duplication. Evidence for this comes from the analysis of gene families when 

compared with other ascomycete species.  As illustrated in Figures 9 and 10 and table 

S8, P. variotii consistently has the lowest number of genes other than N. crassa, where 

RIP has been demonstrated to occur, and Thermoascus aurantiacus, where little is 

know about its genetics.  While one predicted consequence of RIP should be limitation 

in the expansion of gene families, this is not always the case: in this analysis the 

species with the largest number of families, Nectria haematococca, also has an active 

RIP process (Coleman et al., 2009).  Analysis of the ability of P. variotii to degrade 

polysaccharides suggests that it has much smaller gene set related to the degradation 

of plant polysaccharides compared to most of the other tested Eurotiales species 

(Figure 10D). One interpretation of this finding is that RIP mutation has reduced gene 
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duplication and thus the expansion of these gene families. This may represent 

evidence of the hypothesized evolutionary cost associated with the genome protection 

afforded by RIP (Galagan and Selker, 2004).  A flipside of the evolutionary cost of RIP 

has also been hypothesized that certain loci within repeat rich compartments may 

undergo accelerated evolution; this remains to be experimentally validated. 

 

Despite recent advances, not least in the rapid rate of genome sequencing (Grigoriev 

et al., 2014), only a minute fraction of the millions of fungal species believed to exist 

(Blackwell, 2011) have been studied at the genetic level. This is because the 

necessary combination of tools required for functional biology, i.e. a genome 

sequence, transformation protocols, targeted gene mutations and genetic crosses, 

have been developed in relatively few species. However, research conducted beyond 

the current model organisms is vital to gain a more comprehensive understanding of 

fungal biology. 

 

P. variotii is one of the vast number of fungal species for which techniques for genetic 

manipulation have not previously been reported, despite its relevance to human 

activities. In this study, we have produced genome assemblies for two strains as well 

as developing transformation, efficient targeted gene disruption using Agrobacterium 

and convenient genetic crosses. Considering that PEG-mediated protoplast 

transformation is commonly used in several species of the Eurotiales (Nara et al., 

1993; de Bekker et al., 2009; Arentshorst et al., 2012; Oakley et al., 2012; Weyda et 

al., 2017), it is likely that this protocol could also be adapted to P. variotii. Taken 

together, P. variotii could now be considered as a convenient model for studying 

aspects of the diverse biology of the Eurotiales (de Vries et al., 2017), and in particular 



 
 

190 

the family Thermoascaceae, including studying RIP. Future work will undoubtedly 

uncover more novelties or shared features in this ubiquitous organism. 
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Supplementary data 
 
FIGURE S1 | Annotations of the mitochondrial genomes of P. variotii strains CBS 
101075 and CBS 144490. The core mitochondrial protein coding genes are colored 
green, RNA in yellow, tRNAs in blue, non-standard mitochondrial proteins in brown, 
and introns in orange. All genes are encoded on the same strand of the genome.  
The difference in size between the two genomes is largely a consequence of introns 
within COX1 (four extra in CBS 101075) and COB (one extra in CBS 101075). 
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FIGURE S2 | Diagram of how the barcoding-NGS method can locate T-DNA inserts 
in fungal genomes.  (A) DNA sequence showing the T-DNA region.  The boxed TCA 
indicates the three nucleotides of the right border that are usually inserted into the 
genome, and the barcode sequence in red where N is any nucleotide and M is either 
A or C. (B) Overview of the position of the T-DNA (orange) within the DNA of P. 
variotii (blue). (C) Reads containing the barcode region are extracted from the 
sequencing data. The highlighted reads extend into the sequence flanking the T-
DNA and can thus be used to determine its location in the genome via BLAST 
searches.  The barcode allows a pool of transformed strains to be sequenced 
simultaneously. 
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FIGURE S3 | Phylogenetic trees of strains of P. variotii and the related species P. 
formosus generated in MrBayes, with P. divaricatus and P. nivea as outgroups. The 
three regions used were (A) calmodulin, (B) β-tubulin and (C) ITS.  The strain P. 
variotii no. 5 is a strain of P. formosus. 
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FIGURE S4 | Southern blot analysis to determine how many T-DNA insertions are 
present in strains AU1_63 and AU2_33. Genomic DNA of the two strains was cut 
with HindIII restriction enzyme, resolved on an agarose gel and blotted. The blot was 
probed with a DIG-labeled fragment of the hph open reading frame. 
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FIGURE S5 | Structure of the MAT locus of P. variotii. The unique DNA sequence 
and 2 kb of DNA on either side, which contains the APN1 and SLA2 homologs that 
often flank this locus in ascomycete fungi, is illustrated.  Each mating type contains 
an idiomorphic region (grey box; 6,022 bp in CBS 101075 and 5,663 bp in CBS 
144490), flanked by DNA sequences of high similarity. Tick marks indicate 500 bp 
intervals.  
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FIGURE S6 | Mutation of the prmJ gene does not impair sexual reproduction of P. 
variotii. (A) Production of cleistothecia (white structures) and (B) viable progeny 
derived from ascospores from such cleistothecia in a prmJ – × prmJ – cross.  The 
scale bar in (A) is 1 mm, and the petri dish in (B) 10 cm in diameter. 
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TABLE S1 | Primers used in this study. 
 

Name Sequence (5´-3´) 
AU516 TCGAAACCTAATCAATCAACATGTCTCAAGAGCGCGAGG 
AU473 CCTCCTCGCCCTTGCTCACTAGAACAGCATCCCCATCTCC 
AU474 GTGAGCAAGGGCGAGGAGG 
AU517 GCTCATAGTCACATCCCTCACTTGTACAGCTCGTCCATGC 

AU257 
CTGTCAAACACTGATAGTTTNMNMNMNMNMNMNMNMNMNMAAAC
TGAAGGCGGGAAACGA 

AU258 CTGTCAAACACTGATAGTTT 
AU259 TCGTTTCCCGCCTTCAGTTT 

AU268 CTAATCGAAACCTAATCAATCAACATGGCTTCCGCTCTCCGTCTC 

AU269 CACTGCGGCAGCAGCAGCGGCGCCACGGGCACCGCCGTAGACC 
AU108 GCCGCTGCTGCTGCCGCAGTGAGCAAGGGCGAGGAGCT 
AU68 GCTCATAGTCACATCCCTCA 
AU492 TCGAAACCTAATCAATCAACATGCCTCCCAAAGCCGCTGAG 
AU493 CAGCTCCTCGCCCTTGCTCACTTTGGCAGACGACGAGTACTTCG 
AU494 GTGAGCAAGGGCGAGGAGCTG 
AU495 GCTCATAGTCACATCCCTC 
AU436 TCTCGAGAGGACGGATATCC 
AU438 CGTTTTAACCCTGGTCTCTG 
AU437 CAGAGACCAGGGTTAAAACG 
AU440 CAACCCATGCCCCTGTGTGC 

AU462 
AGCTCGGTACCCGGGGATCCTCTAGACAACCCATGCCCCTGTGTG
C 

Match2R TTTCTGCGATATGATTATCCG 

AU448 GCCCAGGTTGGCAGGTAACC 

MAI0440 CTGGGATTGCCCCTCGATGC 
MAI0441 CCTACTGAACGTTATGAC 
MAI0442 AACAGCTATGACATGATTACGGGATTTCGGATCTACAGC 
MAI0443 GCATCGAGGGGCAATCCCAGAGATGGAGAGGCTGGAAC 
MAI0444 GTCATAACGTTCAGTAGGAGGCTAGTTTGATTGCTC 
MAI0445 GTAAAACGACGGCCAGTGCCATTTATTGAAGACCGTGGG 
AU268 CTAATCGAAACCTAATCAATCAACATGGCTTCCGCTCTCCGTCTC 
AU68 GCTCATAGTCACATCCCTCA 
AU439 TGATCTCGTCTAGCCGTTGG 
FD1212AF ATGGCTGGCGGCTATTTTG 
FD1212ER GATCCGGCAACAATACTGC 
FD1212DF GCAGTATTGTTGCCGGATC 
FD1212FR CTAAAAGCTGAAAAGTCCAC 
FD1212AFPLAU2 TCGAAACCTAATCAATCAACATGGCTGGCGGCTATTTTG 
FD1212FRPLAU2 TGCTCATAGTCACATCCCTCAAAAGCTGAAAAGTCCAC 
AU446 ACACGCACATTCACTCTACG 
AU448 GCCCAGGTTGGCAGGTAACC 

AU461 
CTAGGCCTCTGCAGGTCGACTCTAGATCTCGAGAGGACGGATATC
C 

MitoMarkerF AAGTGTCAATATAAAATACC 
MitoMarkerR TTATTAGCAATGGTTGGAGC 
Match2Fconserve
d 

GGTCTATCGTGAGCTCGTCC 

Match2R TTTCTGCGATATGATTATCCG 
123NTSF TTCTGTATCTGCGGATCTGC 
123NTSR GAATAGGTCTATCGAAGACC 
123NTEF GGATTACCCGGGTGTAATGG 
123NTER CTCCTATAAATACTATTCGC 
ai076 AACAGTTGCGCAGCCTGAATG 
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TABLE S2 | Sequences of barcodes generated. 
 

Number Barcode sequence 
CSB1 TCTTGCTTGATCTCTCTCTC 
CSB2 TCTATATTGCGAGTGATCTG 
CSB4 GTGTGCTCGCGCGGTGGTGC 
CSB10 TATGTATTTTTAGTGTTGTT 
CSB11 GGTCTGTATCTATAGATTTG 
CSB13 GAGATTTAGGGTGATATAGG 
CSB14 GTTATTTTTTGTTGTGGAGC 
CSB15 TCTATTGAGATTGATATAGA 
CSB16 TTGGGATCTTTATGGGGGGG 
CSB18 TATGTGGATAGAGTGTGAGC 
CSB20 GATCTATATATCTATTGAGC 
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TABLE S3 | Genetic markers used for segregation analysis in P. variotii crosses. 
 
Marker Forward 

primer 
Reverse 
primer 

Restriction 
enzyme 

Expected DNA 
fragment sizes (bp) 

CBS 
144490 

CBS 
101075 
 

Mitochondrial 
Marker 

Mitomarker 
F 

Mitomarker 
R 

NcoI 120, 
510, 237 

630; 237 

Mating type MAI0448 
MAI0449 

MAI0450 
MAI0451 

none 231 340 

123A 123NTSF 123NTSR BamHI 332, 278 613 

123B 123NTEF 123NTER BamHI 447 210, 237 
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TABLE S4 | Genome assembly and gene content statistics for the two P. variotii 
strains compared to four other Eurotiales species. 
 

 

P. variotii 
CBS 101075 

P. variotii 
CBS144490 HYG1 

B. spectabilis A. steynii P. solitum T. lanuginosus 

# contigs 86 126 1,053 37 597 311 

Assembly length 30,105,809 32,365,222 29,762,401 37,847,960 33,184,895 19,155,516 

Contig N50 5 22 72 4 32 53 

Contig L50 1,732,371 447,384 137,200 3,921,250 320,498 113,553 

Percent repeats 4.53% 5.73% 1.89% 5.96% 4.65% 1.00% 

Percent CEGMA 100% 99.78% 99.34 99.34 98.03 97.82 

BUSCO (Eurotiomycetes)  

Single copy 96.4% 96.2% 96.4% 95.9% 97.0% 87.2% 

Duplicated 0.2% 0.2% 0.2% 0.2% 0.4% 0.2% 

Fragmented 1.8% 1.7% 1.5% 2.1% 1.3% 4.1% 

Total 98.4% 98.1% 98.1% 98.2% 98.7% 91.5% 

BUSCO (Fungi)  

Single copy 98.6% 97.9% 97.6% 97.6% 97.2% 94.1% 

Duplicated 0.7% 1.0% 0.0% 0.7% 0.7% 0.3% 

Fragmented 0.3% 0.3% 1.4% 0.0% 0.0% 1.0% 

Total 99.6% 99.2% 99.0% 98.3% 97.9% 95.4% 

BUSCO (Eukaryota)  

Single copy 98.3% 98.3% 97.4% 96.7% 99.0% 94.4% 

Duplicated 0.7% 0.7% 0.3% 1.0% 0.3% 0.0% 

Fragmented 0.0% 0.0% 1.7% 1.0% 0.0% 0.7% 

Total 99.0% 99.0% 99.4% 98.7% 99.3% 95.1% 

# genes 9,270 100% 9,230 100% 8,877 100% 9,886 100% 11,396 100% 6,241 100% 

Hits to databases:  

NCBI nr 8,825 95.20% 8,853 95.92% 8,469 95.40% 9,150 92.56% 11,101 97.41% 6,028 96.59% 

HMMPfam 6,954 75.02% 6,977 75.59% 7,034 79.24% 6,176 62.47% 6,949 60.98% 5,133 82.25% 

HMMPfam unique 3,496 38% 3,491 38% 3,485 39% 2,463 25% 3,564 31% 3,272 52% 

# cds complete genes 9,155 98.76% 8,931 96.76% 8,789 99.01% 9,617 97.28% 11,161 97.94% 6,160 98.70% 

Proteins with transmembrane 
helices 

1,937 20.90% 1,883 20.40% 1,853 20.87% 2,119 21.43% 2,171 19.05% 1,160 18.59% 

Proteins with signal peptides 1,753 18.91% 1,728 18.72% 1,609 18.13% 2,083 21.07% 2058 18.06% 988 15.83% 

 
Genomes for comparison: 
Byssochlamys spectabilis No. 5 (Oka et al., 2014) 
Aspergillus steynii IBT 23096 (Kjaerbolling et al., 2018) 
Penicillium solitum IBT 29525 (Nielsen et al., 2017) 
Thermomyces lanuginosus SSBP (McHunu et al., 2013)   
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TABLE S5 | Location of T-DNA inserts determined from analysis of next generation 
sequencing of the pool of all seven P. variotii strains. 

  

Strain Barcode Strain 
background 

Locations of T-DNA insertions 
in genome 

JSCS3 none CBS 101075 Scaffold 6, Scaffold 8 
AU2_33 2 CBS 144490 Scaffold 2, Scaffold 2 
AU10_6  10 CBS 144490 Scaffold 1, Scaffold 4 
AU4_W 4 CBS 101075 None found 
AU1_63 1 CBS 101075 Scaffold 2, Scaffold 1 
AU_S1 1 CBS 101075 
AU_C1 1 CBS 101075 
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TABLE S6 | Segregation of traits in progeny from an AU1_63 × CBS 144490 cross. 
“C” indicates that the PCR product was cleaved by the restriction enzyme and “UC” 
indicates that it was not. 
 

Strain 123A 123B Mitochondrial 
marker 

Mating 
type 

Colony 
phenotype 

Hygromycin 
sensitivity 

CBS 
101075 

UC C 3 MAT1-1 wild type Sensitive 

CBS 
144490 

C UC 2 MAT1-2 wild type Sensitive 

AU1_63 UC C 3 MAT1-1 Pale Resistant 

1 UC UC 2 MAT1-2 wild type Sensitive 

2 C UC 2 MAT1-2 wild type Sensitive 
3 C C 3 MAT1-1 wild type Sensitive 

4 UC C 2 MAT1-2 wild type Sensitive 

5 C UC 2 MAT1-2 wild type Sensitive 
6 C UC 2 MAT1-2 wild type Sensitive 
7 C UC 3 MAT1-2 wild type Sensitive 
8 UC UC 3 MAT1-1 wild type Sensitive 
9 UC C 3 MAT1-1 wild type Sensitive 

10 UC C 3 MAT1-2 wild type Sensitive 

11 C C 3 MAT1-1 wild type Sensitive 

13 C C 3 MAT1-2 wild type Sensitive 

14 C UC 3 MAT1-1 wild type Sensitive 
15 UC UC 3 MAT1-1 wild type Sensitive 

16 C UC 3 MAT1-2 Pale Resistant 
17 C C 3 MAT1-2 Pale Resistant 
18 UC C 3 MAT1-1 Pale Resistant 
19 UC C 3 MAT1-1 Pale Resistant 

20 C UC 3 MAT1-1 Pale Resistant 

21 C UC 3 MAT1-2 Pale Resistant 
22 UC UC 3 MAT1-2 Pale Resistant 
23 UC UC 3 MAT1-1 Pale Resistant 

24 C C 3 MAT1-1 Pale Resistant 

25 UC UC 3 MAT1-2 Pale Resistant 
26 UC C 3 MAT1-1 Pale Resistant 

27 C C 3 MAT1-2 Pale Resistant 

28 UC UC 3 MAT1-2 Pale Resistant 
29 UC C 3 MAT1-1 Pale Resistant 

30 C UC 3 MAT1-1 Pale Resistant 

31 UC C 3 MAT1-2 Pale Resistant 
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TABLE S7 | Co-segregation of dspA alleles with phenotypes in a AU2_33 × CBS 
101075 cross. 
 
Strain dspA  

gene 
(+) 
Presen
t  
(-) 
Mutant 

Secon
d T-
DNA 
(+) 
Absent  
(-) 
Presen
t 

Mitochondri
al marker 

Mating 
type 

Colony 
phenotyp
e 

Hygromyci
n 
sensitivity 

CBS 
144490 

+ + 2 MAT1-2 Normal Sensitive 

CBS 
101075 

+ + 3 MAT1-1 Normal Sensitive 

AU2_33 - - 2 MAT1-2 Delayed Resistant 

2 - - 3 MAT1-2 Delayed Sensitive 
3 - - 3 MAT1-2 Delayed Sensitive 

4 - - 3 MAT1-1 Delayed Sensitive 

5 - + 3 MAT1-1 Delayed Sensitive 

6 - - 3 MAT1-2 Delayed Sensitive 
8 - - 3 MAT1-2 Delayed Sensitive 
9 - - 3 MAT1-2 Delayed Sensitive 
10 - - 3 MAT1-2 Delayed Sensitive 

7 + + 3 MAT1-1 Normal Sensitive 
11 + + 3 MAT1-1 Normal Sensitive 

12 + + 3 MAT1-2 Normal Sensitive 
13 + + 3 MAT1-2 Normal Sensitive 
14 + + 3 MAT1-2 Normal Sensitive 
15 + + 3 MAT1-2 Normal Sensitive 

16 + + 3 MAT1-1 Normal Sensitive 

17 - - 3 MAT1-2 Delayed Sensitive 

18 + + 3 MAT1-1 Normal Sensitive 

19 - - 3 MAT1-2 Delayed Sensitive 

20 + + 3 MAT1-1 Normal Sensitive 

1 + + 3 MAT1-2 Normal Sensitive 
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TABLE S8 | 
Comparison of gene 
numbers in the top 
100 clusters for P. 
variotii and other 
ascomycete species.  
Each row is colored 
from highest (yellow) 
to lowest (blue) 
number of genes for 
each species. 
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Abstract 

Background  Viriditoxin is one of the ‘classical’ secondary metabolites produced by 

fungi and that has antibacterial and other activities; however, the mechanism of its 

biosynthesis has remained unknown.  

 

Results  Here, a gene cluster (vdt) responsible for its synthesis was identified, via a 

bioinformatics analysis of the genomes of Paecilomyces variotii and Aspergillus 

viridinutans that both are viriditoxin producers.  The function of the eight-membered 

gene clusters of P. variotii was characterized by targeted gene disruptions, revealing 

the roles of each gene in the synthesis of this molecule and establishing its 

biosynthetic pathway, which includes a Baeyer-Villiger monooxygenase catalyzed 

reaction. Additionally, a predicted catalytically-inactive hydrolase was identified as 

being required for the stereoselective biosynthesis of (M)-viriditoxin. The subcellular 

localizations of two proteins (VdtA and VdtG) were determined by fusing these proteins 

to green fluorescent protein, to establish that at least two intracellular structures are 

involved in the compartmentalization of the synthesis steps of this metabolite. 

 

Conclusions  The predicted pathway for the synthesis of viriditoxin was established 

by a combination of genomics, bioinformatics, gene disruption and chemical analysis 

processes. Hence, this work reveals the basis for the synthesis of an understudied 

class of fungal secondary metabolites and provides a new model species for 

understanding the synthesis of biaryl compounds with a chiral axis. 

 

Keywords    Atropisomer, Eurotiales, gene cluster, laccase, polyketide synthase  
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Background 

 

Fungi produce a diverse array of polyketide-derived biaryl compounds with biological 

activities that are of interest as pharmaceutical lead molecules or through modulating 

fungal interactions with other species in the environment. Viriditoxin (Compound 1, 

Figure 1) is a naphtho-α-pyrone produced by the Eurotiales fungi Aspergillus 

viridinutans and Paecilomyces variotii, and in limited amounts by Aspergillus brevipes 

[1-3]. Related biaryl molecules have also been identified from other fungi including 

Fusarium spp. (aurofusarin [4]), Penicillium sp. (rugulotrosin A and B [5]) and 

Parastagonospora nodorum (elsinochrome A [6]) (these structures are provided for 

comparison in Figure 1), or Cercospora nicotianae (cercosporin [7]),  A. niger kotanin 

[8],  and Emericella desertorum desertorin [9]. The gene clusters for aurofusarin [10], 

elsinochrome [6, 11], cercosporin [12, 13], kotanin and desertorin [14] have been 

identified.  

 

Viriditoxin 1 exhibits interesting biological activities. In particular, viriditoxin was 

identified as a potent inhibitor of bacterial FtsZ, a protein that is required for bacterial 

cell division [15]. Subsequent work demonstrated that this was due to decreased 

transmembrane potential and perturbing membrane permeability, which prevents 

membrane proteins including FtsZ from effectively binding to the membrane [16]. 

Viriditoxin is also active against cancer cell lines and is a proposed starting molecule 

for possible therapeutic applications [17, 18]. It has also been examined for a potential 

role in protection of sheep against blowflies [19]. In natural settings viriditoxin likely 

plays a role in competition against other microbes. For example, a strain of P. variotii 
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was isolated as an endophyte from mangroves, and its antagonistic activities against 

bacteria attributed to production of viriditoxin [20]. 

 

From the perspective of biochemical synthesis, viriditoxin is of interest as it is a biaryl 

compound with axial chirality, in which rotation about the biaryl axis is hindered, 

resulting in two different stable forms that are known as atropisomers. The two 

atropisomers are referred to as M-viriditoxin 1 and P-viriditoxin 1′ with the M 

stereoisomer 1 being the major natural product found in P. variotii and A. viridinutans 

([21], Figure 1). The formation of such compounds requires the coupling of two 

subunits. How this coupling occurs in fungi is beginning to be understood, as both 

P450 monooxygenases and laccases/multicopper oxidases are able to catalyze this 

coupling. While P450 monooxygenases have been shown to be capable of 

stereoselective coupling [14], none of the fungal laccase/multicopper oxidases 

enzymes which have been implicated in biaryl coupling have demonstrated 

stereospecificity [4, 22, 23]. In plants, laccases are able to catalyze stereoselective 

coupling in combination with dirigent proteins; however, no such proteins have been 

reported in fungi [24]. Despite the growing appreciation of the importance of 

atropisomers in the pharmaceutical industry, it is still not understood how laccase-

catalyzed reactions can result in stereoselective biosynthesis of biaryl compounds in 

fungi [25, 26].  
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Fig. 1. Structures of (M)-viriditoxin and (P)-viriditoxin (1 and 1′), as well as related 
metabolites produced by other fungi. The “M” and “P” refer to the atropisomer 
confirmations, with the helical configurations illustrated by the bold lines. 1 is the major 
form produced by A. viridinutans and P. variotii.  Carbon numbers C3, C4 and C7 are 
indicated. 
 

The rationale of this study was to identify the genetic components responsible for 

synthesis of viriditoxin and to establish how this molecule is synthesized by the 

construction and analysis of metabolites produced in mutant strains in those genes. 

The genomes of two isolates of P. variotii were recently sequenced [27], opening 

opportunities for identifying the basis for the synthesis of viriditoxin, or other 

metabolites that this fungus may produce.  As part of this work we generated a draft 

genome of the original isolate that produces viriditoxin, A. viridinutans, and found 

related gene clusters in these two Eurotiales species. Gene manipulation tools are not 

yet available for A. viridinutans. Hence, the gene cluster was functionally characterized 

in P. variotii, a newly-emerging model fungal species where methods for gene 

manipulation were recently developed [27]. 
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Results and Discussion 

 

Identification of a putative cluster of genes for viriditoxin biosynthesis by 

comparative genomics between P. variotii and A. viridinutans 

 

We recently sequenced the genome of P. variotii CBS 101075, which is known to 

produce viriditoxin [2], and a second P. variotii strain, CBS 144490 [27]. For 

comparison, the A. viridinutans strain FRR 0576 genome was sequenced using 

Illumina HiSeq2500 paired-end reads. 14,757,842 reads were generated and 

assembled into 285 contigs, totaling approximately 30 Mb (Table S1). The assembly 

and raw reads are available from GenBank under BioProject PRJNA513223. A curious 

commonality between A. viridinutans and P. variotii is that both genomes have a 

bimodal GC and AT DNA composition, of which the AT-rich regions of P. variotii have 

been attributed to the action of active repeat inducted point (RIP) mutation [27].  

 

The structure of viriditoxin is similar to a number of other fungal polyketide secondary 

metabolites, such as aurofusarin or the α-pyrone elsinochrome C, whose synthesis 

requires polyketide synthase (PKS) enzymes. Hence, candidate genes encoding 

PKSs were sought first in the two P. variotii genomes using BLAST with the full length 

protein sequences of the PKS enzymes PKS12 (which is required for aurofusarin 

biosynthesis [28]), or ElcA (which is required for elsinochrome C biosynthesis [11]). 

Matches were obtained to 10 putative PKS-encoding genes in each strain. Two 

iterative type I PKS enzymes with low expect values (E-value 0.0, vs. next best E-

value 3e-65) were identified: protein IDs 480069 (named VdtA) and 456077 (named 

PvpP) in the CBS 101075 genome, available through MycoCosm [27, 29].  
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BLAST was used to identify the homologous genes for these two P. variotii PKS 

enzymes and the genes on either side of them in the assembled A. viridinutans 

genome sequence. This approach revealed a putative candidate cluster for viriditoxin 

(hereafter referred to as the vdt cluster) common to both species. This cluster consists 

of nine genes in P. variotii and eight in A. viridinutans, with the difference being due to 

the presence of a second putative PKS-encoding gene (vdtX) in P. variotii (Figure 2a, 

Table S2). The predicted functions of these proteins are presented in Table S2. 

 

 

Fig. 2. Putative vdt gene cluster encoding enzymes for viriditoxin 1 biosynthesis. a. 
Comparison between the A. viridinutans and P. variotii clusters; predicted functions of 
the encoded proteins are presented in Table S2. b. Comparison of the transcript levels 
of vdt genes and those flanking the cluster between wild type and vdtR deletion mutant 
measured by qPCR. 
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While performing this genome sequencing and analysis, an independent genomic 

analysis was conducted by Fürtges et al., who proposed the same biosynthetic cluster 

in A. viridinutans, and demonstrated dimerization activity of the recombinantly-

expressed laccase, albeit on a non-native substrate [22]. Further, a gene cluster was 

identified for the synthesis of agnestins A and B in P. variotii [30]. 

 

Transcription factor VdtR regulates expression of the vdt gene cluster and 

viriditoxin synthesis 

 

Fungal secondary metabolite clusters may contain a transcription factor responsible 

for regulation of the cluster genes [31]. VdtR has the characteristics of a six-cysteine 

(C6) zinc cluster type of transcription factor, with similarity to AflR that regulates the 

genes in the aflatoxin/sterigmatocystin biosynthesis gene cluster in Aspergillus 

species. The vdtR gene was deleted by replacing most of the open reading frame with 

a construct conferring resistance to hygromycin via homologous recombination.  The 

expression of the genes in the gene cluster was compared between the wild type and 

vdtR deletion strains by quantitative PCR. This revealed reduced transcript levels of 

genes in the vdt cluster when vdtR was deleted (Figure 2b), confirming the identity of 

VdtR as a regulator of the genes in the cluster. The vdtR deletion strain also lost the 

ability to synthesize viriditoxin (Figure 3). Characterization of the transcript levels of 

the genes flanking the putative gene cluster in the P. variotii wild type and vdtR strains 

defines the boundaries of the cluster: the flanking genes encoding proteins ID510298, 

ID480071 and ID423248 were unaffected (gene ID420046 could not be detected; 

Figure 3b). While VdtR has all the hallmarks of being a transcription factor in the 
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Zn(II)Cys6 class, experiments to demonstrate physical binding to the promoters of the 

genes in the cluster would be needed to confirm this role. 

 

 

Fig. 3. a. LC-DAD-MS analysis of A. viridinutans and P. variotii CBS 144490 and P. 
variotii mutants (pvpP, vdtA, vdtR, vdtX and vdtG). b. Deletion of vdtG resulted in a 
sporulation defects and deletion of pvpP resulted in a loss of conidial pigmentation. c. 
Structures of the additional viriditoxin derivatives (2 and 3) produced by the wild type 
P. variotii strain CBS 144490. 
 

The polyketide synthase VdtA is required for the first step of viriditoxin 

biosynthesis 

 

P. variotii encodes two candidate PKSs that could be involved in the synthesis of 

viriditoxin, i.e. ID480069 (named VdtA) and ID456077 (named PvpP). The majority of 

each PKS gene was replaced with a hygromycin resistance marker, through 

homologous recombination of constructs transformed into P. variotii using 
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Agrobacterium-mediated transformation, and the mutant strains tested for viriditoxin 

synthesis.  

 

The deletion of vdtA, in both P. variotii strains CBS 101075 and CBS 144490 abolished 

the production of 1 and related derivatives 2 and 3 in the culture filtrates of the strains, 

as detected by liquid chromatography with photodiode array detection – mass 

spectrometry (LC-DAD-MS), confirming the role of VdtA early in the biosynthesis 

pathway of viriditoxin (Figure 3). Structures of these three compounds were confirmed 

by 1D and 2D nuclear magnetic resonance (NMR) analysis. Electronic circular 

dichroism (ECM) spectroscopy was used to determine the helical confirmation of the 

compounds by comparing to a commercial standard of 1 (Tables S3, S5, S6, Figures 

S1-S8, S15-S26. These data were generated by Jinyu Hu, and are available in the 74-

page supplement that accompanies the publication at  

https://fungalbiolbiotech.biomedcentral.com/articles/10.1186/s40694-019-0072-y#Sec18.). 

 

In contrast to the impact of deletion of vdtA, mutation of the second candidate gene 

for viriditoxin synthesis that was identified by bioinformatics approaches did not impact 

viriditoxin production (Figure 3a).  Instead, deletion of the pvpP gene in strain CBS 

101075 altered the pigmentation of the mutant strains (Figure 3b). PvpP is 

homologous to PksP of Aspergillus fumigatus (GenBank accession Q4WZA8), which 

is required for formation of the pigment DHN melanin [32].  PksP of A. fumigatus is 

responsible for the synthesis of the yellow molecule YWA1. BLAST with DHN melanin 

pathway components in A. fumigatus (i.e. GenBank accessions E9QUT3, Q4WZB3 

and Q4WZB4) [33, 34] required to convert YWA1 into other pigments revealed their 

absence from the P. variotii genome. Thus, PvpP of P. variotii is required for the 
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synthesis of the characteristic yellow pigment observed for petri dish cultures, and 

analysis of the genome sequence supports the hypothesis that this pigmentation is 

due to the synthesis of YWA1 or a related molecule, without the additional 

modifications seen in other Eurotiales species. 

 

Different polyketide synthase reactions of VdtA and PvpP are further supported by the 

analysis of their Product Template domains. Liu et al. defined these domains from 

fungal proteins into eight groups, based on phylogenetic analyses, and correlated their 

classification with the enzyme first ring cyclization modes [35].  VdtA matches group 

IV (C4-C9 cyclization) and PvpP matches group III (C2-C7 cyclization), which is 

consistent with the structures of viriditoxin or the putative YWA1-related pigment, 

respectively. 

 

The vdt gene cluster in P. variotii encodes a second putative PKS that is absent from 

the A. viridinutans gene cluster. Hence, one hypothesis is that this gene is not required 

for viriditoxin production. Disruption of this gene (vdtX) via homologous recombination 

was unsuccessful, so we employed an alternative approach using RIP, which is an 

active process in P. variotii during heterothallic sexual crosses [27]. RIP is a fungal-

specific mechanism in which duplicated DNA is recognized and specifically mutated 

as part of the sexual cycle, and has been used to make targeted mutations in genes 

in Neurospora crassa [36]. To achieve this, a second partial copy of vdtX was 

introduced into P. variotii CBS 101075, and that strain crossed to the wild type strain 

of opposite mating type (CBS 101075) such that RIP could mutate the duplicated DNA, 

followed by the identification of progeny carrying mutations. One progeny was 

obtained in which the native copy of the gene had been heavily mutated by RIP, 
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introducing premature stop codons (Supplementary Figure 1). The ability to generate 

mutants efficiently through RIP adds another technique to the repertoire available in 

P. variotii.  

 

The vdtX RIP mutant continued to produce viriditoxin, indicating that VdtX is not 

required for viriditoxin biosynthesis (Figure 3a). The reduction in the amount of 

metabolites produced in the RIP mutant compared to the wild type might be due to the 

variability expected in the progeny of a sexual cross. As vdtX is not involved in 

viriditoxin synthesis, the gene was not considered further, but might possibly play a 

role in the production of additional metabolites not extracted or detected by the 

techniques employed in this study. 

 

The polyketide synthase VdtA is localized within a specialized structure 

 

The localization of PKS enzymes in fungal secondary metabolite synthesis is largely 

unknown. The PksP (Alb1) PKS of Aspergillus species that is involved in the 

production of melanin is localized to the endosome [37], and it represents the only 

fungal PKS with a demonstrated subcellular localization. A strain expressing a VdtA-

GFP fusion protein displayed green fluorescence tightly confined to small circular 

structures within the cells (Figure 4a). Expression of GFP alone using PLAU17 [38] 

localizes to the cytosol (data not shown). The VdtA-GFP strain continued to produce 

viriditoxin, indicating that the addition of GFP to its carboxyl-terminus end did not 

destroy the activity of the enzyme (data not shown) and that the structures are not an 

artefact from gene manipulation. These small spherical structures are reminiscent of 

peroxisomes. Peroxisomes have been implicated in the production of other fungal 
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secondary metabolites [39]. In particular, the aflatoxin precursor norsolorinic acid, 

which is produced by PksA, is localized to the peroxisome [40]. However, the PksA 

enzyme itself has not been localized. Given sequence similarity between the aflatoxin-

producing PksA and P. variotii VdtA, we explored the possibility that the unusual 

localization pattern observed for VdtA-GFP represented peroxisome localization by 

dual-labelling with an mCherry-SKL peroxisomal construct. The addition of the three 

amino acid motif SKL to the carboxy terminus is widely used to target fluorescent 

proteins to the peroxisome [41]. However, VdtA-GFP and mCherry-SKL showed 

clearly distinct patterns of localization. Based on previous analysis of nuclei and 

mitochondria using tagged proteins we can exclude those organelles [27]. Thus, these 

structures where VdtA is targeted remain unknown.  

 

 

 

 

Fig. 4. Viriditoxin is synthesized in at least two different organelles. a. VdtA-GFP fusion 
protein localizes to small spherical structures within hyphae, which are distinct from 
the peroxisomes (labelled with mCherry-SKL). b. VdtG-GFP localized around a small 
circular structure and co-localizes with the endoplasmic reticulum marker Erg11-
mCherry. 
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The transporter VdtG is localized to an internal organelle and is not essential for 

viriditoxin production 

 

Deletion of the gene encoding a putative transporter VdtG had no effect on the 

production of viriditoxin or its precursors, although their levels were reduced compared 

to the wild type strain (Figure 3a). However, the gene deletion strains have a 

sporulation defect (Figure 3b). Production of secondary metabolites is often 

developmentally timed with the beginning of spore formation [42], so we hypothesize 

that this phenotype is likely to result from toxicity effects beginning at this stage. Such 

morphological differences have not been observed in previously disrupted 

transporters associated with secondary metabolite gene clusters such as the genes 

aflT in A. parasiticus [43] or sirA in Leptosphaeria maculans [44], although in the case 

of SirA, sensitivity to sirodesmin was increased in the sirA mutants. 

 

To further probe the role of this putative transporter, DNA encoding GFP was fused to 

the native vdtG gene of P. variotii. Strains expressing this fusion protein did not show 

the sporulation defects present in the vdtG KO strains, indicating that the fusion protein 

is functional (data not shown). Fluorescence microscopy revealed that VdtG is 

localized around an internal membrane structure and the septa (Figure 4b). Taken 

together these results lead us to hypothesize that VdtG is required to 

compartmentalize the synthesis of viriditoxin or its intermediates within the cell to limit 

auto-toxic effects. 

 

The VdtG-GFP structure resembles the ‘toxisomes’ of F. graminearum [45] and 

‘aflatoxisomes’ of Aspergillus species [46]. Toxisomes are proliferations of the smooth 



 
 

234 

endoplasmic reticulum [47]. For this reason, we examined the co-localization of VdtG-

GFP with a known endoplasmic reticulum protein, Erg11 (Cyp51) required for sterol 

synthesis, as an mCherry fusion [48]. This showed clear co-localization of the two 

proteins suggesting that the VdtG-GFP structure is part of the endoplasmic reticulum 

or an endoplasmic reticulum derived structure (Figure 4b). The localization of VdtG to 

these structures in P. variotii provides evidence that these structures might be 

homologous to toxisomes and aflatoxisomes. There is no evidence that the VdtG and 

VdtA structures co-localize, given that the structures to which VdtA are localized are 

more numerous and of different size.  

 

VdtC, VdtF and VdtE are involved in tailoring of the polyketide precursor 

produced by VdtA to the monomer semi-viriditoxin 

 

We next generated knockout mutants for the genes encoding putative ‘tailoring’ 

enzymes VdtC, VdtF and VdtE. LC-DAD-MS analysis of the culture extracts revealed 

major changes in the metabolite profiles (Figure 5). The compounds were purified from 

the individual mutant and subjected to NMR analysis for elucidation of the structures 

of 3, 4, 5, 7, 8 and 9 (Tables S6-S11, Figures S21-S56) whereas 6 is proposed based 

on mass (Figure S1). ECM spectroscopy was used to determine the helical 

confirmation of the compounds 3, 4, 5, 7, 8 and 9 (Tables S6-S11). The structures of 

these compounds provide insights into the function of each of these enzymes.  

 

VdtC shows 44% similarity to the O-methyltranstrase AurJ in F. graminearum that is 

involved in the biosynthesis of aurofusarin [4]. As expected, deletion of vdtC results in 

the production of compounds 4, 5 and 6, which differ from viriditoxin in that the 
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hydroxyl group (red –OH on figure 5; off carbon 7 in figure 1) has not been methylated. 

Interestingly, circular dichroism data showed that the two metabolites purified in 

sufficient quantity for ECM analysis, 4 and 5, are both in the P helical form, suggesting 

that the O-methyl group is important for the stereoselective coupling of the monomers. 

 

BLAST of the VdtF protein sequence revealed a number of close fungal homologs, 

but also shows 29% identity to the 3-oxoacyl-[acyl-carrier-protein] reductase FabG of 

bacterium Eschericha coli and thus may be able to catalyze a reduction reaction [49]. 

Deletion of vdtF results in the production of compounds 7, 8 and 9, which differ from 

1 in that the C3-C4 double bond has not been reduced (Figure 5). We thus conclude 

that VdtF is responsible for the reduction of this bond.  

 

BLAST against the Swiss-Prot database show that VdtE displays homology to a 

number of previously characterized Baeyer-Villiger monooxygenases (BVMOs). 

BVMOs are a group of enzymes responsible for the conversion of ketones into esters 

by inserting an oxygen atom between a carbonyl carbon and its neighboring carbon 

[50]. Consistent with the hypothesis that VdtE is a Baeyer-Villiger monooxygenase, 

deletion of vdtE resulted in the accumulation of compound 3 in which the ketone group 

has not been converted into the methyl ester found in 1 (Figure 5). The activity of VdtE 

is similar to MoxY of the aflatoxin biosynthesis cluster found in Aspergillus spp. [51]. 

MoxY converts the ketone hydroxyversicolorone (HVN) into the acetate ester 

versiconal hemiacetal acetate (VHA). This is a rather unique reaction, so efforts 

towards purification of recombinant VdtE are ongoing to characterize further this 

unusual enzyme. 
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Fig. 5. VdtC, VdtF and VdtE are required to tailor the hypothetical alpha pyrone 
monomer produced by VdtA into semi-viriditoxin. vdtC, vdtF and vdtE deletion strains 
all failed to make viriditoxin, instead producing a set of viriditoxin-related metabolites. 
Comparing the structure of the compounds produced by each deletion strain to 1 
reveals the role of each tailoring enzyme (differences colored). 
 

The laccase VdtB is involved in dimerization while a non-catalytic hydrolase-like 

protein VdtD affects the stereochemistical outcome of the coupling 

 

VdtB is similar to laccase enzymes previously implicated in oxidative coupling, 

including GIP1 that is suggested to play a role in the dimerization of two rubrofusarin 

molecules to form aurofusarin in F. graminearum [4] and MCE that dimerizes 

monapinone A into dinapinone A in Talaromyces pinophilus [23]. Thus, we 

hypothesized that VdtB would be required to form the biaryl bond between two semi-

viriditoxin molecules to produce viriditoxin. Consistent with this hypothesis, disruption 

of the vdtB gene led to the accumulation of four major compounds, in which their m/z, 

as detected by LC-MS, corresponded to the molecular weight expected for monomers 

(Figure 6a, b; Figure S1). The structure of three of these compounds 10, 11 and 12 is 
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predicted based on mass. This confirms that the laccase VdtB is responsible for the 

dimerization step in the synthesis of viriditoxin. 

 

 

Fig. 6. a. LC-DAD-MS analysis of the vdtB and vdtD deletion strains. b. The predicted 
structures of monomers produced by the vdtB deletion strain based on mass. c. 
Comparison of the electronic circular dichroism data of 1 vs 1´ showing that the spectra 
are mirrors of each other, indicative of two atropisomeric forms. d. Multiple sequence 
alignment of VdtD and a lipase from Geotrichum candidum (UniProtKB/Swiss-Prot: 
P22394.2), a choline esterase from Branchiostoma lanceolatum (UniProtKB/Swiss-
Prot: Q95000.1), a carboxylesterase from Felis catus (UniProtKB/Swiss-Prot: 
Q8I034.1), and a neuroligin (UniProtKB/Swiss-Prot: Q8N0W4.1) and a thyroglobin 
(UniProtKB/Swiss-Prot: O08710.3) from Homo sapiens. Red box encloses the active 
site serine in the G-X-S-X-G motif of active hydrolases. 
 

The production of semi-viriditoxin 12 is interesting because this shows that the tailoring 

steps catalyzed by VdtC, VdtF and VdtE most likely to take place prior to dimerization. 

However, the possibility of these tailoring enzymes acting on dimers cannot be 

excluded. Furthermore, the fact that the vdtC, vdtF and vdtE deletion mutants produce 

dimerized compounds shows that VdtB is not strictly specific to semi-viriditoxin in vivo. 

Our findings concur with the results of a recent study that demonstrated that the VdtB 
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homolog of A. viridinutans is able to dimerize the non-native substrate (R)-semi-

vioxanthin, using heterologously-produced cell-free extracts from Aspergillus niger 

[22]. However, the heterologously-produced VdtB lacked the appropriate 

stereospecificity in an in vitro assay [22]. 

 

Bioinformatic analysis of VdtD, the final protein encoded in the cluster, shows it has 

amino acid sequence similarity to serine hydrolases (Figure 6d). This is a functionally 

diverse group that includes catalytically-active hydrolases and other proteins that have 

evolved diverse functions that are independent of catalytic activity. Two such proteins 

that have lost catalytic function and taken on new roles are neuroligins, which are 

important components of the post-synaptic membrane [52], and thyroglobulin, a 

precursor of thyroid hormones [53]. The catalytically-active serine hydrolases share a 

nucleophilic serine residue contained within the conserved G-X-S-X-G motif (where X 

is any amino acid) at their active site [54]. The non-catalytic variants lack this active 

site serine [55].  

 

To explore if VdtD is likely to be an active esterase we compared the sequence of 

VdtD to the top 100 BLAST results in the Swiss-Prot database. These mostly include 

enzymes, however there are also some neuroligins and thyroglobulins. A sequence 

alignment of a subset of these revealed that, as expected, thyroglobin and neuroligins 

lacked the serine residue whereas the serine was present in proteins with enzymatic 

activity (Figure 6d). Importantly, VdtD lacks this serine, having instead an aspartate in 

that position. This suggests that VdtD is probably not an active hydrolase, and as with 

its mammalian homologs neuroligin and thyroglobulin has taken on new roles.  
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Intriguingly, disruption of vdtD alters the ratio of the two atropisomers of viriditoxin 1 

versus 1′ (Figure 6a). While the wild-type strain strongly favors the production of the 

M form 1, the vdtD mutant produced favored the P form 1′, as revealed by circular 

dichroism (Figure 6c). NMR data for 1′ is provided in Table S4 and Figures S9-S14. 

Despite the growing appreciation of the importance of atropisomeric compounds [26], 

how organisms selectively synthesize particular atropisomeric forms remains 

unknown. Given that the laccase VdtB alone has been shown to favor the unexpected 

P-configured stereoisomer in a heterologous system [22] we suggest VdtD is likely to 

be required to control the stereoselectivity of the laccase-catalyzed reaction, possibly 

playing an analogous role to the dirigent proteins of plants [24].  

 

The stereochemistry of the metabolites produced by the tailoring-enzyme gene 

knockouts (Figure 5) provides initial insight into the substrate requirements of the 

hypothesized VdtD/VdtB coupling system. The compounds produced by the vdtF and 

vdtE knockouts, lacking C3-C4 bond reduction and the methyl ester, respectively, are 

predominantly coupled in the M helical conformation as 1. This suggests that these 

chemical groups are not integral for interaction with coupling enzymes. However, while 

not the dominant product as measured by ECM (Table S6), some of the corresponding 

P stereoisomer appears to form a shoulder peak in 3 (Figure 3), so we cannot 

completely exclude the possibility that the methyl ester makes a contribution to the 

interaction. On the other hand, the metabolites produced by the vdtC mutant that lack 

methylation of the oxygen attached to C7 have been coupled in the unexpected P 

configuration. We hypothesize that interaction of this methyl group with either VdtB or 

VdtD is likely to be crucial for a controlled stereochemical outcome. Further 
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biochemical studies will seek to establish the mechanism by which VdtD controls the 

stereospecificity of VdtB. 

 

Conclusion 
 

The gene cluster responsible for the production of viriditoxin has been identified in the 

genome of two Eurotiales species. First, knock-out mutations in P. variotii of all the 

enzymes required for the production of viriditoxin and a candidate transcription factor 

for their regulation allowed us to elucidate a predicted biosynthetic pathway of this 

helical chiral biaryl compound (Figure 7). Second, we have also uncovered an 

intriguing cellular localization pattern for the PKS enzyme responsible for the first step 

in the pathway. Third, we have demonstrated that a likely catalytically inactive 

hydrolase enzyme is required for controlling atropisomeric conformations through an 

as yet undefined mechanism. Complementary biochemical analyses using 

heterologous expression of these enzymes have subsequently substantiated the steps 

in the pathway [56]. Future experiments will be able to provide additional resolution 

into the process of the synthesis of viriditoxin. 

 

Fig. 7. A proposed pathway for the biosynthesis of viriditoxin as based on the 
metabolites identified in gene deletion strains of P. variotii. Note that the order in which 
the enzymes VdtC, VdtF and VdtE act has not been determined. 
 

Materials and methods 
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Strains, DNA extraction, and DNA sequencing of A. viridinutans 

 

Two P. variotii strains used in this study were CBS 101075, which is the type strain of 

the teleomorph of P. variotii (Byssochlamys spectabilis), and CBS 144490, which we 

isolated previously [27]. The A. viridinutans ex-type strain FRR 0576 was used. 

Genomic DNA was extracted from 4-day old liquid cultures grown in potato dextrose 

broth (PDB) using an established method [57], followed by treatment with RNAseA. A. 

viridinutans was sequenced on an Illumina HiSeq2500 instrument using 125 bp 

paired-end reads. The reads were assembled using Velvet [58]. Regions homologous 

to putative clusters in the P. variotii genome were identified by BLASTx searches 

against the A. viridinutans assembly.  

 

Gene expression analysis of the Vdt cluster via qPCR 

 

RNA was extracted from 3-day old cultures of P. variotii grown in PDB using Trizol 

reagent (Invitrogen) following the manufacturer’s directions. cDNA was synthesized 

using AMV reverse transcriptase (New England Biolabs) following the standard 

protocol provided by the manufacturer. qPCR reactions were conducted using KAPA 

SYBR FAST qPCR Master Mix. The primer pairs used for each gene are given in 

Table S12.  

 

Generation of gene knockout strains 

 

Gene knockout strains were generated by homologous recombination for each gene 

in the cluster to replace most of the open reading frames with a construct conferring 
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resistance to hygromycin, with the exception of vdtX. The constructs were generated 

by first assembling two fragments corresponding to the upstream and downstream 

gene regions, into plasmid pPZP-201BK that was digested with EcoRI and HindIII, 

using Gibson Assembly with the addition of a restriction site between the two 

fragments. The HYG cassette on plasmid pMAI6 was amplified by PCR and introduced 

into this restriction site using a second Gibson reaction. Primers used to amplify the 

HYG cassette with appropriate homology to introduce it into each construct are given 

in Table S12.  

 

The constructs were introduced into P. variotii strain CBS 144490 or CBS 101075 via 

Agrobacterium tumefaciens mediated transformation (AtMT) as described previously 

[27]. Successful gene replacement events were identified via PCR using primers given 

in Table S12.  

 

Disruption of vdtX via repeat induced point mutation 

 

A different approach was taken to disrupt vdtX after no gene replacements were 

identified from the homologous recombination approach. The process of repeat 

induced point (RIP) mutation during a sexual cross was employed. A partial vdtX gene 

fragment was amplified using primers RIPF1 and RIPR2 and cloned into 

pPZPHygHindX [59] linearized with XbaI-EcoRV using Gibson assembly. The 

construct was then transformed into strain CBS 144490. One resultant transformant 

was crossed to strain CBS 101075 and progeny isolated as described previously [60]. 

The targeted regions of vdtX in the progeny were amplified and sequenced with 
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primers RIPseqF and RIPseqR to identify those progeny that had been heavily 

mutated by RIP.  

 

Metabolic profile analysis, compound isolation and characterization 

 

Czapek Yeast Extract Agar (CYA, 30 g sucrose, 5g yeast extract, 1g K2HPO4, 0.3 g 

NaNO3, 0.05 g KCl, 0.05 g MgSO4, 0.01 g ZnSO4, 0.01 g FeSO4, 0.5 mg CuSO4, 15 g 

agar in 1 L) was used for culturing of P. variotii strains and A. viridinutans for the 

accumulation of secondary metabolites. Agar cultures were chopped into small pieces 

and extracted with methanol with sonication. Crude extracts were filtered, dried and 

redissolved in methanol for LC-DAD-MS analysis. 

 

LC-DAD-MS analyses were performed with an Agilent 1260 liquid chromatography 

(LC) system coupled to a diode array detector (DAD) and an Agilent 6130 quadrupole 

mass spectrum (MS) with an ESI source. For analytical purposes, a Kinetex C18 

column (2.6 µm, 2.1 mm i.d. × 100 mm; Phenomenex) was used. The mobile phase 

gradient of eluent B (acetonitrile with 0.1% formic acid) started at 5% and gradually 

increased to 95% over 10 mins at a flow rate of 0.75 ml/min. 

 

For compound isolation, P. variotii CYA culture of either wild-type strain or specific 

mutant was extracted twice with ethyl acetate/methanol (90:10). Crude extracts were 

dried in vacuo and then fractionated on a Reveleris flash chromatography system 

(Grace) using a dichloromethane/methanol gradient on a Reveleris HP silica flash 

cartridge. Fractions containing the target compound were combined for further 
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purification using a semi-prep HPLC with a C18 column (Agilent, 5 μm, 21.2 × 150 

mm). 

 

For structural characterization, nuclear magnetic resonance (NMR) spectra were 

collected for purified metabolites on a Bruker Avance IIIHD 500MHz/600MHz NMR 

spectrometer. Chloroform-d, DMSO-d6, and acetonitrile-d3 were used as solvents. 

 

Electronic circular dichroism (ECD) spectra were recorded on a JASCO J-810 

spectropolarimeter, with acetonitrile as solvent. The axial chirality of dimeric 

compounds isolated was determined by comparing with both the ECD spectrum of 

(M)-viriditoxin standard purchased from Sapphire Bioscience (Redfern, Australia) and 

published data [21].  

 

Generation of strains for the examination of fluorescently-tagged proteins 

 

The open reading frame of GFP was tagged immediately downstream of vdtG and 

vdtA via homologous recombination.  

 

In the case of vdtG, a fragment corresponding to the end of the gene (omitting the stop 

codon) was amplified using primers 24GFP5F and 24GFP5R and GFP was amplified 

using primers 24GFPGFPF and 24GFPGFPR and cloned into plasmid pPZP-201BK 

linearized with EcoRI and HindIII using Gibson assembly. The HYG construct and 3´ 

flank of the gene was amplified with primers pairs 24GFPHYGF-24GFPHYGR and 

24GFP3F-24GFP3R off plasmids pMAI6 and PLAU17, respectively [38], and cloned 
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into the EcoRI site of the previously generated plasmid to produce the final construct. 

This construct was transformed into P. variotii strain CBS 144490 using AtMT [27].  

 

In the case of vdtA, a fragment corresponding to the end of the gene (omitting the stop 

codon) was amplified using primers 69GFP5F and 69GFP5R and the 3´ flank of the 

gene was amplified with primers 69GFP3F and 69GFP3R and cloned into plasmid 

pPZP-201BK linearized with EcoRI and HindIII using Gibson assembly. The combined 

GFP-HYG section of the construct previously generated to tag VdtG was amplified 

using 69GFPHYGF and 69GFPHYGR and cloned into the BamHI site of the previous 

construct. This construct was introduced into strain CBS 144490 by AtMT as described 

previously [27].  

 

Constructs were generated for the purpose of resolving the subcellular localization of 

proteins within the cell, namely Erg11-mCherry to tag the endoplasmic reticulum and 

mCherry-SKL to tag the peroxisomes. Erg11 was amplified using primers Erg11F and 

Erg11R and mCherry was amplified using primers McherryErg11F and 

McherryErg11R off genomic DNA and plasmid mCherry-dspA [27], respectively, and 

cloned into the BglII site of plasmid PLAU53 which has been designed to express 

proteins under the expression of the actin promoter from Leptosphaeria maculans and 

confers resistance to G418 [38]. The mCherry isoform with the addition of sequence 

coding for the three amino acid sequence SKL was amplified using primers AP57 and 

AP58, and similarly cloned into PLAU53. The mCherry-SKL construct was 

transformed into the VdtA-GFP strain and the Erg11-mCherry construct was 

transformed into the VdtG-GFP strain. 
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Isolates were cultured PDB for 3 days, and then examined using a Leica DM6000 

fluorescence microscope.  

 

Authors’ contributions 

ASU, JH, Y-HC and AI designed the experiments. ASU performed the sequencing, 

sequence analysis, and genetic manipulations of P. variotii. JH performed the 

chemical purifications and metabolite characterizations. ASU, JH, Y-HC and AI 

analyzed and interpreted the data and results. ASU was the major contributor in writing 

the manuscript. JH, Y-HC and AI provided critical feedback and helped in writing the 

manuscript. All authors read and approved the final manuscript. 

 

Acknowledgements 

We thank Mark Wilson (CSIRO, Australia) for providing the A. viridinutans strain and 

Allison van de Meene (University of Melbourne) for assistance with microscopy. 

 

References  

 

1. Lillehoj EB, Milburn MS. Viriditoxin production by Aspergillus viridi-nutans and 

related species. Appl Microbiol. 1973;26:202-5. 

2. Samson RA, Houbraken J, Varga J, Frisvad JC. Polyphasic taxonomy of the 

heat resistant ascomycete genus Byssochlamys and its Paecilomyces anamorphs. 

Persoonia. 2009;22:14-27. 

3. Jiu J, Mizuba S. Metabolic products from Spicaria divaricata NRRL 5771. J 

Antibiot. 1974;27:760-5. 



 
 

247 

4. Frandsen RJN, Nielsen NJ, Maolanon N, Sørensen JC, Olsson S, Nielsen J, et 

al. The biosynthetic pathway for aurofusarin in Fusarium graminearum reveals a close 

link between the naphthoquinones and naphthopyrones. Mol Microbiol. 2006;61:1069-

80. 

5. Stewart M, Capon RJ, White JM, Lacey E, Tennant S, Gill JH, et al. 

Rugulotrosins A and B: Two new antibacterial metabolites from an Australian isolate 

of a Penicillium sp. J Nat Prod. 2004;67:728-30. 

6. Hu J, Sarrami F, Li H, Zhang GZ, Stubbs KA, Lacey E, et al. Heterologous 

biosynthesis of elsinochrome A sheds light on the formation of the photosensitive 

perylenequinone system. Chem Sci. 2019;10:1457-65. 

7. Daub ME. Cercosporin, a photosensitizing toxin from Cercospora species. 

Phytopathology 1982;72:370-4. 

8. Stothers JB, Stoessl A. Confirmation of the polyketide origin of kotanin by 

incorporation of [1,2-13C2] acetate. Can J Chem. 1988;66:2816-8. 

9. Nozawa K, Seyea H, Nakajima S, Udagawa S-I, Kawai K-i. Studies on fungal 

products. Part 10. Isolation and structures of novel bicoumarins, desertorins A, B, and 

C, from Emericella desertorum. J Chem Soc, Perkin Trans. 1 1987:1735-8. 

10. Frandsen RJN, Schütt C, Lund BW, Staerk D, Nielsen J, Olsson S, Giese H. 

Two novel classes of enzymes are required for the biosynthesis of aurofusarin in 

Fusarium graminearum. J Biol Chem. 2011;286:10419-28. 

11. Chooi YH, Zhang GZ, Hu J, Muria-Gonzalez MJ, Tran PN, Pettitt A, et al. 

Functional genomics-guided discovery of a light-activated phytotoxin in the wheat 

pathogen Parastagonospora nodorum via pathway activation. Environ Microbiol. 

2017;19:1975-86. 



 
 

248 

12. Chen H, Lee MH, Daub ME, Chung KR. Molecular analysis of the cercosporin 

biosynthetic gene cluster in Cercospora nicotianae. Mol Microbiol. 2007;64:755-70. 

13. de Jonge R, Ebert MK, Huitt-Roehl CR, Pal P, Suttle JC, Spanner RE, et al. 

Gene cluster conservation provides insight into cercosporin biosynthesis and extends 

production to the genus Colletotrichum. Proc Natl Acad Sci USA. 2018;115:E5459-66. 

14. Mazzaferro LS, Hüttel W, Fries A, Müller M. Cytochrome P450-catalyzed regio- 

and stereoselective phenol coupling of fungal natural products. J Am Chem Soc. 

2015;137:12289-95. 

15. Wang J, Galgoci A, Kodali S, Herath KB, Jayasuriya H, Dorso K, et al. 

Discovery of a small molecule that inhibits cell division by blocking FtsZ, a novel 

therapeutic target of antibiotics. J Biol Chem. 2003;278:44424-8. 

16. Foss MH, Eun YJ, Grove CI, Pauw DA, Sorto NA, Rensvold JW, et al. Inhibitors 

of bacterial tubulin target bacterial membranes in vivo. MedChemComm. 2013;4:112-

9. 

17. Kundu S, Kim TH, Yoon JH, Shin HS, Lee J, Jung JH, et al. Viriditoxin regulates 

apoptosis and autophagy via mitotic catastrophe and microtubule formation in human 

prostate cancer cells. Int J Oncol. 2014;45:2331-40. 

18. Park JH, Noh TH, Wang H, Kim ND, Jung JH. Viriditoxin induces G2/M cell 

cycle arrest and apoptosis in A549 human lung cancer cells. Nat Prod Sci. 2015:282. 

19. Green P, Blaney B, Moore C, Connole M. Identification and preliminary 

evaluation of viriditoxin, a metabolite of Paecilomyces varioti, as an insecticide for 

sheep blowfly, Lucilia cuprina (Wied.). Gen Appl Entomol. 1989;21:33-7. 

20. Silva MRO, Kawai K, Hosoe T, Takaki GMC, Gusmão NB, Fukushima K. 

Viriditoxin, an antibacterial substance produced by mangrove endophytic fungus 

Paecilomyces variotii. In: Méndez-Vilas A, editor. Microbial pathogens and strategies 



 
 

249 

for combating them: science, technology and education. 2. Badajoz: Formatex 

Research Center; 2013. p. 1406-11. 

21. Suzuki K, Nozawa K, Nakajima S, Kawai K. Structure revision of mycotoxin, 

viriditoxin, and its derivatives. Chem Pharm Bull (Tokyo). 1990;38:3180-1. 

22. Fürtges L, Obermaier S, Thiele W, Foegen S, Müller M. Diversity in fungal 

intermolecular phenol coupling of polyketides–regioselective laccase-based systems. 

ChemBioChem. 2019:DOI:10.1002/cbic.201900041. 

23. Kawaguchi M, Ohshiro T, Toyoda M, Ohte S, Inokoshi J, Fujii I, et al. Discovery 

of a fungal multicopper oxidase that catalyzes the regioselective coupling of a tricyclic 

naphthopyranone to produce atropisomers. Angew Chem. 2018;57:5115-9. 

24. Davin LB, Wang HB, Crowell AL, Bedgar DL, Martin DM, Sarkanen S, et al. 

Stereoselective bimolecular phenoxy radical coupling by an auxiliary (dirigent) protein 

without an active center. Science. 1997;275:362-6. 

25. LaPlante SR. Assessing atropisomer axial chirality in drug discovery and 

development. Abstr Pap Am Chem Soc. 2012;244. 

26. Glunz PW. Recent encounters with atropisomerism in drug discovery. Bioorg 

Med Chem Lett. 2018;28:53-60. 

27. Urquhart A, Mondo S, Mäkelä M, Hane J, Wiebenga A, He G, et al. Genomic 

and genetic insights into a cosmopolitan fungus, Paecilomyces variotii (Eurotiales). 

Front Microbiol. 2018;9:3058. 

28. Malz S, Grell MN, Thrane C, Maier FJ, Rosager P, Felk A, et al. Identification 

of a gene cluster responsible for the biosynthesis of aurofusarin in the Fusarium 

graminearum species complex. Fungal Genet Biol. 2005;42:420-33. 

29. Grigoriev IV, Nikitin R, Haridas S, Kuo A, Ohm R, Otillar R, et al. MycoCosm 

portal: gearing up for 1000 fungal genomes. Nucleic Acids Res. 2014;42:D699-D704. 



 
 

250 

30. Szwalbe AJ, Williams K, Song Z, de Mattos-Shipley K, Vincent JL, Bailey AM, 

Willis CL, Cox RJ, Simpson TJ. Characterisation of the biosynthetic pathway to 

agnestins A and B reveals the reductive route to chrysophanol in fungi. Chem Sci 

2019;10:233-238.  

31. Fox EM, Howlett BJ. Secondary metabolism: regulation and role in fungal 

biology. Curr Opin Microbiol. 2008;11:481-7. 

32. Langfelder K, Jahn B, Gehringer H, Schmidt A, Wanner G, Brakhage AA. 

Identification of a polyketide synthase gene (pksP) of Aspergillus fumigatus involved 

in conidial pigment biosynthesis and virulence. Med Microbiol Immunol. 1998;187:79-

89. 

33. Tsai HF, Wheeler MH, Chang YC, Kwon-Chung KJ. A developmentally 

regulated gene cluster involved in conidial pigment biosynthesis in Aspergillus 

fumigatus. J Bacteriol. 1999;181:6469-77. 

34. Heinekamp T, Thywissen A, Macheleidt J, Keller S, Valiante V, Brakhage AA. 

Aspergillus fumigatus melanins: interference with the host endocytosis pathway and 

impact on virulence. Front Microbiol. 2013;3:440. 

35. Liu L, Zhang Z, Shao CL, Wang JL, Bai H, Wang CY. Bioinformatical analysis 

of the sequences, structures and functions of fungal polyketide synthase product 

template domains. Sci Rep. 2015;5:10463. 

36. Selker EU, Garrett PW. DNA-sequence duplications trigger gene inactivation in 

Neurospora crassa. Proc Natl Acad Sci USA. 1988;85:6870-4. 

37. Upadhyay S, Xu XP, Lowry D, Jackson JC, Roberson RW, Lin X. Subcellular 

compartmentalization and trafficking of the biosynthetic machinery for fungal melanin. 

Cell Reports. 2016;14:2511-8. 



 
 

251 

38. Idnurm A, Urquhart AS, Vummadi DR, Chang S, Van de Wouw AP, López-Ruiz 

FJ. Spontaneous and CRISPR/Cas9-induced mutation of the osmosensor histidine 

kinase of the canola pathogen Leptosphaeria maculans. Fungal Biol Biotechnol. 

2017;4:12. 

39. Bartoszewska M, Opaliński Ł, Veenhuis M, van der Klei IJ. The significance of 

peroxisomes in secondary metabolite biosynthesis in filamentous fungi. Biotechnol 

Lett. 2011;33:1921-31. 

40. Maggio-Hall LA, Wilson RA, Keller NP. Fundamental contribution of β-oxidation 

to polyketide mycotoxin production in planta. Mol Plant-Microbe Interact. 2005;18:783-

93. 

41. Monosov EZ, Wenzel TJ, Luers GH, Heyman JA, Subramani S. Labeling of 

peroxisomes with green fluorescent protein in living P. pastoris cells. J Histochem 

Cytochem. 1996;44:581-9. 

42. Calvo AM, Wilson RA, Bok JW, Keller NP. Relationship between secondary 

metabolism and fungal development. Microbiol Mol Biol Rev. 2002;66:447-59. 

43. Chang PK, Yu JJ, Yu JH. aflT, a MFS transporter-encoding gene located in the 

aflatoxin gene cluster, does not have a significant role in aflatoxin secretion. Fungal 

Genet Biol. 2004;41:911-20. 

44. Gardiner DM, Jarvis RS, Howlett BJ. The ABC transporter gene in the 

sirodesmin biosynthetic gene cluster of Leptosphaeria maculans is not essential for 

sirodesmin production but facilitates self-protection. Fungal Genet Biol. 2005;42:257-

63. 

45. Menke J, Weber J, Broz K, Kistler HC. Cellular development associated with 

induced mycotoxin synthesis in the filamentous fungus Fusarium graminearum. PLOS 

ONE. 2013;8. 



 
 

252 

46. Chanda A, Roze LV, Kang S, Artymovich KA, Hicks GR, Raikhel NV, et al. A 

key role for vesicles in fungal secondary metabolism. Proc Natl Acad Sci USA. 

2009;106:19533-8. 

47. Boenisch MJ, Broz KL, Purvine SO, Chrisler WB, Nicora CD, Connolly LR, et 

al. Structural reorganization of the fungal endoplasmic reticulum upon induction of 

mycotoxin biosynthesis. Sci Rep. 2017;7:13. 

48. Song JX, Zhai PF, Zhang YW, Zhang CY, Sang H, Han GZ, et al. The 

Aspergillus fumigatus damage resistance protein family coordinately regulates 

ergosterol biosynthesis and azole susceptibility. mBio. 2016;7:e01919-15. 

49. Lai CY, Cronan JE. Isolation and characterization of β-ketoacyl-acyl carrier 

protein reductase (fabG) mutants of Escherichia coli and Salmonella enterica serovar 

typhimurium. J Bacteriol. 2004;186:1869-78. 

50. Pazmino DET, Dudek HM, Fraaije MW. Baeyer-Villiger monooxygenases: 

recent advances and future challenges. Curr Opin Chem Biol. 2010;14:138-44. 

51. Wen Y, Hatabayashi H, Arai H, Kitamoto HK, Yabe K. Function of the cypX and 

moxY genes in aflatoxin biosynthesis in Aspergillus parasiticus. Appl Environ 

Microbiol. 2005;71:3192-8. 

52. Südhof TC. Neuroligins and neurexins link synaptic function to cognitive 

disease. Nature. 2008;455:903-11. 

53. Di Jeso B, Arvan P. Thyroglobulin from molecular and cellular biology to clinical 

endocrinology. Endocr Rev. 2016;37:2-36. 

54. Antonian E. Recent advances in the purification, characterization and structure 

determination of lipases. Lipids. 1988;23:1101-6. 

55. Ichtchenko K, Hata Y, Nguyen T, Ullrich B, Missler M, Moomaw C, et al. 

Neuroligin-1: a splice site-specific ligand for β-neurexins. Cell. 1995;81:435-43. 



 
 

253 

56. Hu J, Li H, Chooi YH. Fungal dirigent protein controls the stereoselectivity of 

multicopper oxidase-catalyzed phenol coupling in viriditoxin biosynthesis. J Am Chem 

Soc. 2019;141:8068-72. 

57. Pitkin JW, Panaccione DG, Walton JD. A putative cyclic peptide efflux pump 

encoded by the TOXA gene of the plant-pathogenic fungus Cochliobolus carbonum. 

Microbiology. 1996;142:1557-65. 

58. Zerbino DR, Birney E. Velvet: algorithms for de novo short read assembly using 

de Bruijn graphs. Genome Res. 2008;18:821-9. 

59. Elliott CE, Howlett BJ. Overexpression of a 3-ketoacyl-CoA thiolase in 

Leptosphaeria maculans causes reduced pathogenicity on Brassica napus. Mol Plant-

Microbe Interact. 2006;19:588-96. 

60. Houbraken J, Varga J, Rico-Munoz E, Johnson S, Samson RA. Sexual 

reproduction as the cause of heat resistance in the food spoilage fungus 

Byssochlamys spectabilis (anamorph Paecilomyces variotii). Appl Environ Microbiol. 

2008;74:1613-9. 

  



 
 

254 

Table S1. Genome sequencing statistics for the assembly of Aspergillus viridinutans 
strain FRR 0576. The assembly and raw reads are available from GenBank under 
BioProject PRJNA513223. 
 

Number of contigs 285 

Median length (bp) 5,707 

Mean length (bp) 104,615 

Max length (bp) 1,359,167 

N50 length (bp) 425,947 

Number of contigs >N50 21 

Length sum (bp) 29,815,307 
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Table S2. Protein IDs and features of the Vdt cluster genes in Paecilomyces variotii 
strains CBS 101075 and CBS 144490. 
 
Protein Protein ID  

CBS 
101075 

Protein 
ID  
CBS 
144490 

Putative function  Similarity/query cover 
to homologs 
discussed in the main 
text 

VdtA 480069  260870 Polyketide 
synthase 

42/94% to PKS12 (F. 
graminearum; 
aurofusarin) 

VdtB 480050 260889 Laccase 53/86% to GIP1 (F. 
graminearum; 
aurofusarin) 

VdtC 488617 127223 O-
methyltransferase 

44/96% to AurJ (F. 
graminearum; 
aurofusarin) 

VdtD 510289 190631 Hydrolase-like N/A 
VdtE 480056 190779 Baeyer-Villiger 

monooxygenase 
26/87% to MoxY (A. 
parasiticus; aflatoxin) 

VdtF 480057 260883 Reductase 29/91% to FabG (E. 
coli) 

VdtG 488624 275282 Major facilitator 
superfamily 
transporter 

49/89% to AurT (F. 
graminearum; 
aurofusarin) 

VdtR 105452 288289 Transcription 
factor 

39/37% to AurR1 (F. 
graminearum; 
aurofusarin) 

VdtX 515060 190767 PKS-like  37/97% to Fum1 
(Fusarium 
verticillioides) 
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Table S12. Oligonucleotide primers designed in this study 
 
Name Sequence (5´ to 3´) Notes 
vdtB5’F AACAGCTATGACATGATTACGAATCGACGTTGTTTCTTGG Primers used to 

amplify 5´ flank of 
vdtB 

vdtB5’R GTGGGCAGAATTCGCTCCATGGCAGCAATGTCC 

vdtC5’F AACAGCTATGACATGATTACGTGCTTCTTTATACTGGGTC
G 

Primers used to 
amplify 5´ flank of 
vdtC vdtC5’R TTGAAGAGAATTCGAAGCACTGATTGCCTGTGC 

vdtD5’F AACAGCTATGACATGATTACGCCTTCTTCAAGTATCTTTCC Primers used to 
amplify 5´ flank of 
vdtD 

vdtD5’R ACATACGGAATTCTGGTAACGGAAGGAAAAGACC 

vdtE5’F AACAGCTATGACATGATTACGGGTTTGTAGGGATCGAATG
C 

Primers used to 
amplify 5´ flank of 
vdtE vdtE5’R CCGAAGGGAATTCCAACTCTGAAATACATCTCC 

vdtF5’F AACAGCTATGACATGATTACGCGTCAATCGAGTTGAAATG
G 

Primers used to 
amplify 5´ flank of vdtF 

vdtF5’R CAGTCGAGAATTCGTCTGTTCTGTTGTTGGTGC 
vdtG5’F AACAGCTATGACATGATTACGGGTCTGTTCTGTTGTTGGT

GC 
Primers used to 
amplify 5´ flank of 
vdtG vdtG5’R CCTCAGGGAATTCTGATCGAGCGCCAACCTACC 

vdtA5’F AACAGCTATGACATGATTACGTTCTTATATACTTATAATTC
G 

Primers used to 
amplify 5´ flank of 
vdtA vdtA5’R GAGAACGGGATCCATAAACGACGCAAGCTGG 

vdtR5’F AACAGCTATGACATGATTACGGCGTGCGTAGTAGCTGCTG
C 

Primers used to 
amplify 5´ flank of 
vdtR vdtR5’R AGATTGGAATTCTTGAGATAGGGTTTGACTGG 

vdtB3’F ATGGAGCGAATTCTGCCCACGGAGACGATATGC Primers used to 
amplify 3´ flank of 
vdtB  

vdtB3’R GTAAAACGACGGCCAGTGCCAGGGCACACAAAGAATCTA
GG 

vdtC3’F GTGCTTCGAATTCTCTTCAAGTATCTTTCCAGC Primers used to 
amplify 3´ flank of 
vdtC  

vdtC3’R GTAAAACGACGGCCAGTGCCAGGTAACGGAAGGAAAAGA
CC 

vdtD3’F GTTACCAGAATTCCGTATGTCTTTAATGAGTTGG Primers used to 
amplify 3´ flank of 
vdtD 

vdtD3’R GTAAAACGACGGCCAGTGCCAATAATAATGTATCCGCTAG
G 

vdtE3’F AGAGTTGGAATTCCCTTCGGAGGAAAACGTACC Primers used to 
amplify 3´ flank of 
vdtE 

vdtE3’R GTAAAACGACGGCCAGTGCCAATGCTAATATTCTGCCCTG
C 

vdtF3’F AACAGACGAATTCTCGACTGCCTGCTTCACTGG Primers used to 
amplify 3´ flank of vdtF vdtF3’R GTAAAACGACGGCCAGTGCCAGGCTTCGACACAAACACT

GG 
vdtG3’F TCGATCAGAATTCCCTGAGGGGAGGAAACAAGG Primers used to 

amplify 3´ flank of 
vdtG 

vdtG3’R GTAAAACGACGGCCAGTGCCAGCCCAGCCCATTACTGCA
GC 

vdtA3’F CGTTTATGGATCCCGTTCTCATTCGGTACAGC  Primers used to 
amplify 3´ flank of 
vdtA 

vdtA3’R GTAAAACGACGGCCAGTGCCAAAAAGGGGTGGATAATAA
GC 

vdtR3’F TATCTCAAGAATTCCAATCTGCCCTCGAGTACG Primers used to 
amplify 3´ flank of 
vdtR 

vdtR3’R GTAAAACGACGGCCAGTGCCAGTGCATTTCTTATACTCAA
GG 

vdtBHYGF GGACATTGCTGCCATGGAGCGCTGGGATTGCCCCTCGAT
GC 

Primers used to 
amplify HYG cassette 
for introduction into 
the vdtB construct 

vdtBHYGR GCATATCGTCTCCGTGGGCAGCCTACTGAACGTTATGAC 

vdtCHYGF CACAGGCAATCAGTGCTTCGCTGGGATTGCCCCTCGATG
C 

Primers used to 
amplify HYG cassette 

vdtCHYGR CTGGAAAGATACTTGAAGAGCCTACTGAACGTTATGAC 
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for introduction into 
the vdtC construct 

vdtDHYGF TCTTTTCCTTCCGTTACCAGCTGGGATTGCCCCTCGATGC Primers used to 
amplify HYG cassette 
for introduction into 
the vdtD construct 

vdtDHYGR AACTCATTAAAGACATACGGCCTACTGAACGTTATGAC 

vdtEHYGF GAGATGTATTTCAGAGTTGGCTGGGATTGCCCCTCGATGC Primers used to 
amplify HYG cassette 
for introduction into 
the vdtE construct 

vdtEHYGR GTACGTTTTCCTCCGAAGGGCCTACTGAACGTTATGAC 

vdtFHYGF CACCAACAACAGAACAGACGCTGGGATTGCCCCTCGATG
C 

Primers used to 
amplify HYG cassette 
for introduction into 
the vdtF construct 

vdtFHYGR CAGTGAAGCAGGCAGTCGAGCCTACTGAACGTTATGAC 

vdtGHYGF GTAGGTTGGCGCTCGATCAGCTGGGATTGCCCCTCGATG
C 

Primers used to 
amplify HYG cassette 
for introduction into 
the vdtG construct 

vdtGHYGR CTTGTTTCCTCCCCTCAGGGCCTACTGAACGTTATGAC 

vdtAHYGF CCAGCTTGCGTCGTTTATGCTGGGATTGCCCCTCGATGC Primers used to 
amplify HYG cassette 
for introduction into 
the vdtA construct 

vdtAHYGR GCTGTACCGAATGAGAACGGCCTACTGAACGTTATGAC 

vdtRHYGF CCAGTCAAACCCTATCTCAAGCTGGGATTGCCCCTCGATG
C 

Primers used to 
amplify HYG cassette 
for introduction into 
the vdtR construct 

vdtRHYGR CGTACTCGAGGGCAGATTGCCTACTGAACGTTATGAC 

 AP124 AGTCGGCTGTTTGCATCTGC  488617ScF 
 AP125 GATCTGGGTCATAAACATCG 488617ScR 
 AP126 GAGGAGCAAGACAGAGACGG  510289scF 
 AP127 CTTGCATACTTGCCATTTTGG 510289scR 
 AP128 ATCATTGGGGAGATGGGAGG  480056ScF 
 AP129 GGTTATGTGTCGAATAAGCC 480056ScR 
 AP130 TGCCGTACCAACCGATATCG  480057scF 
 AP131 ATGTGATCATTCTAGCGACC 480057scR 
 AP132 CGGTTAATGCTTTTCCATCC  488624scF 
 AP133 TTTCTCTGATAGGACGATCC 488624scR 
 AP134 AATTGAGAGATTAGATAGCG  480069scF 
 AP135 GCAGATGGAGGAGCCATAGC 480069scR 
 AP136 TGGATGTCTTCCGGGTTGCG  105452_ScF 
 AP137 TTATTATGTGACACGTCTCG 105452_ScR 
 AP138 CAGCTTGATTTCCTCTGCC  480050ScF 
 AP139 TATAGGGGGGACCTTCAACC  480050ScR 
qPCR primers 
Name Sequence (5´ to 3´) Notes  
vdtBqPCRF CTATCACAGACAAAGGGTGC  qPCR primers for 

vdtB vdtBqPCRR AGGGAACACAGCCTTCCTGG 
vdtCqPCRF GCGATCGTGGTTGATGTTGG qPCR primers for vdtC 

 vdtCqPCRR TCACCATGGGCAGGTCTTGC 
vdtDqPCRF ACGGGTTCCGCGCATTTATGC qPCR primers for vdtD 

 vdtDqPCRR AGGATAGATATATTGGCTGG 
vdtEqPCRF GAGCCGTTGAATTGGTTTGG qPCR primers for vdtE 
vdtEqPCRR AAGACCGAAGAGAATATTCC 
vdtFqPCRF CATCTACGGTGCGAGTAAGG qPCR primers for vdtF 
vdtFqPCRR ATGTCGGTGTTGAAATATCC 
vdtGqPCRF AGGATGCGGAATGAGCATGC qPCR primers for vdtG 
vdtGqPCRR AAGAAGATGAGCGAGATACC 
vdtX1qPCRF AGAGAGTAAACGTCTGTTGG qPCR primers for vdtX 

 vdtXqPCRR GCATTGTCGGATATCCGTCG 
vdtAqPCRF AGCGACGGACAGATTTCTCG qPCR primers for vdtA 

 vdtAqPCRR TATAGGGTTCCTCCTGCAGC 
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β-tubulinqPCRF GGGCGAGGAGGAGTACAACG qPCR primers for β-
tubulin β-tubulinqPCRR AATGGGGTATTACTGAGAGC 

ID423248qPCR
F 

AGAGGATGGATTCAGAGAGC qPCR primers for 
protein ID423248 

ID423248qPCR
R 

GCAACGCGCGACGTTCTTCC 

 AP169 TAAGGGCGATGATGTATTGG qPCR primers for 
protein ID510298  AP170 GTCAGTAGGCGTCGATCTGC 

 AP171 CCTGTGCTTTCTATAATGACC qPCR primers for 
protein ID480071  AP172 CGTGATTCTGAAGGAGTGC 

Fluorescent tagging primers 
Name Sequence (5´ to 3´) 
24GFP5F AACAGCTATGACATGATTACGTATTCTGCTCTTCTTGAACC 
24GFP5R GCTCCTCGCCCTTGCTCACTACCTTGTTTCCTCCCCTCAGG 
24GFPGFPF GTGAGCAAGGGCGAGGAGC 
24GFPGFPR TAAAACGACGGCCAGTGCCAGAATTCGGTTGTTGGTGCTGGTGG 
24GFPHYGF CACCAGCACCAACAACCGCTGGGATTGCCCCTCGATGC 
24GFPHYGR GCTTACTATACATGCATATTTCCTACTGAACGTTATGAC 
24GFP3F AAATATGCATGTATAGTAAGC 
24GFP3R AAAACGACGGCCAGTGCCAGGCCCAGCCCATTACTGCAGC 
69GFP5F AACAGCTATGACATGATTACGAACAAGACGGCGACAAATCC 
69GFP5R TCTAGCCGGATCCTAACTGCAAAACTCGAGAC 
69GFP3F GCAGTTAGGATCCGGCTAGAGGAGCAGAGGTTGG 
69GFP3R GTAAAACGACGGCCAGTGCCAGCAGATGGAGGAGCCATAGC 
69GFPHYGF GTCTCGAGTTTTGCAGTTAGTGAGCAAGGGCGAGGAGCTG 
69GFPHYGR AACCTCTGCTCCTCTAGCCGCCTACTGAACGTTATGAC 
Erg11F TCGAAACCTAATCAATCAACATGGGGTTGCTCTCCGCTGTGC 
Erg11R GCTCACCATTGCTTTTTCGGACAGTTGACG 
McherryErg11F CCGAAAAAGCAATGGTGAGCAAGGGCGAGG 
McherryErg11R TGCTCATAGTCACATCCCTCACTTGTACAGCTCGTCCATGC 
AP57 TCGAAACCTAATCAATCAACATGGTGAGCAAGGGCGAGG 
AP58 TGCTCATAGTCACATCCCTCAAAGCTTAGACTTGTACAGCTCGTCCATGC 
Primers used for RIP mutation of vdtX 
Oligo 
nucleotide 

Sequence Notes 

RIPF1 CCTCTGCAGGTCGACTCTAGACGATGCTAGATCACAAGTC
C 

Amplification and 
cloning of 2258 bp of 
vdtX RIPR2 GGCCAATTCTTAATTAAGATATCGGCGAGAAATGATGTTTT

CC 
RIPseqF AATTTCCAACGATGCTCAGC Amplification and 

sequencing of the 
native vdtX allele in 
the region targeted for 
RIP 

RIPseqR TTGGAACGAATCAGACAAGG 
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Figure S2. Mutation in vdtX via repeat induced point mutation. The top DNA and 
predicted amino acid sequences are from wild type and the bottom are from the RIP 
mutant. 
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Abstract 

Pilaira australis, a new species of fungus in the coprophilous genus Pilaira, was 

isolated from emu (Dromaius novaehollandiae) faeces and is described. 

Morphologically, the species resembles other species in the genus, particularly P. 

moreaui, except differs in its unique combination of sporangiophore height and 

sporangiospore length. Molecular phylogenetic analysis indicates that P. australis is 

distinct from other species in the genus with two regions, the internal transcribed 

spacers (ITS) and a fragment of the pyrG gene, showing 91% and 90% identity to the 

nearest species, respectively. Ultrastructure features and carbon utilisation were 

determined for P. australis, and may provide characteristics for species identification 

in this genus. 

 

Key words: Morphology, molecular phylogeny, carbohydrate assimilation, 

Mucoromycotina. 
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Introduction 

 

Australia is renowned for its biological diversity with its unique flora and fauna, yet less 

attention has been applied to the microbial diversity that underlies the ability of 

Australia’s plants and animals to live (Bissett et al. 2016). For instance, although many 

fungi are macroscopic, descriptions of fungal species and understanding of 

phylogenetic relationships between fungal taxa lags behind other organisms 

(Blackwell 2011). In this study, we describe a new species of macroscopic fungus, the 

first new species in the Mucoromycotina reported in Australia in over three decades. 

 

Pilaira is a small genus of coprophilous fungi in the order Mucorales (Mucoromycotina, 

Mucoromycota; Spatafora et al. 2016). The classification of the genus at the family 

level has not yet been resolved, as molecular evidence supports its removal from the 

family Pilobolaceae in which it has been previously placed (Foos et al. 2011, Hoffmann 

et al. 2013). The genus consists of six species that correspond to living material that 

are available for study. Liu et al. (2012) conducted a phylogenetic analysis of all 

available strains of the genus based on comparing the DNA sequences of the 

ribosomal internal transcribed spacers (ITS) and part of the pyrG gene. This analysis 

resolved most of the currently accepted species; however, the relationships between 

the species are not clear because there is a lack of concordance between the ITS 

phylogeny, pyrG phylogeny and morphological features. 

 

Pilaira anomala is the most commonly reported Pilaira species globally, has been 

reported previously to be present in Australia (Nagy & Harrower 1979), although that 

identification to the species rank was based solely upon morphological characteristics. 
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Such identifications are problematic given the morphological similarities between the 

species within this genus (Zheng & Liu 2009). As such, the diversity and origins of 

Pilaira in Australia are open questions. Given Australia’s relative isolation, unique 

ecosystems and the lack of investigation into this genus locally it is possible that there 

are undescribed Australian species of Pilaira. In this study we isolated a strain of 

Pilaira that was found growing on emu (Dromaius novaehollandiae) faeces, and 

describe it as a new species. 

 

Materials and Methods 

 

Material examined and details of isolation—Material examined consisted of a 

single isolate of Pilaira grown in culture that was isolated from emu (Dromaius 

novaehollandiae) faeces on which the fungus was visibly growing. The sample was 

taken in Tower Hill Wildlife Reserve in western Victoria, Australia (38°19'03.2"S, 

142°21'46.3"E) in June 2016, under research permit number 10007429 issued by the 

Department of Environment, Land, Water and Planning. Sporangia from the tips of 

sporangiophores were isolated onto potato dextrose agar (PDA) supplemented with 

chloramphenicol to inhibit bacterial growth. Culturing was on PDA under standard 

laboratory conditions in ambient light. These culture conditions were found to support 

luxuriant growth and sporulation. 

 

DNA extraction, PCR amplification and DNA sequencing—DNA was extracted 

using a CTAB buffer following the method of Pitkin et al. (1996) from freeze-dried 

mycelium. Two regions of the genome were amplified in separate PCR reactions, the 

ITS region and a fragment of the pyrG gene which includes an intron, using ExTaq 
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polymerase (Takara, Japan) following the standard protocol recommended by the 

manufacturer. Primers used were ITS1 and ITS4 for the ITS region (White et al. 1990), 

and RpyrGF and RpyrGR for pyrG (Liu et al. 2012). PCR products were sequenced 

using Sanger chemistry at the Australian Genome Research Facility. These 

sequences were submitted to GenBank (accessions KY091889 and KY091890). 

 

Phylogenetic analysis—Phylogenetic analyses of the ITS and pyrG datasets was 

conducted using MEGA7 (Kumar et al. 2016). Sequences used were those generated 

by Liu et al (2012) and the corresponding sequences from P. australis. Sequences 

were aligned using MUSCLE (Edgar et al. 2004). Evolutionary history was inferred 

using two different analysis: (1) a maximum likelihood method based on the Tamura 

3-parameter model (Tamura 1992), which was selected using the model finding 

feature in MEGA, and (2) maximum parsimony analysis was conducted using the 

Subtree-Pruning-Regrafting (SPR) search method. In both cases 1000 bootstrap 

replicates were conducted to assess branch support values. 

 

Growth assays—Growth rates of the isolate were determined by placing a small 

number of sporangiospores onto the centre of PDA plates. A cross was drawn on the 

bottom of the plate and growth along each of the four lines was measured after five 

days. Experiments were conducted in triplicate, and then the results were averaged. 

 

Carbohydrate assimilation—API 50 CH test strips (bioMérieux, France) were 

employed to define the carbon assimilation profile of this species. The method was 

adapted from that used on medically-relevant species in the Mucorales by Schwarz et 

al. (2007). A solution of approximately 105 spores per ml was prepared in liquid yeast 
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nitrogen base without amino acids (YNB; BD Difco, USA) and 250 l of this solution 

was pipetted into each of the 50 wells of the API test strips and incubated at 28°C for 

3 days. The experiment was repeated twice. Any visible growth was scored as a 

positive ability to use that as a sole carbon source. 

 

Microscopy—A Leica DM 6000B compound microscope was used to image asexual 

spores using differential interference contrast (DIC) microscopy. A Leica M205A 

dissecting microscope was used for examination of morphological features including 

features of the sporangium. Leica LAS X software was used both to capture images 

and to makes measurements of the spores. A total of 100 spores were measured. 

 

Electron microscopy used a Philips XL30 scanning electron microscope to examine 

sporangia and sporangiospores that had first been sputter coated with tungsten and 

gold using a Xenosput apparatus (Dynavac Engineering, USA).  
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Results 

 

Isolation of a Mucoralean species growing on emu faeces 

 

Emu faeces covered by a filamentous fungus were observed. Sporangiospores taken 

from the tips of sporangiophores emanating from this material germinated on PDA and 

the resulting colonies were morphologically similar to the material that had been 

observed growing on the emu faeces in situ. Because all the material in culture 

appeared to be morphologically similar and no evidence of sexual reproduction was 

observed during strain isolation, an isolate derived from a single sporangiospore was 

studied further.  

 

Phylogenetic analysis 

 

The ITS and pyrG regions were amplified from genomic DNA and sequenced. 

Comparison to the GenBank database using BLASTn revealed similarities to species 

in the genus Pilaira. However, there was a clear divergence in sequence similarity to 

the other Pilaira species: compared to the nearest species the 663 nucleotides for the 

ITS and 5.8S regions had only 91% identity and the 410 nucleotides of the pyrG region 

had only 90% identity. Phylogenetic comparisons based on both maximum likelihood 

and maximum parsimony showed the same species rank groupings. Given that the 

topologies of the trees generated by both methods were similar, only the results of the 

maximum likelihood analysis are illustrated (Figure 1).  
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FIGURE 1. Comparison of DNA sequences at two genetic loci supports P. australis 
as a distinct species with the Pilaira genus.  (A) Phylogeny using the ITS by maximum 
likelihood based on the Tamura 3-parameter model. The tree with the highest log 
likelihood is shown (-2476.0688). (B) Phylogeny using the pyrG gene fragment by 
maximum likelihood method based on the Tamura 3-parameter model. The tree with 
the highest log likelihood is shown (-1674.0526). In both (A) and (B) the trees are 
drawn to scale, with branch lengths measured in the number of substitutions per site.  
The bootstraps values provided were generated with 1000 replicates. 
 

 

 



 
 

268 

 

FIGURE 2. Morphological features of P. australis. Colonies growing on potato 
dextrose agar, becoming yellow in colour and emanating white sporangiophores that 
exhibit positive phototropism that collapse once several centimetres tall (A). The 
columella is visible at the base of the developing sporangium (B). Eventually the lower 
surface of the columella collapses inwards (C) to form a mature sporangium (D, F, G, 
H). Spores are elongated in shape (E, H, I). The outer surface of the sporangium is 
covered with small spikes (G and H). The spores lack surface ornamentation (H and 
I). B to D dissecting microscope, E DIC image from a compound microscope, F to I 

SEM images. Scales bares represent 300 m B to D, 50 m E, 100 m F, 10 m G, 

20 m H and 5 m I.  

 

Taxonomic treatment 

Pilaira australis Urquhart, Coulon & Idnurm, sp. nov. (Figure 2) 
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MycoBank number: 820454 

Holotype: MEL 2408410 (National Herbarium of Victoria, Melbourne, Australia) 

 

COLONIES with radial growth rates on PDA of 28.8 mm after 5 days at 22°C and 29.5 

mm at 28°C, no germination at 37°C, light-yellow. SPORANGIOPHORES 

unbranched, collapsing once reaching a height of 3 to 4 cm, length to 6 cm (typically 

~4 cm) in an inverted culture after 5 days on PDA, equal in width throughout except 

for slight constriction at the point of attachment to the columellae in some instances, 

terminating in a sporangium, desiccated and twisted at sporangium maturity. 

SPORANGIA oblate hemispheroid, developing sporangia initially yellow then dark 

brown to almost black at maturity, outer surface covered in spikes. COLUMELLAE 

initially visible at the base of the sporangium but in mature sporangium the convex 

lower surface of the sporangium collapses inwards to form a concave circular 

depression with point of attachment to the sporangiophore in the centre. 

SPORANGIOSPORES elongated, average length 9.69 m (90% of spores between 

7.5 m and 12.0 m) average width 5.27 m (90% of spores between 3.7 m and 6.6 

m), not ornamented.   

Etymology: australis. Referring to the isolation of a species of Pilaira from the 

southern hemisphere. 

Habitat: Emu faeces 

Distribution: Western Victoria, Australia 

Carbon utilisation: Capable of assimilation of sole carbon sources L-

arabinose (+/–), D-galactose, D-glucose, D-fructose, D-mannose, N-acetyl-

glucosamine, amygdalin, arbutin, esculin, salicin, D-cellobiose, D-maltose, D-

melibiose, D-melezitose (+/–), D-raffinose (+/–), amidon, glycogen, gentiobiose. Did 
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not utilised as a sole carbon source glycerol, erythritol, D-arabinose, D-ribose, L- 

xylose, D-adonitol, methyl β-D-xylopyranoside, L-sorbose, L-rhamnose, dulcitol, 

inositol, D-mannitol, D-sorbitol, methyl α-D-mannopyranoside, D-lactose, D-

saccharose, D-trehalose, inulin, xylitol, D-turanose, D-lyxose, D-tagatose, D-fucose, 

L-fucose, D-arabitol, potassium gluconate, potassium 2-keto-gluconate, potassium 5-

keto-gluconate. 

 Ex-type cultures: Deposited at the Westerdijk Fungal Biodiversity Institute, 

Royal Netherlands Academy of Arts and Sciences, Netherlands (CBS 142444); 

Agricultural Research Service Culture Collection of the United States Department of 

Agriculture, USA (NRRL 66625); and Jena Microbial Resource Collection, Hans Kröll 

Institute, Germany (JMRC:SF:12470). 

 

Discussion 

The morphology, nucleotide sequence distance and phylogenetic analyses of a strain 

isolated from emu faeces indicates that it is a previously undescribed member of the 

genus Pilaira, described here as P. australis. As with other species in the genus the 

relationship of P. australis with other Pilaira species is not clearly resolved. In part, as 

noticed by Liu et al. (2012), the trees produced from these two regions are not 

congruent. 

 

The topologies of the maximum likelihood ITS and pyrG trees (Figure 1), ignoring the 

addition of P. australis, are the same as the trees obtained by Liu et al. (2012). The 

ITS and pyrG trees show the same five monophyletic species, as P. moreaui (including 

P. subangularis), P. cesatii, P. anomala, the phylospecies P. praeampla identified by 

Liu et al. (2012) and the new species P. australis. Interestingly, the two P. cesatii 



 
 

271 

isolates again grouped separately from P. anomala, so it appears that the 

synonymisation of P. cesatii and P. anomala (Zheng & Liu 2009) could be reversed 

and P. cesatii treated as a separate species. 

 

The topologies of the pyrG and ITS trees differ. This is consistent with the findings of 

Liu et al. (2012) and underscores the fact that sequence information for additional loci 

will have to be generated to elucidate a clearer evolutionary history of the species in 

this genus. The elongated sporangiospores of P. australis (Figure 2E, H, I) resemble 

those of P. moreaui (Zheng & Liu 2009), which is the only other species of Pilaira with 

elongated spores. This morphological similarity is in agreement with the weakly 

supported clade on the pyrG tree consisting of the species P. moreaui and P. australis. 

Importantly, in neither the ITS nor the pyrG tree does the inclusion of P. australis as a 

new species affect the monophyly of the other species. Furthermore, P. australis 

cannot be combined into any of the seven monophyletic species without the new 

combined species becoming paraphyletic on either one or both of the trees. P. 

australis showed a relatively low level of sequence similarity to the recognised species 

and this along with the phylogenetic analysis, coupled to the geographical isolation of 

the species, supports the decision that P. australis represents a new species. 

 

Zheng & Liu (2009) describe two morphological varieties of P. moreaui: var. caucasica 

possessing smaller sporangiospores (10 to 14 m long) with short sporangiophores 

(10 to 20 mm) and var. moreaui possessing longer sporangiospores (18 to 20 m) and 

longer sporangiophores (100 to 120 mm). The combination of intermediate length 

sporangiophores (~40 mm) and small elongated spores (7.47 to 12 m long) is unique 

to P. australis and may allow it to be distinguished from other members of the genus. 
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Fletcher (1973) described the stages of development during asexual sporulation in 

three species of Pilaira: P. anomala, P. causcasica and P. moreaui and found no 

difference in the external appearance between the three. In all cases the sporangia 

dehisced and detached from the columellae. The inward collapse of the lower surface 

of the columellae described here (Figure 2C and D) has not yet been reported for other 

Pilaira species. As such, this represents a potentially unique characteristic of this 

species. Further, more detailed study, with the benefit of higher resolution microscopy, 

of other species in the genus is required to confirm that this trait is not seen more 

widely. 

 

We observed differences between the ontogeny of the sporangiophores and what has 

previously been described in other species and a unique combination of sporangial 

height and spore size. However, simple morphological observation is not sufficient for 

the identification of the Pilaira species. For example, the analysis of Liu et al. (2012) 

identified a phylospecies consisting of P. preampla strain Pi-5 and P. anomola strains 

NRRL A7646 and NRRL A9789. However, the latter two strains were previously 

identified as P. anomala and do not resemble P. preampla. As such, other tools will 

need to be developed which can be used to discriminate between species if 

sequencing of DNA fragments were not available. While the development of such tools 

is beyond the scope of this study, one potential approach might be discrimination 

based on carbon assimilation. Such an approach has already been shown to be useful 

for a species level identification in Mucorales taxa (Schwarz et al. 2007). It is for this 

reason that we chose to analyse the carbon assimilation profile of P. australis in this 
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study. The profile obtained for this isolate was different from the 15 species analysed 

by Schwarz et al. 2007. 

 

A second tool that might be used for clearer species level identification is scanning 

electron microscopy. The sporangiospores or sporangiophores of the Mucoromycotina 

can in cases be ornamented. For example, ornamentation has previously been shown 

to be a useful characteristic to differentiate species in the Rhizopus genus (Ellis 1981, 

Schipper & Stalpers 1984, Liou et al. 1991, Jennessen et al. 2008) or to unite genera 

within the Choanephoraceae family (Voigt & Olsson, 2008). The spores of P. australis 

are free of ornamentation (Fig 2H and I) however the outer-wall of the sporangiophore 

was covered in ‘spikes’ (Fig 2G and H). The presence and morphology of the spikes 

might vary between the species of this genus and provide a useful means of 

identification. 

 

Another feature, which is sometimes informative, could be the appearance of the 

sexual zygospores (Weitzman et al. 1995). However, during the isolation of this strain, 

there was no evidence for the formation of mating structures on plates, and we 

hypothesise that P. australis is likely heterothallic. To date only P. anomala has been 

reported to produce the sexual zygospores, in a heterothallic system requiring two 

mating types (Zheng & Liu 2009).  

 

Ideally, a set of strains of P. australis could be investigated to explore the range in 

morphological parameters for this species. A second limitation of this study is that all 

living material available in the genus would preferably be compared simultaneously 

such that direct comparisons could be made. 
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Australian fungal diversity is under-described (May 2001), and the genus Pilaira is just 

one example whereby it seems likely that further investigation into the Mucorales order 

would discover additional new species. More specifically, additional environmental 

surveys to isolate more Pilaira spp. will allow the distribution and ecological niche(s) 

of Pilaira species to be defined. Coprophilic species such as P. australis are likely to 

be of critical importance to the cycling of nutrients on a continent that often features 

nutrient-limited ecosystems.  
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Abstract 

 

A new species is described in the Mucorales family Syncephalastraceae: 

Syncephalastrum contaminatum, isolated as an in vitro culture from a laboratory 

contaminant. The species has variable copies of the internal transcribed spacer (ITS) 

regions, requiring cloning of these regions prior to Sanger sequencing. The genome 

of the strain was sequenced using short paired-reads to yield a draft genome of 28.6 

Mb. S. contaminatum is distinguished by diverse DNA sequences at several loci from 

the other three species of Syncephalastrum, including only 81% sequence identity with 

its ITS region to that of S. racemosum. Its merosporangium produces four or more 

asexual spores and the genome sequencing information suggests that the species is 

heterothallic. The identification of this species highlights the limited knowledge about 

the early lineages of fungi both in Australia and globally. 

 

Keywords: Mating type; Merosporangium; Mucoromycota; Syncephalastrum 

verruculosum; Zygomycete  
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Although there may be many million fungal species and many are being described on 

a regular basis (Hawksworth and Lücking, 2017), few species outside of the 

Ascomycota and Basidiomycota phyla are described each year. For example, in an 

estimate from the Royal Botanic Gardens Kew just 24 non-Dikarya species were 

described in 2017 (Willis ed., 2018). There are a number of reasons for this 

discrepancy that are not necessarily a reflection of species paucity. One is the limit in 

resources available to identify and then describe this biodiversity. A second challenge 

is that the internal transcribed spacer (ITS) regions associated with the ribosomal RNA 

genes, which are used extensively as a phylogenetic marker (Schoch et al., 2012), 

can be variable in the non-Dikarya lineages thereby hampering rapid identification. 

 

In this study we identify a new Mucorales species in the genus Syncephalastrum 

(Syncephalastraceae). Syncephalastrum is easy to recognize because of its 

distinctive merosporangium that produces the asexual spores. A number of 

Syncephalastrum species have been described; however, there is considerable 

intraspecific variation in morphology between strains and hence those preparing 

monographs on the genus have consistently place these strains into S. racemosum 

(Benjamin, 1959; Schipper and Stalpers, 1983). A second species that produces a 

merosporangium containing a single spore, S. monosporum, is also recognised 

(Zheng et al., 1988). 

 

1. Growth and morphological characteristics 

 

While aiming to culture a species in the Cordycipitaceae family, a contaminating 

Mucorales strain, as initially determined by its rapid growth of coenocytic hyphae, was 
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isolated in culture on potato dextrose agar (Fig. 1). The strain (named UoMD18-1) 

produced the striking asexual sporulation structure, termed the merosporangium, that 

is characteristic of species of the genus Syncephalastrum. 

 

 

Fig. 1. Morphological properties of Syncephalastrum contaminatum cultured on potato 
dextrose agar. Light microscopy images of (A) sporangiospores and (B) terminal 
enlargement born on short lateral branch from the main sporangiophore. (C) Scanning 
electron micrograph showing attachment of the merosporangia to the terminal 
enlargement of the sporangiosphore, which is deflated as a result of sample 
preparation. (D) Obverse and (E) reverse of colony growing on a 9 cm diameter PDA 
plate.  
 

2. DNA extraction, PCR, cloning, DNA sequencing, and whole genome 

sequencing 

 

Genomic DNA was extracted from freeze-dried mycelium of strain UoMD18-1 (Pitkin 

et al., 1996). The internal transcribed spacer (ITS) region was amplified. Direct PCR 

and sequencing of the ITS region did not produce a clean chromatogram, indicating a 

mix of amplicons. The ITS amplicon was therefore cloned into the pCR2.1-TOPO 

plasmid (Invitrogen), multiple plasmids were purified, and the inserts sequenced using 
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Sanger chemistry. Comparison of the sequences revealed three different versions of 

ITS (submitted to GenBank as accessions MK799840-MK799842).  

 

The genome of strain UoMD18-1 was sequenced using Illumina short (125 

nucleotides) paired-reads on a HiSeq2500 at the Australian Genome Research 

Facility. Just over 8 million pairs were sequenced. The reads were assembled in 

Geneious (Kearse et al., 2012) using Velvet (Zerbino and Birney, 2008) with a k-mer 

of 75, selected after a Velvet optimization analysis, and a cut off minimum contig length 

of 1 kb. 373 contigs were produced, for a total size of 26.8 Mbp. The original reads 

were remapped onto this assembly, with 92% of the total aligning. The raw sequences 

and assembly are available from GenBank under BioProject PRJNA541789.  The 

genome sequence was searched by BLAST for homologs used to construct 

phylogenetic trees. 

 

3. Phylogenetic analyses 

 

The morphological identification of strain UoMD18-1 as Syncephalastrum was 

supported by a multi-gene phylogeny including Mucorales species for which full 

genome sequences are available from MycoCosm (Ma et al., 2009; Wang et al., 2013; 

Grigoriev et al., 2014; Schwartze et al., 2014; Chibucos et al., 2016; Corrochano et 

al., 2016; Lastovetsky et al., 2016; Mondo et al., 2017a; Mondo et al., 2017b; Uehling 

et al., 2017).  Eight regions (Protein IDs in the S. racemosum genome: 530022, 

521890, 563448, 493224, 496917, 483206, 483391, 440562) were aligned and 

phylogenies based on Bayesian inference were generated using MrBayes 

(Huelsenbeck and Ronquist, 2001).  The phylogeny (Fig. 2) placed the new strain as 



 
 

284 

sister to Syncephalastrum racemosum strain NRRL 2496, which was previously 

sequenced (Mondo et al., 2017a).  

 

 

Fig. 2. Eight-gene phylogeny of species in the Mucorales places strain UoMD18-1 
within the genus Syncephalastrum. Families indicated are based on previous work 
(Hoffmann et al., 2013), with Mortierella elongata used as the outgroup. 
 

Given the opinion that the variability in growth and spore numbers for S. racemosum 

render traditional morphological traits uninformative (Benjamin, 1959), we investigated 

DNA sequence differences between S. contaminatum and previously described 
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species to determine if S. contaminatum was indeed a new species. The ITS and large 

subunit (LSU) matches to the nearest described Syncephalastrum species assessed 

by BLAST were 76% and 97%, respectively, which is a greater level of divergence 

than expected due to intraspecific variability (Vu et al., 2019). Furthermore, the actin 

regions showed only 92% and 98% similarity to the closest Syncephalastrum 

deposited in GenBank. An ITS sequence deposited in GenBank (MG751268.1) from 

an undescribed Syncephalastrum from Brazil shows high similarity to S. contaminatum 

(93%), and might represent a second isolate of this species. 

 

Examination of the ITS phylogeny (Fig. 3) supports the separation of Syncephalastrum 

verruculosum (Misra, 1975) from the other described species of Syncephalastrum, 

despite Schipper and Staplers (1983) considering it to be a synonym of S. racemosum. 

As such, we suggest that the genus Syncephalastrum should now be considered to 

include four species: Syncephalastrum racemosum Cohn, Syncephalastrum 

monosporum R.Y. Zheng, G.Q. Chen & F.M. Hu, Syncephalastrum verruculosum P.C. 

Misra and Syncephalastrum contaminatum sp nov. However, there is likely greater 

undescribed species diversity in the genus Syncephalastrum already represented in 

culture collections owing to the historical difficulty associated with morphological 

species delimitation in this species. For example, FSU 6155 is clearly separated on 

our tree and has been noted as a possible cryptic species previously (Hoffmann et al., 

2008). The strains currently assigned to S. racemosum do not form a monophyletic 

lineage and therefore likely represent additional species: as such additional DNA 

markers should be explored to resolve potential cryptic species within the strains 

currently assigned to S. racemosum. 
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Fig. 3. Phylogeny of the ITS region supports the separation of Syncephalastrum 
contaminatum from the other described Syncephalastrum species. Sequences other 
than from S. contaminatum were obtained from GenBank (Hoffmann et al., 2008; 
Vitale et al., 2012; Walther et al., 2013; Vu et al., 2019). Absidia idahoensis and 
Zychaea mexicana are used as outgroups. 
 

The previously sequenced Syncephalastrum isolate S. racemosum strain NRRL 2496 

is mating type (+). Examining the genome sequence of strain NRRL 2496 revealed a 

candidate sex locus.  Comparison of this region to S. contaminatum strain UoMD18-1 

reveals a similar region, differing in the HMG-domain protein, and therefore the 

prediction is that UoMD18-1 would be mating type (–). Using this information, it is 

possible to predict the mating type (sex) locus region of the two strains (Fig. 4). The 

species is presumably heterothallic given the structure of the sex locus; furthermore, 

no zygospores developed during culturing. 

 

Given that S. contaminatum was isolated as a laboratory contaminant, its geographical 

origin and ecological preferences are unclear. As we have noted previously (Urquhart 
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et al., 2017), there is considerable potential to explore fungal diversity in Australia due 

to its history of geographical separation. 

 

 

Fig. 4. Comparison of the sex loci of S. contaminatum strain UoMD18-1 (–) and S. 
racemosum strain NRRL 2496 (+).  Each strain contains either the gene encoding the 
SexM or SexP HMG-domain protein, flanked by conserved genes (smcA and rnhA).  
There is sufficient similarity in sequence to provide a prediction about the maximum 
size of the idiomorphic region in each strain. Dashes indicate 500 bp. 
 

4. Taxonomy 

 

Syncephalastrum contaminatum Urquhart A.S. & A. Idnurm, sp. nov. (Fig. 1). 

MycoBank number: MB830627 

 

Holotype: A dried specimen preserved on Whatman® filter paper comprising of 

mycelia, sporangia and sporangiospores from an axenic in vitro culture on potato 

dextrose agar, deposited in the National Herbarium of Victoria, Melbourne, Australia 

(MEL 2447220). 

 

Ex-type strains: UoMD18-1; deposited to culture collections as CBS 146107; 

JMRC:SF:013913, NRRL 66911. 
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Gene sequence ex-holotype: Whole genome as GenBank BioProject accession 

PRJNA541789. 

 

Etymology: “contaminatum” (Latin) reflects that the species was isolated as a 

contaminant in the laboratory. 

  

Diagnosis: Colonies initially white becoming olive grey with age on potato dextrose 

agar medium. Sporangiophores 7.3 μm average diameter, with frequent short lateral 

branches bearing terminal swellings (average 22 μm) to which the merosporangia are 

attached. Merosporangia frequently four-spored but greater numbers also observed. 

Sporangiospores globose 6.5 μm diameter.  

 

Habitat: Unknown. 

 

Distribution: Unknown. 

 

Notes: Differentiated from other Syncephalastrum species by DNA sequences, given 

the difficulty associated with morphological similarities of species in this genus. 
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Abstract 

 

Here we explore the diversity of one morphologically distinguishable genus in the 

Mucoromycota, Backusella, in south-eastern Australia. We isolated more than 200 

strains from locations across the states of Victoria and Tasmania. Characterization of 

these strains using a combination of approaches including morphology, sucrose 

utilization and whole genome sequencing for 13 strains, revealed 10 new species. The 

genetic basis for interspecies variation in sucrose utilization was found to be the 

presence of a gene encoding an invertase enzyme. The genus Backusella is revised 

and a new key for species identification produced. Given that we have more than 

doubled the number of species in this genus, this work demonstrates that there may be 

considerable undiscovered species diversity in the early diverging fungal lineages. 

 

Key words: fungal diversity; Mucorales, genome sequencing, polyphasic taxonomy, 

Backusella, invertase, zygospore.  
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INTRODUCTION 

 

Advances in DNA sequencing have increased the rate of discovery of new fungal 

species to over 2000 species per year. However, despite their evolutionary and 

ecological significance, the basal fungal lineages not in the Dikarya represent only 1 % 

of this figure or just 24 species described in 2017 (Willis, 2018). Of these lineages, 

species in the order Mucorales are significant decomposers in natural ecosystems, and 

some species are pathogens both to humans (Ribes et al., 2000) or other animals, such 

as Mucor amphibiorum of amphibians and platypuses (Obendorf et al., 1993). Many 

Mucorales species produce spores that are not optimized for dispersal in air, which 

might account for the development of greater endemic diversity compared to many 

ascomycetes and basidiomycetes. However, our understanding of the biogeography of 

these species is currently limited, and this hypothesis is largely untested.  

 

Despite being considered a ‘megadiverse’ country (Williams et al., 2001) only a handful 

of Mucorales species have been described as being unique to Australia. After some 

initial work at the end of the 19th century by Cooke and Massee (discovery of Spinellus 

gigasporus (Cooke, 1889) and Pilobolus pullus (Massee, 1901)) the next productive 

period, in terms of describing diversity, was in the 1970-1980s (for example 

Halteromyces radiatus (Shipton & Schipper, 1975), Mucor amphibiorum (Schipper, 

1978), Umbelopsis ovata and Umbelopsis fusiformis (Yip, 1986b), Umbelopsis swartii 

and Umbelopsis westeae (Yip, 1986a), and Mucor laxorrhizus var. ovalisporus 

(Schipper, 1989)). However, since this time new species reports have slowed, despite 
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rapid progress elsewhere in fungal taxonomy. Only two new species, Pilaira australis 

and Syncephalastrum contaminatum, have been described, both from single 

specimens, in the last 30 years (Urquhart et al., 2017, Urquhart et al., 2020). 

 

Two hypotheses might explain the lack of reported diversity in Australia. One is that the 

continent is depauperate in Mucoromycotina species and the second is the 

consequence of limited sampling. In this study we set out to address this dearth of 

knowledge by examining diversity in the genus Backusella in south-eastern Australia. 

Backusella is a convenient genus within the Mucorales to study because it can be 

readily distinguished in culture by its recurved juvenile sporangiophores (Walther et al., 

2013). Currently, the genus consists of 14 species: B. circina (Ellis & Hesseltine, 1969), 

B. constricta (Lima et al., 2016), B. gigacellularis (de Souza et al., 2014), B. 

granulispora (Loh, 2001), B. johoriensis (Loh, 2001), B. lamprospora (Benny & 

Benjamin, 1975), B. locustae (Wanasinghe et al., 2018), B. grandis, B. indica, B. 

oblongielliptica, B. oblongispora, B. recurva, B. tuberculispora and B. variabilis (Walther 

et al., 2013). It has previously been noted that B. grandis is likely to be a synonym of B. 

variabilis (Walther et al., 2013). The only report of Backusella in Australia is of 

Backusella recurva (strain CBS 673.75), isolated from north Queensland. 

 

Here, through sampling from over 25 locations in south-eastern Australia more than 200 

strains of Backusella were isolated and then analyzed. Using a polyphasic approach 

integrating whole-genome-sequencing-based molecular phylogenies, morphology and 

physiology we identify 10 new species, one new combination (Backusella dispersa) and 



 
 

298 

suggest synonymisation for two previously described species (B. johoriensis = B. 

circina; B. variabilis = B. grandis), and discuss how the taxonomy of B. granulispora 

does not conform to a modern morphological understanding of the genus. Collectively, 

the new species and refinement to existing taxa adjusts the total number of species in 

the genus from 14 to 23. As such, these findings provide an example in which diversity 

in a single genus is markedly increased by sampling in Australia, a potential indicator of 

a high level of diversity among Australian fungi. 

 

MATERIALS AND METHODS 

 

Isolation of strains 

 

Leaf litter and soil samples were collected from locations in the Australian states of 

Victoria and Tasmania under permits 10008557 (Victorian Department of Environment, 

Land, Water and Planning) or FL 18158 (Tasmanian Department of Primary Industries, 

Parks, Water and Environment). Small samples of soil (approximately 7 g each) were 

mixed with sterilized water and then plated out onto potato dextrose agar (PDA) 

supplemented with cefotaxime (100 µg/mL) and chloramphenicol (100 µg/mL) to inhibit 

bacterial growth. After two to four days growth at ambient temperature, colonies 

displaying the characteristic recurved juvenile sporangia were selected and plated onto 

fresh medium. All isolates were purified by single spore isolation to ensure a 

homogeneous culture.  
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DNA extraction and amplicon sequencing 

 

DNA was extracted from fungal material scraped from agar culture as described 

previously (Pitkin et al., 1996). Taq polymerase purified from the pTaq plasmid (Desai & 

Pfaffle, 1995) was used for polymerase chain reaction (PCR) following standard 

procedures. The internal transcribed spacers (ITS) were amplified with primers ITS1 

and ITS4 (White et al., 1990); the large subunit rRNA (LSU) was amplified with primers 

NL1 (Kurtzman & Robnett, 1997) and LR3 (Vilgalys & Hester, 1990); and a partial 

arginosuccinate lyase gene fragment (argA) was amplified using primers AP52 (5´ 

TGGGGAGGTCGYTTCTCC 3´) and AP53 (5´ TATCAGGRTTCTTCTTTTGAGG 3´), designed 

based on examination of the whole genome sequencing data described in the following 

sections. PCR products were purified with a gel purification kit (Qiagen) and Sanger-

sequenced at the Australian Genome Research Facility (AGRF). 

 

It was necessary in some cases to clone the ITS sequences before sequencing due to 

different versions occurring in the same strain. To achieve this, modified ITS1 and ITS4 

primers were developed with the addition of SacII restriction sites (ITS1SacII 5´ 

AGACCGCGGTCCGTAGGTGAACCTGCGG 3´; ITS4SacII 5´ 

CTCCGCGGTCCTCCGCTTATTGATATGC 3´). The PCR products were then cloned into 

plasmid pKLAC2 (New England Biolabs) linearized with SacII. SacII was chosen as it 

does not cut any previously obtained Backusella ITS sequences or any of the ITS 
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sequences assembled from next generation sequencing (see below). Additionally, given 

that the SacII recognition site is 100 % GC and the ITS sequences in Backusella are AT 

rich there is an extremely low probability of cleaving the ITS DNA amplicons.  

 

DNA extraction and next generation sequencing 

 

Candidate isolates for next generation sequencing were chosen, based on LSU and ITS 

phylogenies, to represent putative species clades. DNA was extracted from pulverized 

lyophilized mycelia from 7 day old liquid cultures using a buffer containing CTAB and 

incubation at 65 °C, before  chloroform extraction and precipitation with an equal 

volume of 100 % isopropanol (Pitkin et al., 1996) and treated with RNAse A. 

Sequencing was performed using 125 bp paired-end reads on an Illumina HiSeq 2500 

instrument at AGRF. Assembly was conducted using Velvet (Zerbino & Birney, 2008) 

with a k-mer length of 65. The completeness of each assembly was predicted using 

BUSCO (Simao et al., 2015). 

 

Phylogenetic analyses 

 

Published sequences were obtained from NCBI (O'Donnell et al., 2001; Shirouzu et al., 

2012; Walther et al., 2013; de Souza et al., 2014; Lima et al., 2016; Wanasinghe et al., 

2018; Vu et al., 2019). Gene sequences were aligned using MUSCLE (Edgar, 2004) or 

in the case of the ITS region CLUSTAL W (Thompson et al., 1994) and phylogeny 
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inferred using a Bayesian approach implemented through MrBayes (Huelsenbeck & 

Ronquist, 2001) and by maximum likelihood implemented in MEGA version 7.0.26. The 

species boundaries for the large ribosomal DNA region were poorly resolved using 

maximum likelihood and Bayesian approaches, with UPGMA trees implemented in 

Geneious version 11.1.5 providing clearer phylogenetic insight. The UPGMA method is, 

however, limited in that it makes basic assumptions such as a constant rate of 

evolution. Thus to confirm that these trees represent true phylogenetic relationships, we 

compared them to Bayesian inference trees generated using MrBayes (Huelsenbeck & 

Ronquist, 2001) based on the single copy argA gene and whole genome sequencing.  

 

Single copy genes in the whole genome assemblies were initially selected by examining 

MycoCosm (Grigoriev et al., 2014) for Markov Clustering (MCL) gene clusters present in 

single copy in Backusella circina FSU 941 and other Mucorales species. The list of 

genes was manually examined for those that showed sufficient conservation to allow 

unambiguous alignment and a subset of these was randomly selected for further 

analysis. The list of genes selected is given in Table 1. Partial gene sequences were 

aligned use MUSCLE and concatenated (Edgar, 2004) into a final alignment of 

approximately 50 kb. 

 

 

 

Table 1 Gene regions used in the multigene phylogeny; ID refers to B. circina FSU 941. 
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Gene ID Function based on homology Gene ID Function based on homology 

185987 WD40-repeat-containing subunit 

of the 18S rRNA processing 

complex  

282013 Mevalonate pyrophosphate 

decarboxylase  

205947 gatb/yqey domain-containing 

protein 

282268 Dihydroorotate dehydrogenase  

216514 

 

 

rRNA-processing protein FCF1 282537 Uridine 5´- monophosphate 

synthase/orotate 

phosphoribosyltransferase  

220627 Nucleolar ATPase Kre33 283428 Lipoate-protein ligase 

225083 

 

Mitochondrial ribosomal protein  286046 Similar to bacterial dephospho-

CoA kinase  

228697 

 

DNA replication licensing factor 286503 Histone acetyltransferase 

complex protein 

234491 Carbohydrate kinase 288110 Ribonuclease H -like  

234892 Transport protein particle 

(TRAPP) complex subunit  

291861 ubiquinol-cytochrome C 

chaperone 

235092 Mitochondrial DNA-directed RNA 

polymerase RPO41 

295864 Transcription factor iws1 

237414 Argininosuccinate lyase 298931 Magnesium ion transporter 

238565 WD40-repeat-containing subunit 

of the 18S rRNA processing 

complex  

319532 3-ketoacyl-CoA reductase 
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241757 Golgi SNAP receptor complex 

member  

321014 Conserved protein without 

annotated function 

242843 WD40-repeat-containing 321666 Mitochondrial ribosomal protein 

L6  

246934 Translocation protein sec63 322419 Transmembrane protein 

249721 DUF323 domain-containing 

protein 

326705 DUF1014-domain-containing 

protein 

251931 WD40-repeat-containing protein 331775 WD40-repeat-containing protein 

252236 Ribonuclease III 334997 

 

DNA replication licensing factor, 

MCM6 component  

252238 MIR motif-containing protein 335403 Histidinol dehydrogenase  

252550 Molecular chaperone (ABC1) 336212 Actin-related protein Arp2/3 

complex 

257118 Dynein heavy chain 336277 GTP-binding protein 

260240 WD40-repeat-containing subunit 

of the 18S rRNA processing 

complex  

336874 DNA topoisomerase type II  

264113 PCI domain containing protein 337875 S-adenosyl-L-methionine-

dependent tRNA 4-

demethylwyosine synthase 

268790 Cysteinyl-tRNA synthetase  338359 Ubiquinone biosynthesis protein  

272587 SAM-dependent 

methyltransferases  

338761 ARM repeat-containing protein 
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Sucrose utilization and genetic testing of function by complementation of a 

Saccharomyces cerevisiae invertase mutant 

 

The ability to utilize sucrose as a sole carbon source was assessed on yeast nitrogen 

base (YNB) agar (Sigma) supplemented with 5 g/L of either sucrose or glucose. A 

putative invertase sequence was identified in the strains via BLAST searches using B. 

circina protein ID 331483 as a query (Altschul et al., 1990; Grigoriev et al., 2014). We 

named this gene sucB after the S. cerevisiae homolog SUC2. 

 

A suc2 deletion mutant of S. cerevisiae was generated by homologous recombination; 

suc2 null mutants of S. cerevisiae are unable to utilize sucrose (Carlson et al., 1981). 

The G418 resistance cassette of pFA6a-GFP(S65T)-kanMX6 (Bähler et al., 1998) was 

amplified with primers AP142 (5´ 

AAAAAGCTTTTCTTTTCACTAACGTATATGCGTACGCTGCAGGTCGAC 3´) and AP143 (5´ 

AAATAAAAAAGACAATAAGTTTTATAACCTATCGATGAATTCGAGCTC 3´) and transformed into 

S. cerevisiae strain BY4742 using a lithium acetate/polyethylene glycol method (Gietz & 

Schiestl, 2007) with selection on G418. A gene replacement transformant was identified 

via PCR screening with primers AP148 (5´ GCCTATTACCATCATAGAGACG 3´) and AP149 

(5´ AAATCATAAAGTTTTACATTCG 3´). A complementation construct carrying the sucB 

gene of B. westeae strain UoMAU4 was generated by amplifying the two exons of the 

gene with primer pairs AP144 (5´ 

CCAAGCATACAATCAACTCCAAGCTTATGGTATTCGTAAAATCAGG 3´) AP153 (5´ 

CCCCACGTCATATTGCCCCAGATTTGATCAAAAGGATTATGC 3´) and AP147 (5´ 
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TAGCTTGGCTGCAGGTCGACGGATCCTTATTTCAAGGTTCTATCAAATGC 3´) AP152 (5´ 

GGGGCAATATGACGTGGGG 3´) off genomic DNA and combining them into the plasmid 

pTH19 (Harashima & Heitman, 2005) linearized with EcoRI, using the NEBuilder DNA 

assembly cloning kit (New England Biolabs). This construct allows the yeast to grow on 

media without uracil and will express sucB under the control of a constitutive promoter. 

The construct and the empty plasmid pTH19 were transformed into the S. cerevisiae 

suc2 mutant with selection on medium lacking uracil. Growth of the suc2 mutant 

carrying either the sucB plasmid or empty pTH19 vector was compared on media 

containing either glucose or sucrose as the sole carbon source (YNB +histidine +leucine 

+lysine). 

 

Mating 

 

The mating type locus was identified via BLAST searches (Altschul et al., 1990) of the 

assembled genomes for the sexP and sexM homologs (Idnurm et al., 2008; Schulz et 

al., 2017). The mating type locus of B. circina FSU741 (+) has been identified (Schulz et 

al., 2017). Crosses were carried out on V8 medium (20 % Campbell's V8 juice, 2 % 

agar, 3.75 g/L CaCO3; modified from (Benny, 2008)) in the dark at ambient temperature 

for 4 weeks between closely related strains to identify a representative mating pair for 

each species, where possible. 

 

Morphological examinations 
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Colony characters were recorded at three days after inoculation of spores on potato 

dextrose agar plates. Bright-field microscopy was performed on unstained samples 

immersed in water using either an Olympus BX51 or Leica DM6000 microscope. 

Measurements of asexual spore dimensions were from 30 spores. Spore quotient (Q) 

was calculated for each isolate by dividing the average spore length by average spore 

width. Air-dried fungal materials taken from culture plates were sputter-coated with gold 

using a Dynavac SC100 sputter coater and then examined with a Philips XL30 FEG 

scanning electron microscope.  

 

RESULTS 

  

Isolation of Backusella strains from south-eastern Australia 

 

In total, 206 strains with a transiently-recurvate sporangium were isolated from a range 

of natural environments across the states of Victoria and Tasmania (Fig. 1; Table 2). 

Strains were preserved as living cultures in the Jena Microbial Resource Collection, 

Germany, and the type specimens at the National Herbarium of Victoria (MEL), 

Australia. Additionally, ‘B. johorensis’ IMI350574 was cultured from the IMI collection at 

CABI, UK. 
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Fig. 1 Strains of Backusella were isolated across the south-eastern corner of Australia. 
Collections covered a range of habitats including wet sclerophyll forest in Wilson’s 
Promontory National Park (a), Pittosporum undulatum dominated warm temperate 
rainforest in Uralla Nature Reserve (b), Nothofagus cunninghamii dominated cool 
temperate rainforest in Toolangi State Forest (c), dry Eucalyptus woodland in the 
Brisbane Ranges National Park (d) and damp Eucalyptus forest of Jack Cann Reserve 
(e). f. Distribution of collection sites. Map data: Google, SIO, NOAA, U.S. Navy, NGA, 
GEBCO. 
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Table 2 Strains isolated in this study. 

 

Strain 
name 

Species Location*  State GenBank accession numbers Jena 
Microbial 
Resource 
Collection  

MEL 
herbarium 

   LSU ITS argA   

UoMAU4 B. westeae Jack Cann Reserve  Victoria MK958796 MK959061 MK982268 SF014021 2417242  

UoMAU5 B. tarrabulga Tarra-Bulga NP  Victoria MK958804 MK959060 MK982263 SF014022 2446982 

UoMAU6 B. luteola Tarra-Bulga NP  Victoria MK958795 MK959058 MK982265 SF014023 2446983 

UoMAU7 B. macrospora Tarra-Bulga NP  Victoria MK958628 MK959107 MK982253 SF014024 2446984 

UoMAU9 Backusella ‘group 
X’ 

Silvan reservoir park  Victoria MK958787 MK959098 MK982280 SF014025 2446985 

UoMAU10 Backusella ‘group 
X’ 

Silvan reservoir park  Victoria MK958788 MK959096; 
MK959100 

 SF014026 2446986 

UoMAU11 B. mclennaniae Morwell NP   Victoria MK958776 MK959077; 
MK959086; 

MK959088 

MK982278 SF014027 2446987 

UoMAU12 B. mclennaniae Morwell NP   Victoria MK958777 MK959087; 

MK959089 

 SF014028 2446988 

UoMAU13 B. mclennaniae Morwell NP   Victoria MK958772 MK959081; 
MK959091 

 SF014029 2446989 

UoMAU14 B. morwellensis Morwell NP   Victoria MK958806   SF014030 2446990 

UoMAU15 B. morwellensis Morwell NP   Victoria MK958807   SF014031 2446991 

UoMAU16 B. morwellensis Morwell NP   Victoria MK958808 MK959059 MK982267 SF014032 2446992 

UoMAU17 B. macrospora Tarra-Bulga NP  Victoria MK958610   SF014033 2446993 

UoMAU18 B. macrospora Tarra-Bulga NP  Victoria MK958602   SF014034 2446994 

UoMAU19 B. macrospora Macedon RP   Victoria MK958609   SF014035 2446995 

UoMAU20 B. macrospora Macedon RP   Victoria MK958604   SF014036 2446996 
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UoMAU21 B. macrospora Macedon RP   Victoria MK958605   SF014037 2446997 

UoMAU22 B. macrospora Macedon RP   Victoria MK958606   SF014038 2446998 

UoMAU23 B. macrospora Macedon RP   Victoria MK958607   SF014039 2446999 

UoMAU24 B. mclennaniae Morwell NP   Victoria MK958778 MK959080  SF014040 2447000 

UoMAU25 B. mclennaniae Morwell NP   Victoria MK958773 MK959082; 
MK959083 

 SF014041 2447001 

UoMAU26 B. psychrophila Wombat SF  Victoria MK958748   SF014042 2447002 

UoMAU27 B. psychrophila Wombat SF  Victoria MK958746   SF014043 2447003 

UoMAU28 B. psychrophila Wombat SF  Victoria MK958766   SF014044 2447004 

UoMAU29 B. psychrophila Wombat SF  Victoria MK958747   SF014045 2447005 

UoMAU30 B. macrospora Wombat SF  Victoria MK958634   SF014046 2447006 

UoMAU31 B. macrospora Wombat SF  Victoria MK958637   SF014047 2447007 

UoMAU32 B. australiensis Wombat SF  Victoria MK958802   SF014048 2447008 

UoMAU33 B. australiensis Wombat SF  Victoria MK958801   SF014049 2447009 

UoMAU34 B. australiensis Wombat SF  Victoria MK958800 MK959062 MK982270 SF014050 2447010 

UoMAU35 B. parvicylindrica Jack Cann Reserve   Victoria MK958727 MK959109 MK982259 SF014051 2447011 

UoMAU36 B. luteola Wombat SF  Victoria MK958794  MK982266 SF014052 2447012 

UoMAU37 B. parvicylindrica Wombat SF  Victoria MK958745   SF014053 2447013 

UoMAU38 B. parvicylindrica Wombat SF  Victoria MK958744   SF014054 2447014 

UoMAU39 B. parvicylindrica Wombat SF  Victoria MK958728   SF014055 2447015 

UoMAU40 B. australiensis Wombat SF  Victoria MK958803   SF014056 2447016 

UoMAU41 B. parvicylindrica Wombat SF  Victoria MK958725  MK982261 SF014057 2447017 

UoMAU42 B. australiensis Wombat SF  Victoria MK958799  MK982272 SF014058 2447018 

UoMAU43 B. parvicylindrica Wombat SF  Victoria MK958726  MK982262 SF014059 2447019 

UoMAU44 B. macrospora Wanderslore 
Sanctuary 

 Victoria MK958638   SF014060 2447020 

UoMAU45 B. macrospora Wanderslore 
Sanctuary  

 Victoria MK958639  MK982255 SF014061 2447021 
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UoMAU47 B. mclennaniae Wanderslore 
Sanctuary 

 Victoria MK958774 MK959066; 
MK959071 

 SF014063 2447023 

UoMAU48 B. mclennaniae Wanderslore 
Sanctuary  

 Victoria MK958784 MK959057; 
MK959067 

 SF014064 2447024 

UoMAU49 B. mclennaniae Wanderslore 
Sanctuary  

 Victoria MK958783 MK959068; 
MK959078 

MK982279 SF014065 2447025 

UoMAU50 B. macrospora Toolangi SF  Victoria MK958640   SF014066 2447026 

UoMAU51 B. macrospora Toolangi SF  Victoria MK958641   SF014067 2447027 

UoMAU52 B. macrospora Jack Cann Reserve  Victoria MK958630  MK982254 SF014068 2447028 

UoMAU53 B. macrospora Jack Cann Reserve  Victoria MK958656   SF014069 2447029 

UoMAU54 B. macrospora Jack Cann Reserve  Victoria MK958629   SF014070 2447030 

UoMAU55 B. psychrophila Jack Cann Reserve  Victoria MK958749 MK959093 MK982283 SF014071 2447031 

UoMAU56 B. macrospora Jack Cann Reserve  Victoria MK958642   SF014072 2447032 

UoMAU57 B. psychrophila Jack Cann Reserve  Victoria MK958750   SF01407 2447033 

UoMAU58 B. liffmaniae Jack Cann Reserve  Victoria MK958734 MK959065 MK982276 SF014074 2447034 

UoMAU59 B. psychrophila Jack Cann Reserve  Victoria MK958751   SF014075 2447035 

UoMAU60 B. psychrophila Jack Cann Reserve  Victoria MK958752   SF014076 2447036 

UoMAU61 B. psychrophila Jack Cann Reserve  Victoria MK958753   SF014077 2447037 

UoMAU62 B. psychrophila Jack Cann Reserve  Victoria MK958754   SF014078 2447038 

UoMAU63 B. psychrophila Black sugar loaf  Tasmania MK958743  MK982285 SF014079 2447039 

UoMAU64 B. psychrophila Black sugar loaf  Tasmania MK958739   SF014080 2447040 

UoMAU65 B. psychrophila Black sugar loaf  Tasmania MK958755   SF014081 2447041 

UoMAU66 B. psychrophila Black sugar loaf  Tasmania MK958742   SF014082 2447042 

UoMAU67 B. psychrophila Black sugar loaf  Tasmania MK958767  MK982286 SF014083 2447043 

UoMAU68 B. psychrophila Jack Cann Reserve  Victoria MK958768   SF014084 2447044 

UoMAU69 B. psychrophila Jack Cann Reserve  Victoria MK958756   SF014085 2447045 

UoMAU70 B. tuberculispora Pegarah SF  King Island 
(Tasmania) 

MK958680   SF014086 2447046 
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UoMAU71 B. tuberculispora Pegarah SF  King Island 
(Tasmania) 

MK958681   SF014087 2447047 

UoMAU72 B. tuberculispora Pegarah SF  King Island 
(Tasmania) 

MK958682   SF014088 2447048 

UoMAU73 B. tuberculispora Pegarah SF  King Island 
(Tasmania) 

MK958683   SF014089 2447049 

UoMAU74 B. tuberculispora Pegarah SF  King Island 
(Tasmania) 

MK958723   SF014090 2447050 

UoMAU75 B. tuberculispora Pegarah SF  King Island 
(Tasmania) 

MK958684   SF014091 2447051 

UoMAU76 B. tuberculispora Pegarah SF  King Island 
(Tasmania) 

MK958685   SF014092 2447052 

UoMAU77 B. tuberculispora Pegarah SF  King Island 
(Tasmania) 

MK958686   SF014093 2447053 

UoMAU78 B. tuberculispora Shepparton  Victoria MK958687   SF014094 2447054 

UoMAU79 B. tuberculispora Shepparton  Victoria MK958688    2447055 

UoMAU80 B. tuberculispora Shepparton  Victoria MK958689 MK959108 MK982250  2447056 

UoMAU81 B. tuberculispora Shepparton  Victoria MK958690   SF014097 2447057 

UoMAU82 B. tuberculispora Shepparton  Victoria MK958691   SF014098 2447058 

UoMAU83 B. tuberculispora Shepparton  Victoria MK958692   SF014099 2447059 

UoMAU84 B. tuberculispora Shepparton  Victoria MK958693   SF014100 2447060 

UoMAU86 B. tuberculispora Shepparton  Victoria MK958694   SF014101 2447062 

UoMAU87 B. macrospora Toolangi SF  Victoria MK958611  MK982252 SF014102 2447063 

UoMAU88 B. macrospora Toolangi SF  Victoria MK958631   SF014103 2447064 

UoMAU89 B. macrospora Toolangi SF  Victoria MK958633   SF014104 2447065 

UoMAU90 B. australiensis Kalimna  Victoria MK958797 MK959063; 
MK959064 

MK982269 SF014105 2447066 

UoMAU91 B. australiensis Kalimna   Victoria MK958798  MK982271 SF014106 2447067 

UoMAU92 B. macrospora Colquhoun SF  Victoria MK958643   SF014107 2447068 

UoMAU93 B. macrospora Kalimna   Victoria MK958644   SF014108 2447069 
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UoMAU94 B. macrospora Kalimna   Victoria MK958645   SF014109 2447070 

UoMAU95 B. macrospora Lake Tyers SP  Victoria MK958646   SF014110 2447071 

UoMAU96 B. macrospora Lake Tyers SP  Victoria MK958647  MK982258 SF014111 2447072 

UoMAU98 Backusella ‘group 
X’ 

Lake Tyers SP  Victoria MK958789 MK959099; 
MK959101 

 SF014113 2447074 

UoMAU99 B. psychrophila Lake Tyers SP  Victoria MK958757   SF014114 2447075 

UoMAU102 B. tuberculispora Blue Tier FR  Tasmania MK958671   SF014116 2447077 

UoMAU103 B. tuberculispora Blue Tier FR  Tasmania MK958695   SF014117 2447078 

UoMAU104 B. tuberculispora Blue Tier FR  Tasmania MK958673   SF014118 2447079 

UoMAU105 B. tuberculispora Blue Tier FR  Tasmania MK958671   SF014119 2447080 

UoMAU106 B. tuberculispora Blue Tier FR  Tasmania MK958674   SF014120 2447081 

UoMAU107 B. tuberculispora Blue Tier FR  Tasmania MK958675   SF014121 2447082 

UoMAU108 B. tuberculispora Blue Tier FR  Tasmania MK958676   SF014122 2447083 

UoMAU109 B. tuberculispora Blue Tier FR  Tasmania MK958677   SF014123 2447084 

UoMAU110 B. tuberculispora Blue Tier FR  Tasmania MK958678   SF014124 2447085 

UoMAU111 B. tuberculispora Blue Tier FR  Tasmania MK958696   SF014125 2447086 

UoMAU112 B. tuberculispora Myrtle Bank  Tasmania MK958697   SF014126 2447087 

UoMAU114 B. tuberculispora Myrtle Bank  Tasmania MK958698   SF014127 2447088 

UoMAU115 B. tuberculispora Pipers Brook  Tasmania MK958663   SF014128 2447089 

UoMAU116 B. dispersa Scottsdale   Tasmania MK958769  MK982274 SF014129 2447090 

UoMAU118 B. psychrophila Scottsdale   Tasmania MK958740   SF014131 2447092 

UoMAU119 B. dispersa Scottsdale   Tasmania MK958770  MK982275 SF014132 2447093 

UoMAU120 B. dispersa Scottsdale   Tasmania MK958771  MK982273 SF014133 2447094 

UoMAU121 Backusella ‘group 
X’ 

Kalimna west  Victoria MK958792 MK959103; 
MK959105 

 SF014134 2447095 

UoMAU122 Backusella ‘group 
X’ 

Kalimna west  Victoria MK958790   SF014135 2447096 

UoMAU123 B. macrospora Lake Tyers SP  Victoria MK958648   SF014136 2447097 

UoMAU124 B. psychrophila Lake Tyers SP  Victoria MK958758  MK982287 SF014137 2447098 
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UoMAU125 B. tuberculispora Pegarah SF   King Island 
(Tasmania) 

MK958699   SF014138 2447099 

UoMAU126 B. tuberculispora Pegarah SF   King Island 
(Tasmania) 

MK958700   SF014139 2447100 

UoMAU128 B. liffmaniae Pegarah SF  King Island 
(Tasmania) 

MK958735   SF014140 2447101 

UoMAU129 B. tuberculispora Pegarah SF   King Island 
(Tasmania) 

MK958701   SF014141 2447102 

UoMAU130 B. tuberculispora Pegarah SF   King Island 
(Tasmania) 

MK958702   SF014142 2447103 

UoMAU131 B. tuberculispora Pegarah SF  King Island 
(Tasmania) 

MK958703   SF014143 2447104 

UoMAU132 B. liffmaniae Pegarah SF   King Island 
(Tasmania) 

MK958736   SF014144 2447105 

UoMAU133 B. liffmaniae Pegarah SF  King Island 
(Tasmania) 

MK958737   SF014145 2447106 

UoMAU134 B. tuberculispora Pegarah SF   King Island 
(Tasmania) 

MK958704   SF014146 2447107 

UoMAU135 B. tuberculispora Pegarah SF   King Island 
(Tasmania) 

MK958705   SF014147 2447108 

UoMAU137 B. liffmaniae Pegarah SF  King Island 
(Tasmania) 

MK958738  MK982277 SF014148 2447109 

UoMAU138 B. psychrophila Pegarah SF   King Island 
(Tasmania) 

MK958759   SF014149 2447110 

UoMAU139 B. psychrophila Pegarah SF   King Island 
(Tasmania) 

MK958760  MK982284 SF014150 2447111 

UoMAU140 B. tuberculispora Hollybank FR  Tasmania MK958706   SF014151 2447112 

UoMAU141 B. mclennaniae W.A.G Walker 
Rhododendron 
Garden  

 Tasmania MK958785 MK959069; 
MK959070 

 SF014152 2447113 

UoMAU142 B. tuberculispora Hollybank FR  Tasmania MK958707   SF014153 2447114 

UoMAU143 B. tuberculispora Hollybank FR  Tasmania MK958708   SF014154 2447115 

UoMAU144 B. tuberculispora Hollybank FR  Tasmania MK958709   SF014155 2447116 
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UoMAU145 B. tuberculispora Hollybank FR  Tasmania MK958710   SF014156 2447117 

UoMAU146 B. tuberculispora Hollybank FR  Tasmania MK958711   SF014157 2447118 

UoMAU147 B. tuberculispora Hollybank FR  Tasmania MK958712   SF014158 2447119 

UoMAU148 B. tuberculispora Hollybank FR  Tasmania MK958713   SF014159 2447120 

UoMAU149 B. tuberculispora Hollybank FR  Tasmania MK958714   SF014160 2447121 

UoMAU150 B. tuberculispora Hollybank FR  Tasmania MK958660  MK982249 SF014161 2447122 

UoMAU151 B. tuberculispora Hollybank FR  Tasmania MK958661   SF014162 2447123 

UoMAU152 Backusella ‘group 
X’ 

Hollybank FR  Tasmania MK958791 MK959102; 
MK959104 

MK982281 SF014163 2447124 

UoMAU153 B. tuberculispora Uralla Reserve    Victoria MK958659  MK982251 SF014164 2447125 

UoMAU154 B. psychrophila Morwell NP  Victoria MK958741   SF014165 2447126 

UoMAU155 B. macrospora Morwell NP  Victoria MK958612   SF014166 2447127 

UoMAU156 B. parvicylindrica Uralla Reserve   Victoria MK958729  MK982260 SF014167 2447128 

UoMAU157 B. macrospora Uralla Reserve  Victoria MK958636   SF014168 2447129 

UoMAU158 B. mclennaniae Uralla Reserve   Victoria MK958779 MK959074; 
MK959075 

 SF014169 2447130 

UoMAU159 B. psychrophila Uralla reserve  Victoria MK958761   SF014170 2447131 

UoMAU160 B. macrospora Morwell NP  Victoria MK958649   SF014171 2447132 

UoMAU161 B. macrospora Morwell NP  Victoria MK958650  MK982256 SF014172 2447133 

UoMAU162 B. mclennaniae Morwell NP   Victoria MK958782 MK959072; 
MK959073 

 SF014173 2447134 

UoMAU163 B. macrospora Uralla Reserve   Victoria MK958613   SF014174 2447135 

UoMAU164 B. macrospora Uralla Reserve   Victoria MK958635   SF014175 2447136 

UoMAU165 B. macrospora Uralla Reserve   Victoria MK958614   SF014176 2447137 

UoMAU166 B. macrospora Uralla Reserve   Victoria MK958615   SF014177 2447138 

UoMAU167 B. tuberculispora Gillespies road, 
Nabowla 

 Tasmania MK958662   SF014178 2447139 

UoMAU168 B. tuberculispora Gillespies road, 
Nabowla 

 Tasmania MK958664   SF014179 2447140 
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UoMAU169 B. tuberculispora Gillespies road, 
Nabowla 

 Tasmania MK958665   SF014180 2447141 

UoMAU170 B. tuberculispora Gillespies road, 
Nabowla 

 Tasmania MK958666   SF014181 2447142 

UoMAU171 B. tuberculispora Gillespies road, 
Nabowla 

 Tasmania MK958667   SF014182 2447143 

UoMAU172 B. tuberculispora Gillespies road, 
Nabowla 

 Tasmania MK958668   SF014183 2447144 

UoMAU173 B. tuberculispora Gillespies road, 
Nabowla 

 Tasmania MK958669   SF014184 2447145 

UoMAU174 B. tuberculispora Gillespies road, 
Nabowla 

 Tasmania MK958670   SF014185 2447146 

UoMAU175 B. tuberculispora Crinigan Road 
Reserve 

 Victoria MK958715   SF014186 2447147 

UoMAU178 Backusella ‘group 
X’ 

Crinigan Road 
Reserve 

 Victoria MK958786 MK959094; 
MK959095 

MK982282 SF014189 2447150 

UoMAU179 B. tuberculispora Crinigan Road 
Reserve 

 Victoria MK958716   SF014190 2447151 

UoMAU180 B. tuberculispora Crinigan Road 
Reserve 

 Victoria MK958724   SF014191 2447152 

UoMAU183 B. tuberculispora Crinigan Road 
Reserve 

 Victoria MK958717   SF014194 2447155 

UoMAU184 B. mclennaniae Mirboo North RP  Victoria MK958775 MK959079; 
MK959085 

 SF014195 2447156 

UoMAU186 B. parvicylindrica Uralla Reserve  Victoria MK958730   SF014197 2447158 

UoMAU187 B. tarrabulga Uralla Reserve  Victoria MK958805  MK982264 SF014198 2447159 

UoMAU189 B. parvicylindrica Uralla Reserve  Victoria MK958731   SF014200 2447161 

UoMAU190 B. tuberculispora Uralla Reserve  Victoria MK958718   SF014201 2447162 

UoMAU191 B. mclennaniae Uralla Reserve   Victoria MK958781 MK959076; 
MK959084 

 SF014202 2447163 

UoMAU197 Backusella ‘group 
X’ 

Crinigan Road 
Reserve 

 Victoria MK958793 MK959097; 
MK959106 

 SF014208 2447169 
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UoMAU198 B. mclennaniae Crinigan Road 
Reserve 

 Victoria MK958780 MK959090; 
MK959092 

 SF014209 2447170 

UoMAU202 B. macrospora Mirboo North RP  Victoria MK958657   SF014213 2447174 

UoMAU203 B. macrospora Mirboo North RP  Victoria MK958651  MK982257 UoMAU203 2447175 

UoMAU205 B. tuberculispora Jackey’s Marsh, 
Western Tiers 

 Tasmania MK958679   SF014216 2447177 

UoMAU206 B. tuberculispora Jackey’s Marsh, 
Western Tiers 

 Tasmania MK958719   SF014217 2447178 

UoMAU207 B. macrospora Jeeralang Junction  Victoria MK958658    2447179 

UoMAU209 B. macrospora Tarra-Bulga NP  Victoria MK958616   SF014219 2447180 

UoMAU210 B. macrospora Edward Hunter 
Reserve 

 Victoria MK958652   SF014220 2447181 

UoMAU211 B. macrospora Tarra-Bulga NP  Victoria MK958632   SF014221 2447182 

UoMAU213 B. parvicylindrica Holey Plains SP  Victoria MK958732   SF014223 2447184 

UoMAU214 B. macrospora Edward Hunter 
Reserve 

 Victoria MK958653   SF014224 2447185 

UoMAU215 B. tuberculispora Edward Hunter 
Reserve 

 Victoria MK958720   SF014225 2447186 

UoMAU218 B. macrospora Edward Hunter 
Reserve 

 Victoria MK958654   SF014228 2447189 

UoMAU219 B. macrospora Edward Hunter 
Reserve 

 Victoria MK958655   SF014229 2458421 

UoMAU220 B. macrospora Tarra-Bulga NP  Victoria MK958617   SF014230 2447190 

UoMAU222 B. macrospora Morwell River Falls 
Reserve 

 Victoria MK958618   SF014232 2447192 

UoMAU224 B. psychrophila University of 
Melbourne 

 Victoria MK958762   SF014234 2447194 

UoMAU225 B. psychrophila Brisbane Ranges NP  Victoria MK958763   SF014235 2458422 

UoMAU226 B. tuberculispora Baluk Willam Nature 
Conservation 
Reserve  

 Victoria MK958721   SF014236 2447195 
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UoMAU228 B. tuberculispora Baluk Willam Nature 
Conservation 
Reserve  

 Victoria MK958722   SF014238 2447197 

UoMAU236 B. macrospora Wilson Prom NP  Victoria MK958619   SF014243 2447202 

UoMAU237 B. macrospora Wilson Prom NP  Victoria MK958620   SF014244 2447203 

UoMAU239 B. macrospora Wilson Prom NP  Victoria MK958621   SF014245 2447204 

UoMAU241 B. macrospora Wilson Prom NP  Victoria MK958608   SF014247 2447206 

UoMAU242 B. macrospora Wilson Prom NP  Victoria MK958622   SF014248 2447207 

UoMAU244 B. macrospora Wilson Prom NP  Victoria MK958623   SF014250 2447209 

UoMAU246 B. macrospora Wilson Prom NP  Victoria MK958624   SF014251 2447210 

UoMAU247 B. psychrophila Wilson Prom NP  Victoria MK958764   SF014252 2447211 

UoMAU248 B. psychrophila Wilson Prom NP  Victoria MK958765   SF014253 2447212 

UoMAU252 B. macrospora Wilson Prom NP  Victoria MK958625   SF014256 2447216 

UoMAU253 B. macrospora Wilson Prom NP  Victoria MK958626   SF014257 2447217 

UoMAU254 B. macrospora Wilson Prom NP  Victoria MK958627   SF014258 2447218 

UoMAU255 B. macrospora Wilson Prom NP  Victoria MK958603   SF014259 2447219 

*NP = National Park; SP = State Park; RP = regional park; SF = state forest; FR = forest reserve
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Phylogenetic analysis of the argA, ITS and LSU regions revealed 13 Backusella 

species in Australia, 10 of them new 

 

For delineating boundaries between species, the LSU region was found to be more 

useful than the ITS regions because variation between ITS copies within a single 

strain precluded direct sequencing of PCR products. In contrast to the ITS, the LSU 

could be directly sequenced after amplification in all cases. An LSU phylogeny was 

generated including all the isolates collected. This revealed 12 phylogenetic groups 

(Fig. 2). Given that the LSU is highly conserved, phylogenies based solely on LSU 

alone may miss some species diversity (Schoch et al., 2012; Vu et al., 2019). As 

such in addition to the ITS and LSU we sequenced a region encoding 

argininosuccinate lyase (ArgA) (Fig. 3 and 4). The ITS and argA trees generally 

supported the same species groups as the LSU. Of the 12 clades 10 were clearly 

distinct from previously described species. One clade was closely related to B. 

tuberculispora and we thus assigned these strains to that species. The final clade, 

which we named Backusella ‘group X’, showed close affinity to B. lamprospora 

CBS118.08; however, ITS similarity was only around 92 % which is less than the 

typically accepted threshold for conspecificity (Vu et al., 2019). Thus, further detailed 

studies are required to resolve the taxonomy of this clade.  

 

The LSU and ITS regions of ‘B. johorensis’ strain IMI 350574 were sequenced 

(deposited to GenBank as MK966409 and MK958733, respectively). These regions 

showed 100 % similarity to B. circina strains, and hence we conclude that B. 

johorensis is a synonym of B. circina. 
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Fig. 2 UPGMA tree based on partial LSU sequence. Nodes are labelled with % 
bootstrap support from 1000 replicates. The bootstrap support values derived from 
maximum likelihood analysis are given in parentheses based on 1000 repeats for 
clades which were supported. Taxa in bold indicate sequences derived from type 
specimens. First dot represents growth on sucrose: green = utilizes sucrose, red = 
does not utilize sucrose. Second dot represents growth at 30°C after 3 days. Red = 
no growth, amber = less than 2 cm growth, green = more than 2 cm growth. 

 

 

Fig. 3 Bayesian phylogeny based on the arginine succinate lyase (argA) region. 
Taxa in bold indicate sequences derived from type specimens. Mucor circinelloides 
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(Corrochano et al., 2016) and Rhizopus microsporus (Mondo et al., 2017) sequences 
were used as outgroups. Posterior probabilities are indicated. Bootstrap support 
values derived from maximum likelihood analysis are given in parentheses based on 
1000 repeats.  
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Fig. 4 Bayesian phylogeny based on the ITS region. The letter c followed by a 
number indicates a sequence from cloned DNA. Taxa in bold indicate sequences 
derived from type specimens. Backusella oblongispora was used as the outgroup. 
Sequences with accession numbers were obtained from GenBank. Posterior 
probabilities are indicated. Bootstrap support values derived from maximum 
likelihood analysis are given in parentheses based on 1000 repeats. 

 

A highly resolved multigene phylogeny supports the Backusella species 

relationships inferred from the single gene trees 

 

Representative isolates were selected based on the single gene phylogenies to be 

subjects for next generation sequencing. The aim was to produce whole genome 

sequencing information for subsequent highly resolved multi-gene phylogenies, 

which should better resolve the evolutionary relationships between the species. 

Between 15 and 21 million reads were generated from each strain, all of which were 

assembled into reasonably complete genomes, as assessed by BUSCO (Simao et 

al., 2015) (Table 3). Raw reads and assembled genomes are deposited in GenBank 

under BioProject PRJNA544350. The genome assemblies were between 44.5 and 

48.5 Mb each except for the sister taxa B. macrospora and B. tuberculispora, which 

produced relatively large genome assemblies (>56 Mb).  

Forty-eight concatenated partial gene regions (Table 1), totaling 

approximately 50 kb, were used to infer a highly-resolved phylogeny. Some multi-

species clades shown in the single gene trees were strongly supported in the 

multiple gene tree. From this analysis, two major clades are resolved in Backusella, 

one that consists of B. psychrophila, Backusella ‘group X’, B. liffmaniae, and B. 
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mclennaniae (Clade 1) and the another consists of B. luteola, B. westeae, B. 

australiensis, B. morwellensis and B. tarrabulga (Clade 2).  
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Table 3 Details of genome assemblies of Backusella strains. 

 

Strain Backusella 

species 

Number of 

reads 

Cover

age 

Contigs Size (bp) BUSCO 

completeness 

UoMAU4 B. westeae 17,536,088 45× 4,172 48,348,398 94.8 % 

UoMAU5 B. tarrabulga 16,645,616 44× 2,526 47,344,639 87.3 % 

UoMAU6 B. luteola 17,567,962 46× 3,540 47,953,259 85.9 % 

UoMAU7 B. macrospora 17,543,504 39× 5,407 56,332,687 86.2 % 

UoMAU9 B. ‘group X’ 18,173,802 49× 1,840 46,112,820 88.0 % 

UoMAU11 B. mclennaniae 20,457,596 55× 2,119 46,408,055 84.1 % 

UoMAU16 B. morwellensis 17,371,966 45× 2,949 48,384,723 89.0 % 

UoMAU34 B. australiensis 19,936,302 52× 3,598 47,841,325 90.0 % 

UoMAU35 B. parvicylindrica 20,679,958 54× 4,332 47,841,626 91.0 % 

UoMAU55 B. psychrophila 15,493,552 43× 2,051 45,155,991 85.1 % 

UoMAU58 B. liffmaniae 18,536,626 51× 3,206 44,962,020 84.5 % 

UoMAU80 B. tuberculispora 18,564,934 40× 5,511 57,697,485 86.6 % 

UoMAU90 B. australiensis 18,283,128 48× 3,192 47,594,588 88.0 % 
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Fig. 5 A multi-locus Bayesian phylogenetic tree resolves two species groups within 
the genus Backusella in Australia. Branches are labelled with posterior probabilities 
(%). Bootstrap support values derived from a maximum likelihood analysis are given 
in parentheses based on 1000 repeats.  

 

Morphological characteristics support species differentiation of molecular 

phylogenies 

 

To determine if the species designations based on molecular data were supported 

by morphology, measurements of spore size were made for each strain (Fig. 6). On 

a plot of length vs ‘Q’ (length/width) four species were distinct from all others (B. 

luteola, B. tarrabulga, B. macrospora and B. parvicylindrica). B. psychrophila and B. 

morwellensis showed an overlapping distribution. The remaining species (B. 

westeae, B. dispersa, B. australiensis, B. liffmanniae, Backusella ‘group X’, B. 

mclennaniae, B. parvicylindrica and B. tuberculispora) all have relatively small, 

globose spores.  
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Fig. 6 Graph of spore dimensions for the strains of Backusella isolated in this study. 
Q represents the quotient of average spore length and width.  

 

Examination of colony pigmentation revealed support for the distinction between the 

Clade 1 and Clade 2. Species belonging to Clade 2 show only yellow colony 

pigmentation, while Clade 1 displayed a range of colony pigmentation (including a 

single case of pale yellow). This is most obvious after scraping fungal material from 

agar plate cultures (Fig. 7). Before scraping all of the Clade 1 species appear close 

to white but three of the species, i.e. B. mclennaniae, Backusella ‘group X’ and B. 

liffmaniae, darken to a greyish color when scrapped. B. macrospora is a salmon 
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color and B. tuberculispora is brownish (greyish-brown before scraping). B. 

parvicylindrica shows no color change upon scraping remaining white-cream. 

 

 

Fig. 7 Pigmentation of the whole genome sequenced strains of Backusella after 
scraping from potato dextrose agar culture. Strains are labelled with UoMAU 
numbers, with the Clade 1 and Clade 2 species indicated. All strains within each 
species had consistent colony pigmentation conforming to that of the representative 
stains shown here. 

 

All Backusella species are presumably heterothallic  

 

Earlier studies indicated that many previously described Backusella species are 

heterothallic (Schipper, 1969; Stalpers & Schipper, 1980). Given the absence of 

zygospore production in strains derived from single asexual spore cultures, we thus 

expected the newly isolated strains to also be heterothallic. This was investigated 

using the genome sequencing data to identify the putative sex loci in these strains. A 



 
 

330 

putative sex (mating type) locus, typical of heterothallic mating, was revealed in all 

sequenced strains.  

 

Four strains had the sexM gene and nine had the sexP gene (Fig. 8A). The genes 

flanking the sexM/sexP genes (algL, sagA and glrR) were the same as those 

observed previously for B. circina and linked to the locus in other Mucorales species 

(Schulz et al., 2017). To confirm that the species were heterothallic, mating reactions 

were set up between the sequenced strains of known mating type with strains of the 

same species to identify a strong mating partner. Successful partners were identified 

for four of the species: B. australiensis, B. luteola, B. mclennaniae and B. 

parvicylindrica. In agreement with previous studies (Stalpers & Schipper, 1980), 

comparing the morphology of the zygospores produced by different species was less 

informative than the differences between the respective asexual reproductive 

structures (Fig. 8).  
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Fig. 8 Newly described Backusella species are heterothallic. a. Diagram of the 
mating type locus of the sequenced strains. The mating type of UoMAU7 was 
fragmented in the assembly, hence one flank is missing. b. SEM of zygospores for 
the four species for which mating partners were identified. — Scale bars = 20 μm. 

 

Sucrose utilization and thermotolerance provide evidence for physiological 

differences between Backusella species 

 

After pilot studies examining carbon utilization using API® 50 CH strips (bioMérieux), 

sucrose utilization on defined medium was investigated as a species delineating trait. 

Some strains were unable to grow well on defined medium with either glucose or 
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sucrose as the sole carbon source. The nutritional requirements of these strains 

would need to be further studied to be able to assess their ability to utilize sucrose. 

Nonetheless, most of the strains grew either well on both sucrose and glucose 

(indicating an ability to metabolize sucrose into its constitutive glucose and fructose 

monosaccharides) or only well on glucose (indicating a lack of the ability to use 

sucrose as a carbon source). The ability or inability to use sucrose appears to be 

stable between strains within a species. B. liffmaniae, B. mclennaniae, Backusella 

‘group X’, B. tarrabulga, B. westeae, and B. morwellensis are able to utilize sucrose 

whereas B. psychrophila, B tuberculispora, B. australiensis, B. parvicylindrica and B. 

macrospora are not (Fig. 9A; cf Fig. 2).  

 

Examination of the next generation sequencing data revealed variation in the 

presence of a putative gene (sucB) encoding invertase that was concordant with the 

ability to utilize sucrose (Fig. 9B). The strains UoMAU55, UoMAU80, UoMAU35, 

UoMAU7 lack both a functional copy of this gene and the ability to grow on sucrose. 

The strains UoMAU56, UoMAU11, UoMAU9, UoMAU6, UoMAU5, UoMAU4 and 

UoMAU16 both have a copy of sucB and the ability to utilize sucrose.  

 

The exception to this generalization was the two sequenced B. australiensis strains 

that lack the ability to utilize sucrose but have a copy of invertase. However, 

examination of the sucB alleles revealed a large deletion in the promoter sequence 

of the invertase sucB gene in these strains when compared to the sister species B. 

westeae (Fig. 9D). This might affect expression of the gene. 
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To examine if the sucB gene does indeed encode a functional invertase, the gene 

was tested for its ability to complement a S. cerevisiae invertase mutant. The SUC2 

gene was mutated in a S. cerevisiae strain by homologous recombination replacing 

the open reading frame with the KanMX selectable marker.  The cDNA of the sucB 

gene was amplified from B. westeae, cloned into an expression vector, and this 

plasmid or the empty plasmid transformed into the S. cerevisiae suc2Δ mutant. The 

B. westeae gene was able to complement the loss of sucrose utilization in the S. 

cerevisiae mutant (Fig. 9C). 

 

In addition to the ability to utilize sucrose we examined a second physiological trait: 

growth at restrictive temperatures. There was variation at both the inter-species and 

intra-species level for growth at 30 °C (Fig. 10). Two species showed either no 

growth or limited growth in all strains, these being B. macrospora (n = 53) and B. 

psychrophila (n = 29). Two species show strong growth at 30 °C in all strains, i.e. B. 

westeae (n = 1) and B. morwellensis (n = 3), but it should be noted that for both 

these species there are a limited number of strains available. The remaining strains 

showed variable thermotolerance; for example strains of B. tuberculispora showed a 

wide range of growth from very minimal growth (e.g. UoMAU108) to very strong 

growth (e.g. UoMAU80). 

 

A third physiological trait, utilization of dulcitol, was tested in the three species 

Backusella ‘group X’, B. mclennaniae and B. liffmaniae to provide a trait to 

distinguish B. liffmaniae from the former two species. Dulcitol was chosen based on 

preliminary data of carbon utilization capabilities obtained using API® 50 CH test 
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strips. The B. liffmaniae strains grow less vigorously on dulcitol compared to 

Backusella ‘group X’ and B. mclennaniae (Fig. 11). The utilization of dulcitol has not 

been studied in the Mucorales and we have yet to identify the genetic basis for this 

trait.

 

Fig. 9 Sucrose assimilation in Backusella corresponds to the presence of a 
functional sucB gene encoding invertase. a. Growth of strains on sucrose as the sole 
carbon source is variable between species. b. Strains that are able to utilize sucrose 
have alleles of sucB with a full open reading frame. Shown is a translated nucleotide 
alignment with polymorphisms highlighted in black and stop codons in red in 
UoMAU7 and UoMAU55. c. The sucB gene from B. westeae confers the ability to 
utilize sucrose to a Saccharomyces cerevisiae suc2Δ deletion mutant. d. Two B. 
australiensis strains that are unable to grow on sucrose have a sucB allele. One 
possible explanation is that deletions in the promoter region are affecting expression 
of the gene, illustrated by the black lines in UoMAU34 and UoMAU90. 
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Fig. 10 Backusella strains have variable temperature dependent growth.  Growth of 
representative strains at 22 °C and 30 °C. Note the wide intraspecific variation 
between B. tuberculispora UoMAU80 and B. tuberculispora UoMAU108. 
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Fig. 11 Growth of Backusella ‘group X’, B. mclennaniae and B. liffmaniae on media 
containing either dulcitol or glucose as a sole carbon source. 

 

Taxonomy 

 

Backusella granulispora (Loh, 2001)  

 

Notes — The ex-type strain cited by species (Loh, 2001) is not in the IMI 

collection at CABI International (CABI) in Egham, UK. The herbarium component of 

the IMI collection was transferred to the herbarium at the Royal Botanic Gardens 

Kew; however, the specimen is not available (Begoña Aguirre-Hudson pers. comm.). 

Thus, type material for this species is unavailable. The description of B. granulispora 

states that the species does not have recurved juvenile sporangia and therefore it 

does not conform to the current morphological understanding of the genus (Loh, 

2001; Walther et al., 2013). The issues presented when dealing with so called ‘old 

names’ in taxonomy, i.e. those without an available type or sufficient description 

have been discussed previously (Dayarathne et al., 2016). While it is clear that this 

species is not a true member of the genus Backusella we leave it to future 

researches to clarify the true taxonomy of this species. 

 

Backusella variabilis (A.K. Sarbhoy) G. Walther & de Hoog Persoonia 30: 41 

(2013) 

 = Backusella grandis (Schipper & Samson) G. Walther & de Hoog Persoonia 30: 41 

(2013) 
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Notes — Previous authors have noted the close relationship between B. 

variabilis and B. grandis (Walther et al., 2013) and suggested the possibility of future 

synonymisation of these species. While there are morphological differences between 

the species we believe the that in light of the more detailed phylogenetic 

understanding of the genus presented here the sequence similarity between these 

species justifies the formal synonymisation of these two species. 

 

Backusella circina J.J. Ellis & Hesselt Mycologia 61: 865 (1969) 

= Backusella johorensis L.S. Loh, Nawawi & Kuthub  

 

Notes — Backusella johorensis was reportedly unavailable for study (Lima et 

al., 2016) and no sequencing information is available. However, the original 

description of the species (Loh, 2001) cites an ex-type strain IMI350574 deposited in 

the IMI collection at CABI International (CABI), which is available as a living strain. 

LSU and ITS sequence information obtained from this strain indicates that B. 

johorensis is a synonym of B. circina. 

 

Backusella dispersa (Hagem) Urquhart & Douch, comb. nov. — MycoBank 

MB831145 

 

Basionym Mucor dispersus Hagem Annales Mycologici 8 (3): 271 (1910)  
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The following description is of UoMAU119 and is intended to illustrate the 

characteristics of the Australian collections, not replace Hagem’s original diagnosis 

of the ex-type strain CBS 107.09. Sporangiophores up to 11.3 μm diam., generally 

tapering very slightly towards sporangia, occasionally branched, hyaline, with or 

without pale yellow contents. Sporangia minutely spinulose, 30.2–47.5 ´ 28.3–46.1 

(av ± SD = 37.5 ± 6.1 ´ 36.6 ± 6.2) μm, globose (Q = 1.00–1.06 (av ± SD = 1.03 ± 

0.02)). Columellae smooth walled with pale yellow granular content, 19.5–38.7 ´ 

18.5–33.4 (av ± SD = 27.9 ± 6.8 ´ 25.4 ± 5.2) μm, variably shaped globose, ellipsoid 

or applanate (Q = 1.02–1.17 (av ± SD = 1.09 ± 0.05)). Collars small and uncommon. 

Sporangiospores smooth-walled, 8–12 ´ 7–10 (av ± SD = 9.5 ± 0.8 ´ 8.7 ± 0.9) μm, 

globose to broadly ellipsoid (Q = 1.00–1.29 (av ± SD = 1.09 ± 0.08)). Abundant giant 

cells. Chlamydospores not observed. Sporangiola present. 

Culture characteristics — Colony cottony in texture, reaching 49 mm diam and 

21 mm height. after three days growth on PDA at 22 °C. Obverse white, becoming 

yellow by 4 weeks. Reverse pale yellow, becoming paler towards edges. 

Notes — All three phylogenetic trees indicate a clear separation between a 

clade consisting of three new collections (UoMAU116, UoMAU119 and UoMAU120) 

as well as several strains of ‘B. lamprospora’ (CBS 224.67, 196.28, 107.09 and 

195.28) which were originally identified as Mucor dispersus (Hagem, 1910) from the 

type strain of B. lamprospora (CBS 118.08) isolated by Lendner (Lendner, 1908). 

Mucor dispersus was subsequently synonymized with Mucor lamprospora (Schipper, 

1969) prior to the transfer of Mucor lamprospora to the genus Backusella (Benny & 

Benjamin, 1975). Hence these strains are currently considered to be B. lamprospora. 

However, synonymizing Mucor dispersus with Mucor lamprospora was not 

universally agreed upon, with different authors giving different weight to 
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morphological differences versus the ability to form zygospores in interspecific 

crosses (Schipper, 1969; Mehrotra et al., 1972 ; Benny & Benjamin, 1975). The key 

morphological difference supporting the separation of M. dispersus from B. 

lamprospora is the presence of giant cells (Hagem, 1910; Sarbhoy, 1968; Ellis & 

Hesseltine, 1969; Mehrotra et al., 1972 ). We therefore examined our strains for the 

presence of giant cells (Fig. 13). We found that these could be readily observed in 

the three strains which grouped with M. dispersus in the molecular phylogenies (and 

not in other species). These cells closely resemble those illustrated in the original 

description of M. dispersus (Hagem, 1910) and are distinct from the inflated droplet-

filled hyphal region that have been observed more widely among Backusella species 

(e.g. B. tuberculispora and B. westeae (Fig. 13)). Another species B. gigacellularis 

was recently reported to produce ‘giant cells’ (de Souza et al., 2014), however these 

interesting cells appear to represent an unrelated cell type. In light of the clear 

molecular and morphological differences between M. dispersus and B. lamprospora, 

it is our opinion that they should be considered separate, despite the formation of 

zygospores in crosses between these two species. The new combination Backusella 

dispersa is proposed. 
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Fig. 12 Morphology of Backusella dispersa strain UoMAU119. a. SEM of 
sporangium; b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 

 

 

Fig. 13 Backusella dispersa strains produced abundant giant cells in their substrate 
mycelia that are distinct from the inflated droplet filled hyphal regions seen in other 
strains like B. tuberculispora and B. westeae. — Scale bars = 100 μm.  

 

Backusella tuberculispora G. Walther & de Hoog Persoonia 30: 41 (2013) 

 

Basionym Mucor tuberculisporus (Schipper, 1978) 

 

The following description is based on strain UoMAU80 to illustrate the morphology of 

the Australian collections. Sporangiophores up to 13.8 μm diam., generally tapering 
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very slightly towards sporangia, occasionally branched, hyaline, with or without pale 

yellow contents. Sporangia brown minutely spinulose, length 32.8–58.6 ´ width 32.7–

57.9 (av ± SD = 47.7 ± 9.5 ´ 46.9 ± 9.1) μm, globose (Q = 1.00–1.05 (av ± SD = 1.02 

± 0.01)). Columellae smooth walled with pale yellow granular content, 19.6–40.1 ´ 

19.5–39.3 (av ± SD = 33.4 ± 6.1 ´ 31.8 ± 6.1) μm, variably shaped globose, ellipsoid 

or applanate (Q = 1.01–1.13 (av ± SD = 1.05 ± 0.04)). Collars small and uncommon. 

Sporangiospores smooth-walled, 7–11 ´ 7–10 (av ± SD = 8.8 ± 0.9 ´ 8.2 ± 0.8) μm, 

globose to ellipsoid (Q = 1.00–1.38 (av ± SD = 1.08 ± 0.11)). Giant cells and 

chlamydospores not observed. Sporangiola present. 

Culture characteristics — Colony cottony in texture, reaching 56 mm diam. 

and 17 mm height after three days growth on PDA at 22 °C. Obverse light grey due 

to darkly colored sporangia, becoming dark brown by 4 weeks. Reverse creamy 

white. 

Notes — The B. tuberculispora strains isolated in this study are clearly 

distinguished by their darkly pigmented sporangia. These give the colonies a darker 

appearance than any of the other Australian species. This is consistent with 

descriptions of the type strain CBS 562.66 which is light grey on PDA. However, the 

eponymous rounded projections on the sporangiospores have not been observed 

despite being reported in the type strain on a number of media including PDA (Baijal 

& Mehrotra, 1965; Schipper, 1978). Despite this difference, given the supporting 

evidence we believe that these strains should be considered as B. tuberculispora. 
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Fig. 14 Morphology of Backusella tuberculispora strain UoMAU80. a. SEM of 
sporangium; b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 

 

Backusella australiensis Urquhart & Douch, sp. nov. — MycoBank MB831215; Fig. 

15 

 

Etymology. Referring to the country from which it was isolated. 

 

Typus. AUSTRALIA, Victoria, Morwell National Park, isolated from leaf litter (holotype MEL 

2447010, dried culture on filter paper, National Herbarium of Victoria, Victoria, culture ex-type 

UoMAU34, JMRC SF014050). 

 

Sporangiophores up to 12.3 μm diam., generally tapering very slightly towards 

sporangia, occasionally branched, hyaline, with or without pale yellow contents. 

Sporangia minutely spinulose, 22.9–95.0 ´ 21.7–92.2 (av ± SD = 57.7 ± 24.6 ´ 55.4 ± 

23.8) μm, globose to subglobose (Q = 1.00–1.08 (av ± SD = 1.04 ± 0.02)). 

Columellae smooth walled with pale yellow granular content, 18.8–32.2 ´ 15.9–29.9 

(av ± SD = 24.1 ± 4.5 ´ 22.0 ± 4.6) μm, variably shaped globose, ellipsoid or 
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applanate (Q = 1.02–1.21 (av ± SD = 1.10 ± 0.06)). Collars small and uncommon. 

Sporangiospores smooth-walled, 10.50–13.5 ´ 9.8–12.1 (av ± SD = 12.2 ± 1.2 ´ 10.8 

± 0.8) μm, subglobose to broadly ellipsoid (Q = 1.05–1.29 (av ± SD = 1.13 ± 0.07)). 

Giant cells and chlamydospores not observed. Sporangiola present.  

Culture characteristics — Colony cottony in texture, reaching 41 mm diam. 

and 19 mm height after three days growth on PDA at 22 °C. Obverse white, 

becoming yellow by 4 weeks. Reverse pale yellow to yellow, becoming paler towards 

edges. 

Notes — The species shows a close genetic and morphological similarity to 

its sister taxon B. westeae; however, based on whole genome sequencing of two 

independently isolated B. australiensis strains and the single B. westeae strain there 

is sufficient separation to warrant its treatment as a separate species. B. 

australiensis can be distinguished from B. westeae by physiological differences such 

as its inability to grow on sucrose as a sole carbon source. 

 

 

Fig. 15 Morphology of Backusella australiensis strain UoMAU34. a. SEM of 
sporangium; b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 
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Backusella parvicylindrica Urquhart & Douch, sp. nov. — MycoBank MB831150; 

Fig. 16  

 

Etymology. From the Latin parvus meaning small and cylindrica from the Greek kylindros 

meaning a roller or cylinder, referring to the dimensions of the sporangiospores. 

 

Typus. AUSTRALIA, Victoria, Jack Cann Reserve, isolated from leaf litter (holotype MEL 

2447011, dried culture on filter paper, National Herbarium of Victoria, Victoria, culture ex-type 

UoMAU35, JMRC SF014051). 

 

Sporangiophores up to 11.8 μm diam., generally tapering very slightly towards 

sporangia, occasionally branched, hyaline, with or without pale yellow contents. 

Sporangia minutely spinulose, 23.5–47.2 ´ 23.1–45.9 (av ± SD = 33.9 ± 7.5 ´ 32.4 ± 

7.4) μm, globose to subglobose (Q = 1.02–1.09 (av ± SD = 1.05 ± 0.03)). Columellae 

smooth walled with pale yellow granular content, 23.3–29.6 ´ 19.6–25.4 (av ± SD = 

26.8 ± 2.3 ´ 22.4 ± 2.0) μm, variably shaped globose, ellipsoid or applanate (Q = 

1.06–1.44 (av ± SD = 1.20 ± 0.10)). Collars small and uncommon. Sporangiospores 

smooth-walled, 10.2–17.6 ´ 5.9–9.9 (av ± SD = 13.7 ± 2.0 ´ 7.8 ± 1.2) μm, ellipsoid to 

cylindric (Q = 1.57–2.31 (av ± SD = 1.78 ± 0.24)). Giant cells and chlamydospores 

not observed. Sporangiola present. 

 Culture characteristics — Colony cottony in texture, reaching 40 mm diam. 

and 22 mm height after three days growth on PDA at 22 °C. Obverse white, 

becoming pale yellow by 4 weeks. Reverse white to creamy white. 
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Notes — Can be morphologically distinguished from all other species isolated 

in this study by its unique spore dimensions that are on average less than 15 μm 

long and have a width/length ratio of less than 0.6. 

 

Fig. 16 Morphology of Backusella parvicylindrica strain UoMAU35. a. SEM of 
sporangium; b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 

 

Backusella mclennaniae Urquhart & Douch, sp. nov. — MycoBank MB831152; Fig. 

17 

 

Etymology. For Australian mycologist Ethel Irene McLennan (Ducker, 2012). 

 

Typus. AUSTRALIA, Victoria, Morwell National Park, isolated from leaf litter (holotype MEL 

2446987, dried culture on filter paper, National Herbarium of Victoria, Victoria, culture ex-type 

UoMAU11, JMRC SF014027). 

 

Sporangiophores up to 8.7 μm diam., generally tapering very slightly towards 

sporangia, occasionally branched, hyaline, with or without pale yellow contents. 

Sporangia minutely spinulose, 25.6–39.6 ´ 24.2–39.1 (av ± SD = 31.8 ± 4.3 ´ 30.2 ± 
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4.7) μm, globose to subglobose (Q = 1.01–1.10 (av ± SD = 1.06 ± 0.03)). Columellae 

smooth walled with pale yellow granular content, 13.0–25.3 ´ 9.1–23.8 (av ± SD = 

18.8 ± 3.8 ´ 16.5 ± 4.5) μm, variably shaped globose, ellipsoid or applanate (Q = 

1.00–1.42 (av ± SD = 1.1 ± 0.14)). Collars small and uncommon. Sporangiospores 

smooth-walled, 9.6–13.6 ´ 9.2–12.0 μm (av ± SD = 11.4 ± 1.3 ´ 10.3 ± 0.8) μm, 

globose to ellipsoid (Q = 1.02–1.32 (av ± SD = 1.10 ± 0.09)). Giant cells and 

chlamydospores not observed. Sporangiola present. 

Culture characteristics — Colony cottony in texture, reaching 42 mm diam. 

and 44 mm height after three days growth on PDA at 22 °C. Obverse white, 

becoming yellowish grey by 4 weeks. Reverse white sometimes with grey zones. 

becoming paler towards edges. 

Notes — see Backusella ‘group X’ 

 

Fig. 17 Morphology of Backusella mclennaniae strain UoMAU11 a. SEM of 
sporangium; b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 

 

Backusella liffmaniae Urquhart & Douch, sp. nov. — MycoBank MB831151; Fig. 18 
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Etymology. Recognition of the contribution made by Patricia Liffman in protecting the natural 

environment where the type strain was isolated (Liffman, 2016). 

 

Typus. AUSTRALIA, Victoria, Jack Cann Reserve, isolated from leaf litter (holotype MEL 

2447034, dried culture on filter paper, National Herbarium of Victoria, Victoria, culture ex-type 

UoMAU58, JMRC SF014074). 

 

Sporangiophores up to 13.6 μm diam., generally tapering very slightly towards 

sporangia, occasionally branched, hyaline, with or without pale yellow contents. 

Sporangia minutely spinulose, 26.5–55.2 ´ 26.0–54.1 (av ± SD = 38.5 ± 10.8 ´ 36.9 ± 

10.6) μm, globose to subglobose (Q = 1.02–1.12 (av ± SD = 1.04 ± 0.03)). 

Columellae smooth walled with pale yellow granular content, 14.8–26.3 ´ 14.8–24.4 

(av ± SD = 20.8 ± 3.7 ´ 19.4 ± 3.2) μm, variably shaped globose, ellipsoid or 

applanate (Q = 1.00–1.24 (av ± SD = 1.07 ± 0.07)). Collars small and uncommon. 

Sporangiospores smooth-walled, 9.0–12.9 ´ 8.6–12.0 (av ± SD = 11.4 ± 1.3 ´ 10.4 ± 

1.2) μm, globose to broadly ellipsoid (Q = 1.01–1.17 (av ± SD = 1.09 ± 0.06)). Giant 

cells and chlamydospores not observed. Sporangiola present. 

Culture characteristics — Colony cottony in texture, reaching 32 mm diam. 

and 17 mm height after three days growth on PDA at 22 °C. Obverse white, 

becoming yellowish grey by 4 weeks. Reverse creamy white, becoming paler 

towards edges. 

Notes — Can be distinguished from Backusella ‘group X’ and B. mclennaniae 

by its inability to efficiently utilize dulcitol as a sole carbon source.  
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Fig. 18 Morphology of Backusella liffmaniae strain UoMAU58. a. SEM of 
sporangium; b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 

 

Backusella psychrophila Urquhart & Douch, sp. nov. — MycoBank MB831154; 

Fig. 19 

 

Etymology. Referring to the inability of all strain to grow above 30 ˚C. 

 

Typus. AUSTRALIA, Victoria, Jack Cann Reserve, isolated from leaf litter (holotype MEL 

2447031, dried culture on filter paper, National Herbarium of Victoria, Victoria, culture ex-type 

UoMAU55, JMRC SF014071). 

 

Sporangiophores up to 14.1 μm diam., generally tapering very slightly towards 

sporangia, occasionally branched, hyaline, with or without pale yellow contents. 

Sporangia minutely spinulose, 28.1–43.5 ´ 28.1–40.5 (av ± SD = 34.8 ± 5.9 ´ 33.5 ± 

4.9) μm, globose to subglobose (Q = 1.00–1.13 (av ± SD = 1.03 ± 0.04)). Columellae 

smooth walled with pale yellow granular content, 9.3–25.8 ´ 8.4–19.6 (av ± SD = 

18.7 ± 4.6 ´ 15.7 ± 3.0) μm, variably shaped globose, ellipsoid or applanate (Q = 
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1.04–1.39 (av ± SD = 1.18 ± 0.11)). Collars small and uncommon. Sporangiospores 

smooth-walled, 10.6–16.9 ´ 9.1–11.7 (av ± SD = 14.2 ± 1.9 ´ 1.0 ± 0.9) μm, broadly 

ellipsoid to ellipsoid (Q = 1.17–1.57 (av ± SD = 1.42 ± 0.11)). Giant cells and 

chlamydospores not observed. Sporangiola present. 

Culture characteristics — Colony cottony in texture, reaching 47 mm diam. 

and 20 mm height after three days growth on PDA at 22 °C. Obverse white 

becoming brownish yellow by 4 weeks. Reverse pale yellow to cream. 

Notes — See B. morwellensis.  

 

Fig. 19 Morphology of Backusella psychrophila strain UoMAU55 a. SEM of 
sporangium; b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 

 

 

Backusella luteola Urquhart & Douch, sp. nov. — MycoBank MB831149; Fig. 20 

 

Etymology. Referring to the yellow colony pigmentation, which is a trait in common with other 

Clade 2 species. 
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Typus. AUSTRALIA, Victoria, Jack Cann Reserve, isolated from leaf litter (holotype MEL 

2446983, dried culture on filter paper, National Herbarium of Victoria, Victoria, culture ex-type 

UoMAU6, JMRC SF014023). 

 

Sporangiophores up to 9.7 μm diam., generally tapering very slightly towards 

sporangia, occasionally branched, hyaline, with or without pale yellow contents. 

Sporangia minutely spinulose, 25.8–59.2 ´ 22.9–55.0 (av ± SD = 41.6 ± 10.8 ´ 38.0 ± 

10.2) μm, globose to ellipsoid (Q = 1.01–1.43 (av ± SD = 1.10 ± 0.12)). Columellae 

smooth walled with pale yellow granular content, 16.9–26.4 ´ 14.7–23.4 (av ± SD = 

22.0 ± 3.4 ´ 18.2 ± 2.6) μm, variably shaped globose, ellipsoid or applanate (Q = 

1.12–1.52 (av ± SD = 1.21 ± 0.13)). Collars small and uncommon. Sporangiospores 

smooth-walled, 12.9–20.1 ´ 12.3–16.7 (av ± SD = 16.2 ± 2.2 ´ 14.8 ± 1.4) μm, 

globose to ellipsoid (Q = 1.00–1.34 (av ± SD = 1.10 ± 0.10)). Giant cells and 

chlamydospores not observed. Sporangiola present. 

Culture characteristics — Colony cottony in texture, reaching 42 mm diam. 

and 38 mm height after three days growth on PDA at 22 °C. Obverse very pale 

yellow, becoming brownish yellow by 4 weeks. Reverse pale yellow, becoming paler 

towards edges. 

Notes — Known from two independent collections taken 225 km apart in 

Victoria. Both isolates have similar spore dimensions which are unique from all other 

species isolated in this study (Fig. 6). 
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Fig. 20 Morphology of Backusella luteola strain UoMAU6. a. SEM of sporangium; b. 
light microscope image of columella, c. light microscope image of sporangiospores; 
d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 

 

Backusella macrospora Urquhart & Douch, sp. nov. — MycoBank MB831143; Fig. 

21 

 

Etymology. Referring to the large sporangiospores. 

 

Typus. AUSTRALIA, Victoria, Tarra-Bulga National Park, isolated from leaf litter (holotype MEL 

2446984, dried culture on filter paper, National Herbarium of Victoria, Victoria, culture ex-type 

UoMAU7, JMRC SF014024).  

 

Sporangiophores up to 10.5 μm diam., generally tapering very slightly towards 

sporangia, occasionally branched, hyaline, with or without pale yellow contents. 

Sporangia minutely spinulose, 37.8–76.4 ´ 34.3–70.7 (av ± SD = 60.6 ± 12.2 ´ 54.3 ± 

10.4) μm, globose to ellipsoid (Q = 1.01–1.40 (av ± SD = 1.12 ± 0.12)). Columellae 

smooth walled with pale yellow granular content, 16.8–30.4 ´ 13.0–27.3 (av ± SD = 

25.0 ± 4.3 ´ 20.9 ± 3.9) μm, variably shaped globose, ellipsoid or applanate (Q = 
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1.00–1.48 (av ± SD = 1.20 ± 0.15)). Collars small and uncommon. Sporangiospores 

smooth-walled, 21.4–33.3 ´ 19.6–26.8 (av ± SD = 27.7 ± 3.8 ´ 22.6 ± 2.5) μm, 

globose to ellipsoid (Q = 1.00–1.39 (av ± SD = 1.20 ± 0.13)). Giant cells and 

chlamydospores not observed. Sporangiola present.  

Culture characteristics — Colony cottony in texture, reaching 42 mm diam. 

and 14 mm height after three days growth on PDA at 22 °C. Obverse white, 

becoming cream by 4 weeks. Reverse white to very pale salmon, becoming paler 

towards edges. 

Notes — Can be distinguished from all other species isolated in this study by 

its large sporangiospores, the shape of which is variable between isolates. 

 

 

Fig. 21 Morphology of Backusella macrospora strain UoMAU7. a. SEM of 
sporangium; b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 
 

Backusella morwellensis Urquhart & Douch, sp. nov. — MycoBank MB831148; 

Fig. 22 

 

Etymology. Referring to Morwell National Park, the origin of the type specimen. 
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Typus. AUSTRALIA, Victoria, Morwell National Park, isolated from leaf litter (holotype MEL 

2446992, dried culture on filter paper, National Herbarium of Victoria, Victoria, culture ex-type 

UoMAU16, JMRC SF014032).  

 

Sporangiophores up to 10.9 μm diam., generally tapering very slightly towards 

sporangia, occasionally branched, hyaline, with or without pale yellow contents. 

Sporangia minutely spinulose, 23.5–71.6 ´ 23.2–57.2 (av ± SD = 37.0 ± 14.8 ´ 34.1 ± 

10.9) μm, globose to ellipsoid (Q = 1.01–1.25 (av ± SD = 1.07 ± 0.09)). Columellae 

smooth walled with pale yellow granular content, 18.6–29.8 ´ 16.1–28.0 (av ± SD = 

23.5 ± 3.7 ´ 20.9 ± 3.5) μm, variably shaped globose, ellipsoid or applanate (Q = 

1.01–1.30 (av ± SD = 1.13 ± 0.08)). Collars small and uncommon. Sporangiospores 

smooth-walled, 9.4–17.4 ´ 7.7–13.0 μm (av ± SD = 13.2 ± 2.6 ´ 9.9 ± 1.8) μm, 

broadly ellipsoid to ellipsoid (Q = 1.15–1.55 (av ± SD = 1.33 ± 0.14)). Giant cells and 

chlamydospores not observed. Sporangiola present. 

Culture characteristics — Colony cottony in texture, reaching 45 mm diam. 

and 23 mm height after three days growth on PDA at 22 °C. Obverse very pale 

yellow becoming brownish-yellow by 4 weeks. Reverse yellow, becoming paler 

towards edges. 

Notes — Spore dimensions overlap those of B. psychrophila. Despite the 

similar spore morphology, molecular data show that these two species are not 

closely related. B. morwellensis can be readily distinguished from B. psychrophila by 

the ability of B. morwellensis to utilize sucrose.  
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Fig. 22 Morphology of Backusella morwellensis strain UoMAU16 a. SEM of 
sporangium; b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 

 

Backusella tarrabulga Urquhart & Douch, sp. nov. — MycoBank MB831147; Fig. 

23 

 

Etymology. Derived from Tarra-Bulga, the name of the national park where it was collected.  

 

Typus. AUSTRALIA, Victoria, Tarra-Bulga National Park, isolated from leaf litter (holotype MEL 

2446982, dried culture on filter paper, National Herbarium of Victoria, Victoria, culture ex-type 

UoMAU5, JMRC SF014022).  

 

Sporangiophores up to 8.4 μm diam., generally tapering very slightly towards 

sporangia, occasionally branched, hyaline, with or without pale yellow contents. 

Sporangia minutely spinulose, 29.7–48.0 ´ 24.2–41.8 (av ± SD = 36.8 ± 6.1 ´ 34.0 ± 

6.5) μm, globose to ellipsoid (Q = 1.01–1.24 (av ± SD = 1.09 ± 0.08)). Columellae 

smooth walled with pale yellow granular content, 20.4–34.0 ´ 16.2–27.4 (av ± SD = 
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25.3 ± 4.1 ´ 19.8 ± 3.4) μm, variably shaped globose, ellipsoid or applanate (Q = 

1.16–1.51 (av ± SD = 1.28 ± 0.10)). Collars small and uncommon. Sporangiospores 

smooth-walled, 12.2–23.4 ´ 11.9–20.1 (av ± SD = 17.0 ± 3.1 ´ 15.8 ± 2.6) μm, 

globose to broadly ellipsoid (Q = 1.00–1.17 (av ± SD = 1.08 ± 0.06)). Giant cells and 

chlamydospores not observed. Sporangiola present. 

Culture characteristics — Colony cottony in texture, reaching 41 mm diam. 

and 21 mm height after three days growth on PDA at 22 °C. Obverse white, 

becoming brownish yellow by 4 weeks. Reverse pale yellow, becoming paler 

towards edges. 

Notes — Only two strains of Backusella tarrabulga have been obtained from 

two independent sites approximately 40 km apart in eastern Victoria. Both these 

strains showed very similar spore morphology (av length =17 μm) which make B. 

tarrabulga unique among the Backusella species isolated in this study (Fig. 6).  

 

 

Fig. 23 Morphology of Backusella tarrabulga strain UoMAU5 a. SEM of sporangium; 
b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 

 

Backusella westeae Urquhart & Douch, sp. nov. — MycoBank MB831155; Fig. 24 
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Etymology. In honor of mycologist Gretna Weste (Linden, 2007). 

 

Typus. AUSTRALIA, Victoria, Tarra-Bulga National Park, isolated as a contaminant during 

attempts to culture Laccaria species from freshly collected fruiting bodies (holotype MEL 2417242, 

dried culture on filter paper, National Herbarium of Victoria, Victoria, culture ex-type UoMAU4, JMRC 

SF014021).  

 

Sporangiophores up to 9.5 μm diam., generally tapering very slightly towards 

sporangia, occasionally branched, hyaline, with or without pale yellow contents. 

Sporangia minutely spinulose, 26.2–64.0 ´ 22.4–58.4 (av ± SD = 47.1 ± 11.5 ´ 42.5 ± 

10.5) μm, globose to broadly ellipsoid (Q = 1.03–1.23 (av ± SD = 1.11 ± 0.07)). 

Columellae smooth walled with pale yellow granular content, 10.3–25.8 ´ 8.9–22.3 

(av ± SD = 17.5 ± 4.8 ´ 15.3 ± 4.6) μm, variably shaped globose, ellipsoid or 

applanate (Q = 1.02–1.38 (av ± SD = 1.16 ± 0.11)). Collars small and uncommon. 

Sporangiospores smooth-walled, 10.5–13.5 ´ 8.7–13.3 (av ± SD = 12.6 ± 1.0 ´ 11.2 ± 

1.7) μm, globose to ellipsoid (Q = 1.00–1.41 (av ± SD = 1.14 ± 0.13)). Giant cells and 

chlamydospores not observed. Sporangiola present. 

Culture characteristics — Colony cottony in texture, reaching 35 mm diam. 

and 20 mm height after three days growth on PDA at 22 °C. Obverse white, 

becoming brownish yellow by 4 weeks. Reverse yellow, becoming paler towards 

edges. 

Notes — See B. australiensis 
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Fig. 24 Morphology of Backusella westeae strain UoMAU4. a. SEM of sporangium; 
b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm. 

 

Backusella ‘group X’, Fig. 25  

 

Sporangiophores up to 8.1 μm diam., generally tapering very slightly towards 

sporangia, occasionally branched, hyaline, with or without pale yellow contents. 

Sporangia minutely spinulose, 23.6–56.0 ´ 23.1–55.2 (av ± SD = 38.2 ± 11.4 ´ 37.6 ± 

11.3) μm, globose (Q = 1.00–1.04 (av ± SD = 1.02 ± 0.01)). Columellae smooth 

walled with pale yellow granular content, 17.9–34.1 ´ 16.8–29.2 (av ± SD = 25.0 ± 

4.8 ´ 23.3 ± 4.0) μm, variably shaped globose, ellipsoid or applanate (Q = x= 1.00–

1.17 (av ± SD = 1.07 ± 0.06)). Collars small and uncommon. Sporangiospores 

smooth-walled, 9.3–12.1 ´ 7.6–11.3 (av ± SD = 10.4 ± 1.0 ´ 9.7 ± 1.1) μm, globose to 

broadly ellipsoid (Q = 1.00–1.22 (av ± SD = 1.07 ± 0.06)). Giant cells and 

chlamydospores not observed. Sporangiola present. 

Culture characteristics — Colony cottony in texture, reaching 48 mm diam. 

and 22 mm height after three days growth on PDA at 22 °C. Obverse white, 
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becoming brownish yellow by 4 weeks. Reverse creamy white. Grey zones 

sometimes visible close to substrate. 

Notes — Morphologically and physiologically similar, Backusella ‘group X’ and 

B. mclennaniae cannot yet be discriminated based on the characters examined but 

show clear separation in the molecular data. ITS similarity between Backusella 

‘group X’ and the type of B. lamprospora CBS 118.08 is only around 92 %, however 

further taxonomic work will be required to determine whether ‘group X’ should be 

included in B. lamprospora or described as a separate species.  

 

 

Fig. 25 Morphology of Backusella ‘group X’ strain UoMAU9. a. SEM of sporangium; 
b. light microscope image of columella, c. light microscope image of 
sporangiospores; d, and e. obverse and reverse of colony. — Scale bars = 20 μm 
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KEY TO THE BACKUSELLA SPECIES OF SOUTH-EASTERN AUSTRALIA 

   1a Spore length av = 22–35 μm                                                            B. macrospora 

b Spore length av ~17 μm; Q ~1.1                                                         B. tarrabulga 

c Spore length av ~14 μm; Q ~1.05                                                             B. luteola 

d Spore length av = <15 μm long; Q >1.6                                      B. parvicylindrica 

e Spore length av = <15 μm long; Q 1.2–1.51                                                           2 

f Spore length av = <13 μm long; Q <1.15                                                                 3 

   2a Utilizes sucrose as sole carbon source                                         B. morwellensis 

b Does not utilize sucrose as sole carbon source                             B. psychrophila 

   3a Giant cells present                                                                                 B. dispersa 

b Giant cells absent                                                                                                   4 

   4a Utilizes sucrose as sole carbon source                                                                   5 

b Does not utilize sucrose as sole carbon source                                                      6 

   5a Reverse colony color typically yellow                                                     B. westeae 

b Colony color typically white, sometimes showing black pigmentation close to 

substrate                                                                                                                    7 

   6a Colony color typically yellow, especially after ‘scraping’                 B. australiensis 

b Darkened sporangia giving colony a grey appearance               B. tuberculispora 

   7a Strong growth on dulcitol                                                                      B. liffmannii 

b Weak growth on dulcitol                             Backusella ‘group X’; B. mclennaniae* 

 

*Backusella ‘group X’ and B. mclennaniae are distinguished by analysis of DNA 

sequences.  
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DISCUSSION 

 

Globally, the discovery rate of new, non-Dikarya fungal species is remarkably low. In 

contrast to 2017, when 24 non-Dikarya species were identified (Willis, 2018), here 

we report 10 new species in the genus Backusella. These species were shown to be 

genetically, morphologically, and physiologically distinct. Phylogenies based on 

comparing the sequences of DNA regions between different strains revealed clear 

separation between species (Fig. 2, 3, 4 & 5). Additionally, we describe a group of 

species which we tentatively refer to as B. ‘group X’ with affinity to B. lamprospora, 

the taxonomy of which requires further study, and many potentially be another novel 

species. The most phylogenetically informative morphological trait that we examined 

was spore dimensions, which strongly support the species groups made apparent by 

phylogenetic trees based on DNA sequences.  

 

Both the discovery and then analysis of the Mucorales has been hampered by 

features of their genomes that are less commonly encountered in the Ascomycota 

and Basidiomycota. The first is that the rDNA copies may be variable within a strain. 

A second issue is that the genomes of Mucorales species can contain whole and/or 

segmental genome duplications (Corrochano et al., 2016), potentially confounding 

phylogenies based on what are single genes in other fungi (e.g. the gene encoding 

actin). To circumvent such problems, we turned to whole genome sequencing to 

provide a far more substantial set of DNA information, and identify the argA gene as 

one example of a single copy gene that could potentially be adopted more widely to 

explore relationships between species and genera in the Mucorales. The argA gene 
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encodes a putative argininosuccinate lyase, which breaks down argininosuccinate 

into arginine and fumarate. Being essential for the production of arginine, it is well 

conserved between plants, fungi and animals. Examining the MCL cluster data 

available through MycoCosm shows that of 54 genomes of Mucoromycotina species, 

52 have a single copy argA homolog (Grigoriev et al., 2014). The two exceptions are 

Rhizopus microsporus var. chinensis CCTCCM201021 which carries two copies as a 

result of a large duplicated region (Wang et al., 2013) and Endogone sp. FLAS 5907 

which lacks an argA homolog, this might reflect either an incomplete assembly or the 

interesting biology of this species (Chang et al., 2019). 

 

With decreasing costs in genome sequencing, reporting a draft genome sequence 

could become a mandatory requirement for the description of new fungal species, 

providing future investigators with a far more comprehensive gene set from which to 

choose regions that may enable the establishment of relationships, thereby providing 

the power of multi-gene phylogenetic inferences. 

 

In addition to DNA sequences and morphology, we also examined two physiological 

traits – utilization of sucrose and growth at different temperatures. Sucrose was 

found to be consistently utilized by the strains corresponding to some species but not 

others. This is in keeping with previous work suggesting carbon source utilization 

can sometimes discriminate between species (Scholer & Müller, 1966; Schwarz et 

al., 2007; Pawłowska et al. 2019). Sucrose is known to be broken-down by the 

enzyme invertase in fungi, including some Mucorales (Watanabe & Oda, 2008; Dong 

et al., 2018). Examination of the genome sequences revealed a putative invertase 

https://en.wikipedia.org/wiki/Arginine
https://en.wikipedia.org/wiki/Fumaric_acid
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gene that was present in the genomes of the sucrose-utilizing species but absent or 

mutated from those which lack this ability. The ability of B. westeae sucB DNA to 

complement the S. cerevisiae suc2 deletion mutant phenotype confirms the 

prediction that sucB is a functional invertase. The appearance of invertase-producing 

species in two places on the tree implies that the ability to utilize sucrose has been 

lost multiple times during the evolution of the genus. This hypothesis is supported by 

the presence of independently-derived non-functional alleles in UoMAU7 and 

UoMAU55 (stop codons within the reading frame); and UoMAU34 and UoMAU90 

(with large deletions in the promoter region). The fact that these species are 

apparently under different selection pressures in regard carbon source utilization 

suggests that there may be niche separation between the species based on their 

ability to utilize different carbon sources. More generally, the discovery of sucrose 

utilization as a potentially taxon-discriminating character provides an example of how 

implementation of polyphasic taxonomy can link morphological or physiological 

taxonomic traits backed by DNA sequence analysis. 

 

The impacts of climate change on soil biodiversity have been considered previously 

(Classen et al., 2015). Given the different capacity of Backusella strains to withstand 

increased temperature (Fig. 2), there is a possibility that a warming climate will 

disturb the species composition (selecting against those species which appear to be 

uniformly heat sensitive) or in the case of those species with variable tolerance 

shifting population structures. Compared to sucrose utilization, thermotolerance is a 

more complex trait likely involving the contributions of many genes. Further studies 

at the population-level, particularly in the case of B. tuberculispora, might help us to 
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understand the genetic basis for thermotolerance in this genus and allow us to 

predict the evolutionary effects of climate change on it. 

 

The biological species concept is one system in which species may be deliminated.  

While mating reactions could be a powerful tool to understand taxon boundaries, 

interpretation of mating reactions in the Mucorales is complicated by the production 

of azygospores in some interspecific crosses that morphologically resemble 

zygospores and the frequent lack of interaction, even between closely related strains 

(Schipper, 1978; Stalpers & Schipper, 1980). Furthermore, zygospore dormancy, 

which is found in other Mucorales, may hamper the ability to resolve post-zygotic 

isolation, which requires reliable production of progeny from compatible crosses. 

 

A limitation of this study was that we were unable to directly study a number of non-

Australian isolates, in large part due to quarantine restrictions. We hope that 

researchers in the future will be able to make detailed observations of these strains, 

particularly their ability to utilize sucrose so that this information can be integrated 

with that described here. The study of the non-Australian isolate CBS 118.08 will be 

particularly important to clarify the relationship between this species and the 

Backusella ‘group X’ strains that we isolated. 

 

In summary, this study has uncovered a considerable and previously unexplored 

diversity of one Mucorales genus, Backusella, in south-eastern Australia. The low 

degree of overlap between the species isolated in this study and those isolated 

internationally in the last decade (B. gigacellularis and B. constricta from Brazil and 
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B. locustae from South Korea) provides initial evidence that different geographical 

areas may possess unique Backusella flora. This work highlights how understudied 

the Mucoralean flora of Australia are, and will stimulate other researchers to focus 

greater efforts on understanding other basal genera in both this region and around 

the world. 
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Discussion and concluding remarks 

 
Traditionally, the discipline of fungal genetics has been largely focused on a handful 

of model fungi, most notably Saccharomyces cerevisiae, Schizosaccharomyces 

pombe, Neurospora crassa and Aspergillus nidulans. There is no denying that work 

on these species has brought tremendous advances in our understanding of 

fundamental biology (illustrated by the five Nobel prizes awarded since 2001 for 

research on S. cerevisiae). However, given that there are estimated to be well over 1 

million fungal species (Blackwell, 2011; Hawksworth and Lücking, 2017), one cannot 

help but wonder what interesting biology and potential beneficial traits or products we 

are missing by focusing our efforts on a limited number of species. Likewise, a better 

understanding of underlying diversity in the fungal kingdom will contribute to pre-

empting issues as fungi emerge as new problems in the future. With this in mind, my 

project illustrates how an increasing molecular tool kit is presenting new opportunities 

to expand fungal genetics out of the well-established model organisms. Increasingly, 

species that were once difficult to work with can now be genetically manipulated. This 

has the potential to lead to new discoveries that will benefit humankind. 

 

For example, the development of the CRISPR-Cas9 system in L. maculans during my 

PhD (Idnurm et al., 2017) allowed me to mutate 11 genes (Chapter 1) – more L. 

maculans genes than had been mutated in the past two decades. The loss of these 

11 L. maculans genes, which are up-regulated during disease and in some cases 

show homology to genes implicated in the pathogenicity of other plant pathogens 

(including a putative LysM effector (Kombrink and Thomma, 2013) and a sugar 

https://en.wikipedia.org/wiki/Neurospora_crassa
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permease (Wahl et al., 2010)), does not impair the fungus from causing disease. This 

might reflect a fundamental feature of L. maculans’ biology. Pathogenic fungi engage 

in an evolutionary state of “warfare” with their hosts. Hosts evolve R-genes which 

encode for proteins recognizing specific fungal proteins known as Avr proteins (Bent 

and Mackey, 2007). To cause disease, the fungus is faced with the option to either 

lose or modify the Avr protein. L. maculans has been able to do this numerous times 

to “breakdown” the actions of resistance genes bred into B. napus cultivars (Rouxel et 

al., 2003; Sprague et al., 2006; Van de Wouw et al., 2014). The Avr genes are some 

of the most highly expressed genes during infection (Lowe et al., 2014; Sonah et al., 

2016), and it is worth noting that the disruption of such genes causes a gain in 

virulence. The fact that L. maculans is able to dispense with a number of proteins, 

likely involved in disease, while still maintaining the ability to infect its host, might 

therefore represent an important evolutionary adaptability that partly explains its 

widespread success around the world. 

 

CRISPR-Cas9 vastly increases the scope of experiments that future researchers will 

be able to conduct on this fungus. Already CRISPR-Cas9 has been used to investigate 

L. maculans genes required to synthesise the plant hormone abscisic acid (Darma et 

al., 2019). Furthermore, the plasmids that I was involved in developing are designed 

to work in more than just L. maculans, opening new opportunities for other fungal 

species. 

 

Highlighting the new possibilities the CRISPR-Cas9 system offers, I utilised the 

system in the discovery that overexpression of the normally down-regulated 

transcription factor SirZ during infection reduces pathogenicity (Chapter 2). CRISPR-
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Cas9 mutation of the introduced sirZ allele served as a control that was essential to 

draw conclusions from this study. This work represents a novel approach to 

understand plant-microbe interactions, whereby, rather than mutating a gene highly 

expressed during disease, I overexpressed a gene that was usually down regulated. 

It will be interesting to see if other such genes are discovered in the future, and this 

chapter provides evidence that some fungi undergo “stealth pathogenicity” by turning 

off their secondary metabolite production (Goodwin et al., 2011). Likewise, being able 

to define why the SirZ overexpression strains are non-pathogenic may lead to the 

discovery of mechanisms to inhibit the fungus in field situations. 

 

I took a more conventional approach in discovering molecules involved in plant-

pathogen interactions by using T-DNA insertional mutagenesis to identify the Sit4-

associated protein (SAP) homolog of L. maculans as a pathogenicity gene (Chapter 

3). This is the first time that a SAP protein has been mutated in a filamentous fungus. 

In Saccharomyces cerevisiae the SAP proteins are part of the target of rapamycin 

(TOR) pathway, which couples cellular metabolism to nutrient availability (Rohde et 

al., 2004). Thus, signalling in response to environmental stimuli, in particular nutrient 

availability, might be important to the ability of L. maculans to cause disease. 

Additionally, I have uncovered two more pathogenicity genes, one encoding a 

flavoprotein and one encoding a heat repeat-containing protein although the biological 

activities of these proteins are not yet clear (Chapter 4). In the course of this work a 

large number of T-DNA insertion mutants which maintain pathogenicity were 

indentified. These mutants could potentially be leveraged to identify genes not 

involved in disease. Although at present the cost and time involved in identifying the 

insertion sites would be limiting.  
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The discoveries made in Paecilomyces variotii illustrate how technological advances 

are presenting opportunities to expand beyond traditional model organisms. During 

the course of this thesis, P. variotii went from the position of having never been 

genetically manipulated to a point that it can be considered a new “model organism” 

(Chapter 5, and see also the discovery and characterisation of the putative 

Hephaestus transposable element (Urquhart et al. 2020). In comparison, the process 

of bringing L. maculans to this point took over a decade, starting the in the late 1980s 

when L. maculans was one of the first fungi to be transformed with foreign DNA 

(Farman and Oliver, 1988). Similarly, one can contrast my progress on the viriditoxin 

biosynthesis cluster, which identified the complete biosynthesis pathway by knocking 

out all eight genes (and another encoding a putative PKS for pigmentation) and 

analysing the intermediate metabolites produced by these strains (Chapter 6), to work 

in L. maculans on sirodesmin starting in the mid 2000’s, the biosynthesis of which has 

been only partly characterised through a number of studies with only three genes 

knocked out (Gardiner et al., 2004; Gardiner et al., 2005; Fox et al., 2008; Kremer and 

Li, 2010; Pedras and Khallaf, 2012). The relatively fast progress made on P. variotii is 

because of the expanded range of tool available to us now compared to when the first 

generation of model organisms were developed. 

 

The discovery of Repeat Induced Point (RIP) mutation in P. variotii expands the 

distribution of fungi in which this process has been demonstrated. This process has 

been postulated to be present in many fungal species based on features of their DNA 

sequence, particularly the accumulation of AT rich components in repetitive DNA 

(Nielsen et al., 2001; Clutterbuck, 2004; Montiel et al., 2006; Braumann et al., 2008; 
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Horns et al., 2012; Ropars et al., 2012). However, such variability may have resulted 

from one of the most common processes of mutation that occurs naturally in cells, that 

is the spontaneous deamination of cysteine to uracil (read as T) (Lindahl, 1993; 

Lutsenko and Bhagwat, 1999). Thus, the experimental demonstration of RIP for the 

first time in a species in the Eurotiales makes the discovery from P. variotii highly 

important. First, it expands the evolutionary range in which RIP occurs into this 

lineage. Second, it underlies how the characterisation of RIP, or indeed any other 

fundamental processes, in L. maculans is of broader significance beyond its important 

role in this fungus as a source for rapid evolution of virulence (Idnurm and Howlett, 

2003; Van de Wouw et al., 2010; Van de Wouw et al., 2019). Characterisation of RIP 

in P. variotii also served to illustrate the variability of the RIP process in fungi. For 

example, experiments by Van de Wouw et al (2019) were initiated towards being able 

to use RIP as a tool to make mutations in specific L. maculans genes. However, the 

rate of RIP per kilobase of duplicated sequence is so low that it is an ineffective tool. 

In contrast, I was able to mutate a P. variotii gene successfully by transforming in a 

two copies of the same fragment of DNA and isolating progeny from a cross carrying 

a suite of new mutations in the target gene (Urquhart et al. 2019).  

 

Understanding species boundaries is the corner stone for communication of research 

results and drawing conclusions for studies performed in different countries and at 

different times. This is clear with both P. variotii and L. maculans. For example, 

although I was the first to sequence the genome of P. variotii, another strain with that 

name “P. variotii No. 5” had been sequenced; however, I re-examined the DNA 

sequencing information of this isolate and showed that it is actually a member of the 

related species P. formosus (Urquhart et al., 2018). The distinction between these 



 
 

377 

species is significant as it has recently been shown that P. formosus and not P. variotii 

is responsible for disease in Iranian pistachios (Heidarian et al., 2018). L. maculans 

has also been the subject of taxonomic confusion. Of note, one classification system 

was based around the synthesis of what at the time was an unknown toxin (later 

sirodesmin, the topic of chapter 3). Revisions split the species into two species with a 

number of subgroupings (Shoemaker and Brun, 2001; Mendes-Pereira et al., 2003; 

Voigt et al., 2005). Later the Dothideomycetes as a whole were revised, so currently 

the official name of the main species that causes blackleg of canola in Australia is 

Plenodermus lingam (de Gruyter et al., 2013), a name that has not been adopted by 

the research community. A new subclade was only recently described in the L. 

maculans species complex (Zou et al., 2019). In coming to terms with aspects on 

ambiguity in fungal taxonomy, other research in the laboratory with members of the 

Royal Botanic Gardens Melbourne was investigating fungal species diversity.  

 

My discoveries on species in the order Mucorales (Chapters 7-9) shows how fungal 

groups that cannot be well understood using traditional morphological taxonomy can 

be resolved using DNA sequencing-based phylogenetics. Diversity in Mucorales 

genera in Australia is largely unexplored and as such my studies represent the first 

foray into this fascinating topic since the mid 1980s, taking advantage of the advent of 

whole genome sequencing. In particular, morphological species delimitation in the 

genus Syncephalastrum has traditionally been fraught (Benjamin, 1959; Schipper and 

Stalpers, 1983) yet by utilising a whole genome sequencing based approach I was 

able to clearly separate my species from the previously described species, as well as 

contribute to resolving the debate about how many species are present in this genus. 

The potential importance of fundamental knowledge about such lineages in terms of 
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fungal diseases is only too well illustrated by the devastation caused by the chytrid 

Batrachochytrium dendrobatidis. Chytrids were a relatively obscure group of 

“unimportant” organisms before being capitulated to prominence by the emergence of 

B. dendrobatidis that has devastated many amphibian species globally (Fisher et al., 

2009; Scheele et al., 2019). Phylogenies based on whole genome data have provided 

insights to the complex evolutionary origins of pathogens, including newly emerged B. 

dendrobatidis (Rosenblum et al., 2013), Pseudogymnoascus destructans in bats 

(Drees et al., 2017) or Candida auris in humans (Lockhart et al., 2017), as well 

informing our understanding of higher order relationships among fungi (Choi and Kim, 

2017). 

 

The potential to apply new molecular technologies to under-studied species, as 

illustrated in this thesis, makes it an exciting time to be in the field of fungal genetics. 

However, translating the knowledge gained into practical outcomes, across a range of 

fields that include agriculture, medicine and environmental conservation is still 

challenging. 

 

A key question now is how to integrate knowledge about pathogenicity genes (such 

as those identified in Chapters 3 and 4) into practical outcomes? The most obvious 

answer would be to design a fungicide to target the products of these genes, However, 

new fungicides cost over $250 million dollars to develop (Russell, 2006), which is a 

serious impediment to their development. For many agriculturally important classes of 

fungicide, the discovery of the fungicide target has come after the discovery of the 

fungicide itself. For example, azole fungicides were widely used decades before it 

became clear that they act through inhibition of a cytochrome p450 enzyme involved 
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in ergosterol synthesis (Vanden Bossche, 1985). To my knowledge, no fungicide has 

yet been released which has been rationally designed to target novel fungal proteins. 

Furthermore, essential genes rather than pathogenicity genes may be more 

commercially attractive targets for such designs as these may be more conserved 

between different pathogens increasing the range of applications of the developed 

fungicide. Nevertheless, at least one group of fungicides - the melanin biosynthesis 

inhibitors - target pathogenicity genes involved in melanin biosynthesis and are 

important for the control of rice blast disease (Tsuji et al., 1997). Thus, the possibility 

that newly identified pathogenicity genes could be used as fungicide targets remains.  

 

One way in which our understanding of fungal genetics has already had concrete 

outcomes for agricultural industries is the identification of Avr genes in a number of 

important fungal pathogens (for example Magnaporthe oryzae (Wang et al., 2017) and 

L. maculans (Van De Wouw et al., 2016)). These are key genes encoding small 

secreted proteins that can be recognised by an appropriate resistance gene in the 

plant triggering a defence response. In the management of blackleg disease of canola 

in Australia, monitoring these genes in the fungal population has become an 

indispensable tool providing recommendations to growers and agronomists as to 

which resistance genes should be utilised in the selection of canola cultivars (Van de 

Wouw et al., 2014; Van De Wouw et al., 2016; Zhang and Dilantha Fernando, 2018; 

Van de Wouw and Howlett, 2019). 

 

Encouragingly, new paths forward to capitalize on knowledge about fungal genes are 

becoming evident. One possible strategy is the use of RNA interference (RNAi) in 

which plants are genetically modified to produce short double stranded RNAs that 
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silence fungal genes. Such plants are still considered genetically-modified organisms 

(GMOs), which can lead to issues in marketing to the general public. To avoid this 

issue, these interfering RNAs can be sprayed directly onto crops to provide protection, 

in approaches that may use stabilising chemicals (Koch et al., 2016; Mitter et al., 

2017). Alternatively, it might be possible to use RNA molecules to artificially express 

fungal genes, such as SirZ (Chapter 2), that reduce pathogenicity when expressed at 

an atypical stage of the disease cycle. 

 

In summary, my PhD research covers a number of topics related to the development 

of molecular tools for identification and gene characterisation in fungi. The key 

outcomes have been:  

- The development and use of the CRISPR-Cas9 system in L. maculans, that 

have contributed to revealing the limitations of gene expression profiling in 

implicating genes in plant pathogenicity (Chapter 1).  

- The discovery that overexpression of the transcription factor SirZ reduces 

pathogenicity in L. maculans (Chapter 2).  

- The identification of three L. maculans pathogenicity genes: the SAP homolog 

(Chapter 3), a gene encoding a flavoprotein and a gene encoding a heat-repeat 

protein (Chapter 4). 

- The taming of P. variotii in the lab and discovery that RIP occurs in the 

Eurotiales (Chapter 5). 

- The elucidation of the viriditoxin biosynthesis pathway in P. variotii (Chapter 6). 

- The discovery of many new fungal species, including a comprehensive study 

of the Backusella genus, in Australia (Chapters 7, 8 and 9). 
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It will be exciting to see how laboratory-based fungal genetics, agricultural industry, 

medical mycology and big-pharma are brought more closely together in the future. 

This will be increasingly important in the face of increased antifungal resistance in both 

agricultural and medical settings (Lockhart et al., 2017), the expected rise in population 

and associated stresses this will place for food production (FAO, 2017), and the 

emergence and spread of new pathogens (Nucci and Marr, 2005).  
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Abstract 

 

Background 

The dicarboximide fungicide iprodione has been used to combat blackleg disease of 

canola (Brassica napus), caused by the fungus Leptosphaeria maculans. For 

example, in Australia the fungicide was used in the late 1990s but is no longer 

registered for use against blackleg disease, and therefore the impact of iprodione on 

L. maculans has not been investigated.  

 

Results 

Resistance to iprodione emerged spontaneously under in vitro conditions at high 

frequency. A basis for this resistance was mutations in the hos1 gene that encodes a 

predicted osmosensing histidine kinase. While loss of the homologous histidine kinase 

in some fungi has deleterious effects on growth and pathogenicity, the L. maculans 

strains with the hos1 gene mutated had reduced growth under high salt conditions, 

but were still capable of causing lesions on B. napus. The relative ease to isolate 

mutants with resistance to iprodione provided a method to develop and then optimize 

a CRISPR/Cas9 system for gene disruptions in L. maculans, a species that until now 

has been particularly difficult to manipulate by targeted gene disruptions. 

 

Conclusions 

While iprodione is initially effective against L. maculans in vitro, resistance emerges 

easily and these strains are able to cause lesions on canola. This may explain the 

limited efficacy of iprodione in field conditions. Iprodione resistance, such as through 
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mutations of genes like hos1, provides an effective direction for the optimization of 

gene disruption techniques. 

 

Keywords 

Agrobacterium-mediated transformation, canola, gene editing, HOG pathway  
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Background 

 

Canola (Brassica napus) is a major crop worldwide, and is also grown as part of the 

crop rotation systems with cereals (Van de Wouw et al., 2016). Control of the main 

disease of canola, blackleg, is through farming practices that minimize exposure to 

the infectious spores, sowing cultivars that carry resistance genes, and more recently 

relying on fungicides. Blackleg disease is caused by a species complex in the genus 

Leptosphaeria (Dothideomycetes; Pleosporales) (Mendes-Pereira et al., 2003; Voigt 

et al., 2005; de Gruyter et al., 2013), with most crop losses due to L. maculans. 

Although a number of molecular biology resources are available for L. maculans, 

including a genome sequence (Rouxel et al., 2011), investigations of gene functions 

in the fungus has been hampered by the low rates of homologous integration of 

constructs used in generating gene deletion strains, with just nine gene knock outs 

reported in the literature (Wilson et al., 2002; Idnurm et al., 2003a; Idnurm et al., 

2003b; Gardiner et al., 2004; Gardiner and Howlett, 2004; Feng et al., 2014). Hence, 

this aspect of the fungus has limited the ability to test how specific genes may impact 

the ability of this fungus to cause disease on canola. 

 

The application of fungicides has provided large yield increases to crops by reducing 

the symptoms caused by fungal diseases. In the case of blackleg disease, different 

fungicides have been and continue to be employed (Van de Wouw et al., 2016). In 

Australia, currently these are in the triazole class (Fungicide Resistance Action 

Committee (FRAC) group 3), and used as seed dressings, combined with fertilizer, or 

as a foliar spray. Another class, the dicarboximide iprodione (FRAC group 2; trade 

name Rovral® produced by Bayer CropScience), was approved for use against 
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blackleg disease and used for about five years before being unregistered at the end 

of the 1990s. Iprodione currently can still be used for treatment of Sclerotinia stem rot 

of canola, which is a disease that has an overlapping distribution as blackleg. 

 

Resistance to dicarboximide fungicides, like iprodione, can occur if mutations arise in 

the high osmolarity glycerol response (HOG) pathway (Bahn, 2008). The HOG 

pathway was first characterized in Saccharomyces cerevisiae for its role in enabling 

growth under hyper- and hypo-osmotic conditions (Brewster et al., 1993; Maeda et al., 

1995; Posas et al., 1996), and subsequent research in numerous fungal species has 

defined multiple phenotypes of strains with mutations in the signaling genes. The HOG 

pathway features a sensing histidine kinase that transfers environmental information 

into a cascade of three mitogen activated protein kinases (Bahn, 2008). Mutations 

often occur in the homologs of the histidine kinase in other fungi to confer resistance 

to the dicarboximide fungicides (John et al., 2016). 

 

Exposure to fungicides is linked to the emergence of fungicide resistance, thereby 

rendering specific fungicides or entire classes ineffective. We recently initiated an 

investigation into the levels of resistance to triazole fungicides in L. maculans 

populations in Australia (Van de Wouw et al., 2017). As a control, isolates were tested 

for their responses against the unrelated chemical iprodione. Spontaneous resistance 

to this molecule was commonly observed, leading to the investigation into its basis 

and the impact of those mutations on pathogenicity. Subsequently, the hos1 gene that 

was mutated in these resistant strains was used as a tool for the development of the 

clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 system to 

make targeted mutations in L. maculans. 
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Methods 

 

Fungal strains and culturing 

 

Routine culturing of L. maculans was on 10% V8 juice with 2% agar. The wild type 

strains or those isolated during this study are listed in table 1. Because there is often 

limited contrast between the color of the V8 juice and fungal hyphae, to increase the 

contrast in the figures the strains were cultured on potato dextrose agar. Iprodione 

was dissolved in dimethyl sulfoxide, and added to agar media at final concentrations 

of 5 or 10 µg/ml.  
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Table 1 Strains of Leptosphaeria spp. used in this study 

Strain name(s) Genotype Origin 
L. biglobosa 
06J154 

Wild type Burren Junction, NSW, Australia, 
2006 (Van de Wouw et al., 2008) 

D5 (IBCN18; M1) Wild type Penshurst, VIC, Australia, 1988 
D5-IpR hos1 mutant Selection of D5 on iprodione 
D5-IpR+hos1 hos1–+hos1 Transformation of D5-IpR with wild 

type hos1 
D2 (IBCN15) Wild type Streatham, VIC, Australia, 1988 

(Mendes-Pereira et al., 2003) 
D2-IpR hos1– Selection of D2 on iprodione 
D2-IpR+hos1 hos1–+hos1 Transformation of D2-IpR with wild 

type hos1 
D3 (IBCN16) Wild type Mt Barker, WA, Australia, 1988 

(Mendes-Pereira et al., 2003) 
D3-IpR hos1– Selection of D3 on iprodione 
D3-IpR+hos1 hos1–+hos1 Transformation of D3-IpR with wild 

type hos1 
14P290 Wild type Katanning, WA, Australia, 2014 (this 

study) 
14P290-IpR hos1– Selection of 14P290 on iprodione 
14P290-IpR+hos1 hos1–+hos1 Transformation of 14P290-IpR with 

wild type hos1 
D13 (09SMW024) Wild type Cummins, SA, Australia, 2009 (Van 

de Wouw et al., 2014) 
DV1 hos1 guide D5 
DV2 hos1 guide; cas9 DV1 
DV3 hos1 guide; cas9; 

hos1– 
DV2 

D13-coT cas9; hos1 guide D13 cotranformed with both guide 
RNA (hyg) and Cas9 (G418) 

D13-IpR1 cas9; hos1 guide; 
hos1– 

Selection of D13-coT on iprodione 

D13-IpR2 cas9; hos1 guide; 
hos1– 

Selection of D13-coT on iprodione 

v23.1.3 Wild type In vitro crosses, France (Rouxel et 
al., 2011) 

JN3-Cas9 cas9 v23.1.3 transformed with pMAI23 
JN3-avrLm1-1 cas9; AvrLm1 guide; 

avrLm1– 
JN3-Cas9 

JN3-avrLm1-2 cas9; AvrLm1 guide; 
avrLm1– 

JN3-Cas9 

All strains are L. maculans, with the exception of one L. biglobosa strain used as a 

source of DNA for constructs. The numerous hos1 mutants isolated from CRISPR-
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Cas9 sources and the 28 progeny from the D3-IpR × D13 cross are not listed. IBCN 

indicates a strain in the International Blackleg of Crucifers Network collection. 

 

For genetic segregation analysis, crosses were set up between strain D3-IpR and 

strain D13, on 20% V8 juice and CaCO3 medium. After one week of growth, the plates 

were overlaid with water agar. Cultures were incubated at 14°C with alternating 12 h 

dark-blacklight cycles for six weeks. At this point, the plates were examined for the 

formation of pseudothecia. Asci were released by placing the pseudothecia in sterile 

water whereby ascospores were discharged naturally. Individual ascospores were 

then collected and allowed to germinate on 2% water agar plates before being hyphal-

tip subcultured to create individual strains. A total of 28 progeny was collected and 

analyzed. 

 

DNA isolation of L. maculans, PCR and sequencing 

 

L. maculans mycelia were cultured in 10% cleared V8 juice medium (pH 6). Mycelia 

were freeze-dried, broken with 2 mm glass beads, and DNA extracted in a CTAB buffer 

and incubation at 65°C, followed by one chloroform extraction, and precipitation with 

an equal volume of isopropanol (Pitkin et al., 1996). 

 

For sequencing, hos1 was amplified with different primer combinations to cover 

different regions of this large gene. Amplicons used to identify spontaneous mutations 

were MAI0218-MAI0223 and MAI0220-MAI0224. Primer sequences used in this study 

are found in table S1. Primers used to amplify and then identify mutations in hos1 

induced by CRISPR-Cas9 were MAI0220-MAI0224. 
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To resolve which hos1 allele is present in progeny of the D3-IpR × D13 cross, the 

region was amplified with primers MAI0220-MAI0376. The DNA was precipitated and 

then digested with AgeI restriction enzyme, which cuts the amplicon of the wild type 

copy but not the iprodione resistance allele. 

 

Primers used to amplify the AvrLm1 gene to identify mutations induced by CRISPR-

Cas9 were MAI0353-MAI0354. 

 

Construction of plasmids for transformation of L. maculans 

 

Plasmids were constructed for the introduction of T-DNA molecules into L. maculans 

using Agrobacterium tumefaciens mediated transformation. 

 

Two plasmids conferring resistance to G418 or hygromycin were made, in which gene 

expression was from the promoter and terminator of the actin gene of L. biglobosa 

strain 06J154 (Van de Wouw et al., 2008). G418 resistance has not been used 

previously in L. maculans transformation. For the G418 construct, the promoter region 

was amplified with primers MAI0014-MAI0015, and terminator region with primers 

MAI0016-MAI0017 from genomic DNA of strain 06J154, isolated as for L. maculans. 

The open reading for the aminoglycoside phosphotransferase that confers resistance 

to G418 was amplified with primers ALID0835-ALID0836 from plasmid pPZP-NEO1 

(Walton et al., 2005). The three pieces were joined by overlap PCR using primers 

MAI0014-MAI0017, and cloned into the TOPO pCR2.1 plasmid (Invitrogen). To ensure 

the expression system worked for resistance to G418, the equivalent plasmid was 
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made to confer resistance to hygromycin. The promoter was amplified with primers 

MAI0018-MAI0024 and terminator with MAI0020-MAI0021. The hygromycin 

phosphotransferase gene was amplified with primers MAI0022-MAI0023 from plasmid 

pPZPHygHindX (Elliott and Howlett, 2006). The three pieces were joined together 

using primers MAI0018-MAI0021, and cloned into the TOPO 4.0 plasmid (Invitrogen). 

All PCRs used Platinum® Pfx DNA polymerase (Invitrogen). Plasmids containing 

clones without PCR-derived errors were identified, by sequencing the inserted 

fragments. The G418 resistance construct was excised with EcoRI and cloned into the 

EcoRI site of plasmid pPZP-201BK, which is able to replicate in Agrobacterium 

tumefaciens (Covert et al., 2001), to form pMAI2. The hygromycin resistance construct 

was excised with KpnI-SpeI and cloned into the KpnI-XbaI site of pPZP-201BK to form 

plasmid pMAI6. 

 

Plasmid pLAU2 was constructed by cloning two fragments, the L. maculans actin 

(act1) promoter and the trp3 terminator, into pPZPHygHindX (Elliott and Howlett, 

2006) digested with AscI and PacI using Gibson Assembly (New England Biolabs). 

Primers used to amplify the actin promoter, with Platinum® Pfx DNA Polymerase 

(Invitrogen), were AU1 and AU2 and for the trp3 terminator were AU5 and AU6. 

Primers were designed with additional nucleotides such that a BglII site was 

introduced between the promoter and terminator. Green fluorescent protein (GFP) 

was amplified with primers AU28 and AU31, and cloned into the BglII site of pLAU2 to 

form plasmid pLAU17. The act1 promoter and trp3 terminator combination was 

excised from plasmid pLAU2 using restriction enzymes SpeI and NheI and cloned into 

the XbaI site of plasmid pMAI2, to form pLAU53. 
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For complementation with the wild type copy of hos1, the gene was amplified with 

primers MAI0206 and MAI0207 using Q5 DNA polymerase (New England Biolabs) 

from genomic DNA of wild type isolate D5, and cloned using Gibson assembly (New 

England Biolabs) into plasmid pMAI2 that had been linearized with EcoRV and XhoI.  

 

Constructs were made to express either the Cas9 endonuclease or the CRISPR guide 

RNAs using the actin promoter of L. maculans. Cas9 was amplified with primers 

MAI0225 and MAI0226 from plasmid pHSN401 (Xing et al., 2014) and cloned into the 

BglII sites of pLAU2 and pLAU53 by Gibson assembly to form plasmids pMAI22 and 

pMAI23, respectively. The DNA fragment to target the endonuclease to hos1, guide 

RNA and two ribozymes were synthesized by Thermo Fisher Scientific (sequence in 

supplemental information 1) and provided as a cloned product. The fragment was 

amplified using primers MAI0228 and MAI0229 and then inserted into the BglII sites 

of both plasmids pLAU2 and pLAU53 using Gibson assembly. 

 

To streamline the production of the guide RNAs, two additional plasmids were made 

that incorporate the hepatitis delta virus (HDV) ribozyme, such that a single 

oligonucleotide of about 100 nt can be used for cloning the targeting RNA, rather than 

a synthesized and cloned DNA fragment. A XhoI restriction enzyme site was included 

to facilitate subsequent cloning of the gene-specific fragments. A DNA molecule 

(supplemental information 1) was synthesized by Thermo Fisher Scientific, and 

amplified with primers MAI0228-MAI0229 and cloned into the BglII sites of both 

plasmids pLAU2 and pLAU53 using Gibson assembly to form plasmids pMAI75 and 

pMAI97, respectively. 
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A construct to produce a guide RNA to target mutations to the AvrLm1 gene was 

generated, by amplification off oligonucleotide MAI0336 with primers MAI0309-

MAI0310, and cloning the amplicon into plasmid pMAI75 linearized with XhoI. 

 

In all cases of plasmid construction that used amplification of DNA and subsequent 

cloning, the inserted DNA molecules in the plasmids were sequenced to either confirm 

that no PCR-induced errors occurred or to identify error-free clones. 

 

Transformation of L. maculans with Agrobacterium tumefaciens 

 

The plasmids were transformed into A. tumefaciens strain EHA105 using 

electroporation, and selected on LB medium + kanamycin (50 µg/ml). The 

Agrobacterium strains were then used to transform strains of L. maculans, with 

selection of fungal transformants using either G418 (100 µg/ml) or hygromycin (50 

µg/ml), and cefotaxime (100-150 µg/ml) to inhibit Agrobacterium growth. The 

transformation of L. maculans was as follows. Overnight cultures of Agrobacterium in 

LB + kanamycin were diluted in sterile water and plated onto Agrobacterium induction 

medium (Bundock et al., 1995) solidified with 2% agar (25 ml in 15 cm diameter Petri 

dishes) with pycnidiospores harvested in sterilized water from the L. maculans strains. 

Bacterial and fungal cells were spread across the plate. After three days incubation at 

22°C in darkness, 25 ml of cleared V8 juice 1.5% agar media containing selective 

antibiotics were overlaid. Transformed colonies emerged through the overlay agar 10-

18 days later. The transformed strains were subcultured at least once onto V8 juice 

agar supplemented with the antibiotic suitable to select for fungal transformation and 

cefotaxime to inhibit Agrobacterium growth. 
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Quantification of antifungal drug resistance 

 

Levels of resistance to two dicarboximide fungicides and a triazole fungicide were 

quantified in a radial growth assay, as in reference (Eckert et al., 2010) with some modifications. In 

brief, for each strain 4 mm diameter mycelium plugs were inoculated into the center of 

9-cm PDA petri dishes amended with a range of concentrations of technical grade 

iprodione (0.195-50 µg/ml), procymidone (0.195-50 µg/ml) and tebuconazole (0.0782-

5 µg/ml) dissolved in dimethyl sulfoxide (DMSO). The colony diameter was measured 

in two perpendicular directions and values recorded in millimeters. EC50 values were 

calculated as described previously (John et al., 2016). EC50 values of wild type and 

complemented strains were analyzed by the Mann-Whitney U-test. 

 

Microscopy 

 

Spores of wild type and a GFP-expressing strain were germinated in cleared V8 juice 

(10%) and examined three days later using a Leica DM6000 microscope with an 

attached digital camera.  

 

Plant inoculations and pathogenicity testing 

 

Brassica napus cultivar Westar was grown in soil in growth cabinets. Two weeks after 

sowing the seed, pycnidiospore suspensions (106 spores/ml) from the L. maculans 

strains were placed as 10 µl drops onto wounded cotyledons. Lesions were scored on 

a 0-9 scale, as previously described (Elliott et al., 2016), 11-14 days later. 
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Results 

 

Development of a positive selection system in L. maculans based on resistance 

to iprodione due to mutations in the hos1 gene 

 

Wild type strains of L. maculans developed resistance to iprodione readily when 

mycelial plugs were inoculated on V8 juice agar medium supplemented with iprodione 

at concentrations up to 10 µg/ml. The fungicide at first inhibited growth, and then after 

several days a section of the mycelial plug initiated growth. These sectors were 

cultured and purified as single spore isolates. 

 

A single homolog, named hos1, of the osmosensing histidine kinase is present in the 

L. maculans as assessed by BLAST analysis of the genome sequence (Rouxel et al., 

2011). Amplification of the hos1 gene and sequencing revealed mutations in the gene 

in iprodione resistant mutants, all of which are predicted to cause a loss-of-function 

(Fig 1a). Two mutants, one arising from strain D2 (referred to as D2-IpR) and the other 

from strain 14P290 (P290-IpR), cause frame shifts in the reading frame, leading to the 

introduction of premature stop codons. The mutations that occurred in the mutants 

arising from strains D5 (D5-IpR) and D3 (D3-IpR) cause amino acid substitutions 

(R923K and G929R, respectively). These two amino acid residues are highly 

conserved in homologs of the histidine kinase, because BLAST analysis of the fungal 

genomes available through the MycoCosm Portal of the Joint Genome Institute 

(Grigoriev et al., 2014) revealedthat both residues are invariant in all fungal species, 

including those of the early diverging lineages commonly termed the chytrids and 

zygomycetes. 
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Two methods were used to confirm that mutations in the hos1 gene caused the 

resistance to iprodione. The first approach was to analyze the segregation of traits and 

genotypes in progeny from a cross. Resistant strain D3-IpR was crossed with sensitive 

strain D13, and 28 progeny obtained. The strains were scored for growth on medium 

containing iprodione and genotyped for the hos1 allele by PCR-RFLP. The AgeI 

restriction enzyme recognition site (ACCGGT) of the wild type strain is lost in strain 

D3-IpR due to a base pair substitution (ACCCGT), as underlined. Nine progeny were 

sensitive to iprodione and 19 were resistant, which is not statistically different from the 

expected 1:1 ratio based on a χ2-test. The AgeI cut site polymorphism in hos1  co-

segregated with the iprodione sensitive or resistant phenotype (Fig 1b). The second 

approach was complementation of the mutant phenotype. A wild type copy of the hos1 

gene was amplified and cloned into a plasmid that confers resistance to G418 for 

selection when the T-DNA is transformed into L. maculans. This construct was 

transformed into four strains that were iprodione resistant (i.e. D2-IpR, D3-IpR, D5-IpR 

and 14P290-IpR). Transformants were tested on medium containing iprodione. 

Reintroducing the wild type copy of hos1 into the strains caused them to become 

sensitive once again to iprodione, indicating that the mutations identified in hos1 were 

the cause of the resistance to this antifungal agent (Fig 1c). 
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Fig. 1 Spontaneous iprodione resistance occurs through mutation of the hos1 gene.  
(a) Positions and nature of spontaneous mutations in iprodione resistant strains from 
four wild type strains relative to the exon (blue) and intron (grey) structure of the hos1 
gene. The sequence alignments are of the wild type and mutant strains, with the 
nucleotide mutations that occurred in the four strains in red bold, and the predicted 
amino acid sequences underneath. The mutations in strains 14P290 and D2 cause 
frame shifts (the stop codon in the D2 mutant is underlined, in 14P290 the new stop 
codon is beyond the sequence shown). The mutations in M1 and D3 cause amino acid 
substitutions in residues that are invariant across hos1 homologs in the fungi. (b) A 
mutation in hos1 co-segregates with iprodione resistance. Growth of two parents and 
14 progeny (from 28 total) of a D13 × D3-IpR cross between the parents on PDA with 
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or without iprodione. The alleles of hos1 were assessed by PCR from genomic DNA 
of the two parents and 14 progeny from a cross between them, and subsequent 
digestion with AgeI restriction enzyme. M is the Invitrogen 1kb+ ladder. (c) 
Complementation of iprodione resistance back to sensitivity by the wild type hos1 
gene. Mycelial plugs were inoculated onto PDA medium with or without iprodione (10 
μg/ml) and cultured four days. The strains are four wild type strains, four spontaneous 
mutants derived from them, and the four strains whereby the wild type copy of hos1 
was transformed into the mutants. The wild type copy of hos1 returned the strains to 
the wild type sensitive phenotype. 
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A quantitative assay was used to measure the level of resistance to iprodione, a 

second dicarboximide chemical, procymidone, and an azole, tebuconazole, in four 

sets of strains (table 2). The minimum inhibitory concentration was between 1-2 µg/ml 

for the wild type strains for the dicarboximides. The strains derived from selection on 

iprodione were not inhibited with these chemicals at concentrations up to 50 µg/ml. 

Complementation of the strains with the wild type copy of hos1 restored the EC50 

values to close to those seen in the wild type parents. In contrast, resistance to the 

unrelated molecule, tebuconazole (FRAC group 3), was not altered. Analysis of the 

results revealed no significant differences between wild type and restored strains on 

iprodione (p = 0.200 - 1.00), procymidone (p = 0.057 - 0.686) and tebuconazole (p = 

0.333 - 1.00).  
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Table 2 Half maximal effective concentration (EC50) measurements of fungicide action 

for strains of L. maculans. 

 

 

Iprodione 

EC50 (μg/ml) 

Procymidone 

EC50 (μg/ml) 

Tebuconazole 

EC50 (μg/ml) 
 

Strain Average SD Average SD Average SD 

P290 1.25 0.09 1.75 0.04 0.29 0.01 

P290-IpR >50   >50   0.53 0.01 

P290-

IpR+hos1 
1.32 0.09 1.70 0.01 1.12 0.34 

D2 1.10 0.22 1.94 0.12 0.40 0.14 

D2-IpR >50  >50   0.39 0.02 

D2-IpR+hos1 0.94 0.11 2.66 0.16 0.43 0.00 

D3 1.21 0.06 1.84 0.13 0.91 0.01 

D3-IpR >50   >50   0.51 0.02 

D3-IpR+hos1 1.07 0.10 1.73 0.06 0.77 0.01 

D5 0.43 0.27 1.57 0.20 0.50 0.03 

D5-IpR >50   >50   0.10 0.05 

D5-IpR+hos1 0.48 0.28 1.25 0.23 0.14 0.00 

 SD; standard deviation. 

 

Mutation of the HOG pathway components is also responsible for other phenotypes in 

fungi, the best known being changes in growth in the presence of the phenylpyrrole 

fungicide fludioxonil (FRAC group 12) and salt (Bahn, 2008). Using growth on plates, 

a wild type D5, hos1- mutant (D5-IpR) and a +hos1 complemented strain (D5-

IpR+hos1) were examined for these properties. As has been reported for other fungi, 
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mutation of hos1 resulted in increased resistance to fludioxonil and an increased 

sensitivity to sodium chloride (Fig 2). 

 

 

Fig. 2 Mutation of hos1 causes L. maculans to become resistant to the fungicide 
fludioxonil and more sensitive to NaCl. Strains D5, D5-IpR and D5-IpR+hos1 and were 
cultured of PDA, and with PDA supplemented with fludioxonil (1 µg/ml) or NaCl (0.5 
M). 
 

Growth in planta can be considered an environment of high stress to plant pathogenic 

fungi. Three L. maculans strains were inoculated onto wounded B. napus cotyledons, 

and lesion formation was examined over time. No difference in pathogenicity was 

observed between the three strains (disease scores for wild type 6.14, hos1- mutant 

6.03 and +hos1 complementated 6.73; Fig 3), indicating that hos1 is not required for 

the ability of L. maculans to cause disease on canola. 
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Fig. 3 L. maculans hos1 mutants are pathogenic on canola. Lesions on B. napus cv. 
Westar 11 days post inoculation caused by wild type isolate 14P290, a spontaneous 
mutation in hos1 isolated on iprodione medium, and that strain complemented with a 
wild type copy of hos1. 
 

Development of a CRISPR/Cas9 gene disruption system for L. maculans 

 

Identification of gene functions in L. maculans through targeted gene replacements 

has been inefficient due to low rates of homologous integration of constructs. The 

potential to use a positive selection system, i.e. growth on iprodione when hos1 is 

mutated, was an impetus to use the hos1 gene for the development of gene targeting 

methods, specifically through CRISPR-Cas9. 

 

A versatile pair of plasmids (pLAU2 and pLAU53) was created for strong constitutive 

transcription of DNA sequences that are cloned into them. Both plasmids feature the 

1001 bp prior to the start codon (the promoter) of the act1 gene, encoding an actin 

subunit, and the terminator of trp3 encoding anthranilate synthase of L. maculans. 

Actin is considered to be constitutively expressed and is commonly used as the 

reference gene in quantitative reverse transcriptase PCR experiments (Elliott and 

Howlett, 2006; Lowe et al., 2014; Plissonneau et al., 2016). The plasmid includes a 

BglII site between the promoter and terminator into which genes or other DNA 

fragments can be cloned. To test if this promoter and terminator combination was able 

to drive protein production, the open reading frame for GFP was cloned into plasmid 

pLAU2, and the T-DNA transformed into wild type L. maculans. Fluorescence was 

abundant in spores and hyphae of transformants, indicating that the construct induces 

gene expression and yields high and stable protein synthesis (Fig S1). 
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The open reading frame of the Cas9 endonuclease was amplified and cloned into both 

the pLAU2 or pLAU53 constructs. Similarly, a hos1 RNA guide construct was cloned 

into both pLAU2 and pLAU53. As a consequence, different options were available for 

the order of transformation and selection of transformants. The T-DNAs were 

sequentially introduced into wild type strain D5, either as the hos1 RNA guide first or 

Cas9 second (e.g. strains DV1 and DV2), or in the other order, and the transformants 

were plated onto media containing iprodione (5 µg/ml) to isolate resistant strains (Fig 

4a).  

 

Iprodione resistant strains were cultured as mycelia, genomic DNA isolated, and the 

region spanning the site for CRISPR-Cas9 induced mutation in the hos1 gene 

amplified. Amplicons were digested with KpnI restriction enzyme and/or sequenced. 

All isolates derived from strains expressing both Cas9 and the hos1 RNA guide had 

mutations in this region (Fig 4b). Most mutations were either the insertion of an 

additional nucleotide, or the deletion of one or several nucleotides (Fig 4b). One strain, 

which is not illustrated in figure 4b due to the size of the DNA sequence, had a tandem 

duplication of 69 bp 

(ACCTGGAAAGACCTCACGGAAAACGTGAATGGTATGGCCATGAATCTCACAACCCAGGTGCGAGAAA

TC). In all cases the mutations in hos1 were near the region of the genome where the 

guide RNA would target Cas9, indicating that they were derived from inaccurate repair 

of DNA damage by the endonuclease. The types of mutations also often differed from 

those found in the spontaneous mutants as many featured large deletions, compared 

to single nucleotide substitutions or insertions. 
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The pathogenicity of strains from one set of gene manipulations were tested by 

inoculating B. napus cotyledons. The three strains derived from the wild type produced 

lesions like the wild type isolate (Fig S2). This indicates that the introduction of Cas9 

or a guide RNA into L. maculans does not impact its pathogenicity. 

 

 

Fig. 4 Development of the CRISPR/Cas9 system for targeted gene disruption in L. 
maculans. (a) Phenotype of transformants on plates with or without iprodione. Three 
strains derive from sequential modification of the wild type (WT) strain D5, first by 
transformation of the hos1 guide RNA construct (strain DV1), then transformation of 
the Cas9 construct (strain DV2), and lastly by selection on iprodione (strain DV3). (b) 
Alignment of sequences of hos1 from the wild type and 11 independently-created 
iprodione resistant mutants. On the wild type sequence the protospacer adjacent motif 
(PAM) is in blue highlight, region incorporated in the guide RNA in green highlight, and 
the KpnI restriction enzyme site used for screening is underlined. Changes in the 
sequence in the mutants are in red text. 
 

Improvements to mutation by CRISPR/Cas9 

 

One disadvantage of the method to induce mutations by the CRISPR/Cas9 system 

developed here was the need to perform two rounds of transformation, and hence co-
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transformation was therefore tested. The wild type strain D13 was co-transformed with 

both the hos1 RNA guide and Cas9 constructs, with simultaneous co-selection on 

media containing G418 and hygromycin.  One double-drug resistant transformant 

(strain D13-CoT) was then cultured on medium containing iprodione, and two 

iprodione resistant isolates (D13-IpR1 and D13-IpR2) characterized by sequencing the 

hos1 region (Fig 5). Both strains have mutations caused by additional base pairs that 

can be attributed to the CRISPR-Cas9 system. While iprodione is generally 

considered non-mutagenic, the proportion of iprodione resistant spores were 

compared between the wild type D13 and the D13-CoT strains by culturing these in 

the absence of iprodione and then plating onto medium with or without the fungicide.  

While the proportion of spores resistant to iprodione was less than 1 in 10,000 for the 

wild type, 54% of spores were resistant from the strain carrying the Cas9 

endonuclease and hos1-guide construct.  
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Fig. 5 Co-transformation of Cas9 and the CRISPR guide RNA constructs into L. 
maculans by Agrobacterium-mediated transformation. Wild type strain D13 was co-
transformed with T-DNAs from both constructs, and selected on media containing both 
hygromycin and G418. One transformant (D13-CoT) was cultured on medium 
containing iprodione. Two independent resistant strains were obtained, their DNA 
isolated, and the hos1 mutations determined by amplification and sequencing. The 
region incorporated into the guide RNA is highlighted in green, and adjacent PAM site 
in blue highlight. The two iprodione resistant strains have additional nucleotides (red 
font) within the hos1 gene 
 

To eliminate the requirement to order synthesized DNA fragments, which have to be 

cloned due to the complexity in secondary structure (Thermo Fisher Scientific), two 
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plasmids were created that have the regions for the HDV ribozyme and Cas9-binding 

RNA. This new plasmid system was then used to target the first Avr gene identified in 

L. maculans, AvrLm1. The hammerhead ribozyme and a region to target the AvrLm1 

gene was synthesized as an 101 nucleotide oligonucleotide, amplified by PCR and 

cloned into the XhoI site of plasmid pMAI75. Cas9 was transformed into wild type 

strain v23.1.3, and then the guide RNA construct to mutate AvrLm1 was transformed 

into this strain. Genomic DNA isolated from the resulting transformants was used as 

the templates to amplify a fragment of AvrLm1, and amplicons then cut with NlaIII 

restriction enzyme. Two strains without the NlaIII site were obtained and AvrLm1 was 

amplified and sequenced from them. The mutant alleles had a single additional base 

pair or a 27 bp deletion (Fig S3). Thus, CRISPR-Cas9 can be used to isolate strains 

with mutations in genes, without a strong selection system as used for hos1. 

 
Discussion 
 

Resistance to fungicides is a major problem in many areas of disease management, 

especially in agriculture with the high levels of antifungals applied to ensure maximum 

yield return. For example, currently in Australia canola growers may apply triazole 

fungicides three times during a season, including as a seed dressing, in combination 

with fertilizer and as a foliar spray (Van de Wouw et al., 2016). Stubble is retained in 

the field after harvest, and the subsequent crop in the same field may receive fungicide 

treatments, thereby inadvertently causing additional exposure to the L. maculans 

populations while growing as a saprophyte in the canola stubble. 

 

Resistance to iprodione and other dicarboximide fungicides and the underlying 

mechanisms have been well characterized in other plant pathogenic fungi, such as 
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Botrytis cinerea (Cui et al., 2002; Liu et al., 2008; Grabke et al., 2014). The impact of 

mutation of hos1 in plant pathogens varies, in some cases impacting pathogenicity 

and in others having no effect (John et al., 2016). Hallmarks of impairing the HOG 

pathway, i.e. increased resistance to fludioxonil and sensitivity to salt, occur upon 

mutation of the hos1 gene in L. maculans, but the important ability to cause disease 

on plants is not. These results indicate that while iprodione is initially effective in vitro, 

resistance emerges easily, and these strains are still pathogenic on canola, potentially 

in part explaining the limited efficacy of iprodione in field conditions. Studies in other 

plant pathogenic fungi show differing results in terms of the contribution of the histidine 

kinase to pathogenicity. Similar to L. maculans, disruption of the gene does not impair 

pathogenicity in Alternaria alternata, Parastagonospora nodorum and Pyricularia 

oryzae, (Motoyama et al., 2005; Lin and Chung, 2010; John et al., 2016). In contrast, 

the homolog is required for pathogenicity in Botrytis cinerea, Fusarium oxysporum, 

Monilinia fructicola, Sclerotinia sclerotiorum and Ustilago maydis (Ma et al., 2006; 

Viaud et al., 2006; Rispail and Di Pietro, 2010; Duan et al., 2013; Yun et al., 2017). 

Deletion strains in Alternaria longipes form larger lesions on Nicotiana tabacum than 

the wild type (Luo et al., 2012). There is ambiguity about the role of the gene in A. 

brassicicola with isolates with point mutations having wild type pathogenicity, while a 

deletion allele, albeit analyzed in a large scale study, being less pathogenic (Iacomi-

Vasilescu et al., 2008; Cho et al., 2009). The histidine kinase contributes to the 

virulence of the human pathogens Candida albicans and Cryptococcus neoformans 

(Yamada-Okabe et al., 1999; Bahn et al., 2006). 

 

L. maculans continues to be a recurrent disease of oilseed Brassicas around the world 

because the factors that this fungus produces to cause disease are mostly unknown. 
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One challenge with finding new ways to combat L. maculans is that identifying gene 

functions has been technically challenging. Gene disruption in L. maculans is 

inefficient, with only nine genes disrupted as reported in the literature (Wilson et al., 

2002; Idnurm et al., 2003a; Idnurm et al., 2003b; Gardiner et al., 2004; Gardiner and 

Howlett, 2004; Feng et al., 2014). Constructs require large amounts of DNA for 

targeted by homologous recombination and even then the proportion of gene deletion 

events vs. ectopic integration of the constructs is low, e.g. an efficiency of just one 

knock out from >450 transformants screened (Idnurm et al., 2003a). Advances in 

improving the proportion of targeted gene replacements vs. ectopic integrations have 

been made, including the use of a counter selection system against ectopic insertion 

events (Gardiner and Howlett, 2004) or using the selectable marker split into two 

pieces (Feng et al., 2014). However, isolating the large DNA fragments needed and/or 

the cloning into suitable vectors imposes limitations to the efficiency of created 

targeted mutations. For this reason, alternative methods to disrupt genes are needed 

for L. maculans, and the method employing CRISPR-Cas9 was explored. 

 

CRISPR/Cas is a combination of an endonuclease that is guided to a specific site in a 

genome using an RNA molecule, found in Bacteria and Archaea for recognition of 

parasitic DNA elements and their specific cleavage. Modified for use in other 

organisms, its ability to make specific double-stranded breaks in DNA that are then 

inaccurately repaired to induce small mutations, such as within genes, is on the cusp 

of revolutionizing methods for gene functional studies, including in fungal species that 

have until now been difficult to manipulate genetically.  
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Here we used iprodione resistance due to mutation of the hos1 gene as an easy 

screening tool to develop CRISPR/Cas9 for L. maculans. Iprodione resistant strains 

derived from strains expressing Cas9 and a guide RNA targeting hos1 all had 

mutations at the place within hos1 where the endonuclease would cut the DNA. As 

proof-of-function that the method could work on other genes, the first avirulence gene 

that was identified in this fungus, AvrLm1, was disrupted (Gout et al., 2006). Targeting 

these effectors, all found to date to lie within distinctive large regions of AT-rich and 

highly repetitive DNA (Rouxel et al., 2011; Rouxel and Balesdent, 2017), has not been 

possible using homologous recombination. Curiously, the avirulence profile of these 

strains did not change as predicted (data not shown), and will require additional 

experiments to understand what is emerging in L. maculans as complex multigene 

sets of interactions between fungal avirulence genes and plant resistance genes 

(Petit-Houdenot and Fudal, 2017; Rouxel and Balesdent, 2017).  

 

In the first iteration of CRISPR/Cas9 for L. maculans, two rounds of transformation 

were used to separately introduce the guide RNA and Cas9 expression constructs into 

the fungus. After seeking a suitable promoter for regulation by RNA polymerase III in 

L. maculans without success, the dual ribozyme system to process the guide RNA 

when expressed from an RNA polymerase II promoter was used. This dual ribozyme 

approach was developed for plant transformation (Gao and Zhao, 2014), and has 

recently also been employed in Aspergillus spp. (Nødvig et al., 2015), the 

basidiomycete human pathogen Cryptococcus neoformans (Arras et al., 2016) and 

the ascomycete plant pathogen Alternaria alternata (Wenderoth et al., 2017). The 

disadvantage of using ribozymes for processing the guide RNA is that they add size 

to the constructs. To alleviate this issue, we created a vector such that just one of the 
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ribozymes and the RNA fragment to target Cas9 to the gene to be mutated are 

synthesized: the hammerhead ribozyme requires folding with part of the target RNA 

and hence there is a requirement for long ~100 nucleotide oligonucleotides. The 

current method, although involving two transformation steps or co-tranformation of 

both constructs, is suitable for making targeted mutations in genes, and has been 

tested in multiple wild type isolates. We have mutated more than 24 other genes in L. 

maculans to date (unpublished data). Potential refinements to the method in the near 

future will likely make it even more effective as a mutational tool to discover gene 

functions in L. maculans. 
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Additional files 

Table S1 Oligonucleotide primers used in this study. 

Name Sequence (5´-3´) Purpose 
AU1 AGATCTGAGGGATGTGACTATGAGC 

act1 promoter 
AU2 AGATCTGAGGGATGTGACTATGAGC 
AU5 AGATCTGAGGGATGTGACTATGAGC 

trp3 terminator 
AU6 AGATCTGAGGGATGTGACTATGAGC 
AU28 AGATCTGAGGGATGTGACTATGAGC 

GFP 
AU31 AGATCTGAGGGATGTGACTATGAGC 

MAI0206 
TAGGCCTCTGCAGGTCGACTCCTACTATGTATGCA
CTTGG 

Complementation 
with wild type copy 
of hos1 MAI0207 

TCCCAGAATTCTTAATTAAGATTGACACCCTTCGC
ACAAC 

MAI0014 GAATTCTGGGATTGCCCCTCGATGC 
act1 promoter 

MAI0015 TCCATCTTGTTCAATCATGTTTGATTGATTAGG 
MAI0016 CTTGACGAGTTCTTCTGAGGTATGCAGACTTTGGC 

act1 terminator 
MAI0017 GAATTCCTACTGAACGTTATGACG 
ALID083
5 

ATGATTGAACAAGATGGATTGC G418 
phosphotransferas
e 

ALID083
6 

TCAGAAGAACTCGTCAAGAAGG 

MAI0018 CTGCAGCTGGGATTGCCCCTCGATGC 
act1 promoter 

MAI0024 GAGTTCAGGCTTTTTCATGTTTGATTGATTAGG 

MAI0020 
CCGAGGGCAAAGGAATAGGGTATGCAGACTTTGG
C act1 terminator 

MAI0021 GGTACCTACTGAACGTTATGAC 
MAI0022 ATGAAAAAGCCTGAACTCAC Hygromycin 

phosphotransferas
e 

MAI0023 CTATTCCTTTGCCCTCGGAC 

MAI0218 GCACAGAGGGAAGGCTTG 
Part of hos1 

MAI0223 ACTGAAAAACGTACTGGTCC 
MAI0220 ATGGAGGGCAAATTTACG 

Part of hos1 MAI0224 TATGCAATGAGTTATCGGCG 

MAI0376 CGAGTGGTCCGAGACCAG 

MAI0225 
GAAACCTAATCAATCAACATGGATTACAAGGACCA
C 

Cas9 
MAI0226 

GCTCATAGTCACATCCCTCACTTCTTCTTCTTCGC
CTG 

MAI0228 
GAAACCTAATCAATCAACCATGTACTGATGAGTCC
G 

double ribozyme-
hos1-CRISPR 
guide RNA MAI0229 

GCTCATAGTCACATCCCTCAGTCCCATTCGCCATG
CCG 

MAI0336 
GAAACCTAATCAATCAACCTTCACCTGATGAGTCC
GTGAGGACGAAACGAGTAAGCTCGTCGTGAAGGT
CCGTTTCATGTGGTTTTAGAGCTAGAAATAGC 

AvrLm1 guide + 
hammerhead 
ribozyme 

MAI0309 ACCTCTAATCGAAACCTAATCAATCAAC Amplify AvrLm1 
guide + MAI0310 ATTTTAACTTGCTATTTCTAGCTCTAAAAC 
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hammerhead 
ribozyme 

MAI0353 CTATCAACAGCTCTTGCAGC Screening AvrLm1 
CRISPR mutation MAI0354 AGTTCAACATTCGCTTTGCC 
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File S1 Sequence of the guide RNA constructs that were synthesized. Colors of the 

nucleotides infer different purposes. Blue, primer binding sites for amplification and 

cloning into plasmids; grey, ribozymes; red, 20 nucleotides specific to hos1; purple, 

guide RNA; black, stop codon for trp3. Underlined nucleotides will base pair in the 

hammerhead ribozyme. Bold is the XhoI restriction enzyme site. 

 

Hammerhead ribozyme - hos1 - RNA guide – HDV ribozyme 
GAAACCTAATCAATCAACCATGTACTGATGAGTCCGTGAGGACGAAACGAGTAA
GCTCGTCTACATGGTGTCGAGGGTACCGTTTTAGAGCTAGAAATAGCAAGTTAA
AATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTG
GCCGGCATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATGCTTCGG
CATGGCGAATGGGACTGAGGGATGTGACTATGAGC 
 
 
RNA guide - HDV ribozyme 
GAAACCTAATCAATCAACTCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
GCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTGGCCGG
CATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATGCTTCGGCATGG
CGAATGGGACTGAGGGATGTGACTATGAGC 
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Fig. S1 Constitutive expression of genes using the actin regulatory sequences. The L. 

maculans actin (act1) promoter and 5´ UTR were cloned to allow expression of 

adjacent genes. In this case, GFP was fused to this region, and the construct 

transformed into L. maculans. Spores were germinated for 3 days in 10% cleared V8 

juice media. Bar = 50 µm. 
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Fig. S2 Expression of the CRISPR components or mutation of hos1 does not impair 

pathogenicity on plants. Cotyledons of B. napus cv. Westar were inoculated with four 

strains, and lesions measured 14 days later. The wild type isolate D5 was sequentially 

transformed with the hos1 guide RNA construct (to create strain DV1) and the Cas9 

construct (DV2), and then plated on iprodione to isolate a resistant strain (DV3). 
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Fig. S3 Targeted mutation of the AvrLm1 gene in L. maculans by CRISPR-Cas9. 

Alignment of the coding region of AvrLm1 from wild type and two mutant alleles. On 

the wild type sequence the PAM is in blue highlight, region incorporated in the guide 

RNA in green, and the NlaIII restriction enzyme site used for screening is underlined. 

The differences in sequence in the two mutants are in red, as an extra A nucleotide or 

a deletion of 27 nucleotides.  
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ABSTRACT 

 

Absidia healeyae is a new species described in the Mucorales genus Absidia after 

screening 16 strains of Absidia isolated from seven locations in the state of Victoria 

in Australia. After initial analysis of the large ribosomal subunit sequence, the 

genomes of representative strains from two clades were sequenced using short 

paired-reads. Additional taxonomic markers extracted from the genome sequencing 

data support the novelty of A. healeyae. The identification of a new species in the 

genus Absidia, in addition to a second probable new species, from a relatively small 

collection of Australian isolates hints at an unexplored diversity in the early diverging 

lineages of fungi in Australia. 

 

Keywords: Mucoromycotina, Southern Hemisphere, Taxonomy, Zygomycete  
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The genus Absidia currently consists of approximately 25 species for which 

molecular data are available. With the advent of molecular techniques to identify 

variation between species, an ever-clearer understanding of the composition of the 

genus has emerged through a series of phylogenetic studies, resulting in the 

removal of many of the species formerly considered to be within Absidia (notably the 

animal pathogen Absidia corymbifera (Cohn) Sacc. & Trott.) into the genera 

Lichtheimia and Lentamyces (Hoffmann, 2010). 

For most genera in the order Mucorales in addition to the species considered 

in phylogenetic studies there are a large number of validly published species for 

which no DNA sequence information or ex-type material exists. Given that many 

descriptions date from the 19th and early 20th centuries they often include insufficient 

detail to permit “rediscovery”, how these names should be treated when describing a 

new species remains an open question (Dayarathne et al., 2016). Nevertheless, new 

Absidia species are being described, including A. terrestris Rosas de Paz, Dania 

García, Guarro, Cano & Stchigel (Crous et al., 2018), A. panacisoli T. Yuan Zhang, 

Ying Yu, He Zhu, S.Z. Yang, T.M. Yang, Meng Y. Zhang & Yi X. Zhang (Zhang et al., 

2018), A. jindoensis Hyang B. Lee & T.T.T. Nguyen (Wanasinghe et al., 2018), A. 

stercoraria Hyang B. Lee, H.S. Lee & T.T.T. Nguyen (Li et al., 2016), A. koreana 

Hyang B. Lee, H.W. Lee & T.T.T. Nguyen and A. caatinguensis D.X. Lima & A.L. 

Santiago (Ariyawansa et al., 2015). However, thus far, no Absidia species have been 

discovered in Australia, which likely reflects our poor understanding of the early 

diverging fungi in this continent (Urquhart, Coulon & Idnurm, 2017; Urquhart & 

Idnurm, 2020). In this study we set out identify Absidia strains from the Australian 

state of Victoria. In a total of 16 strains, we identified three species, at least one of 

them new and described here as A. healeyae. 
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 Sixteen strains showing whorled sporangia consistent with the genus Absidia 

were obtained from leaf litter samples taken from seven nature reserves in the 

Australian state of Victoria (Supplemental Fig. S1). Approximately 7 g of leaf litter 

was diluted in sterile water to a total volume of 50 mL a range of aliquots (50 µL to 2 

mL) were spread onto potato dextrose agar (PDA) plates supplemented with 

cefotaxime (100 µg/mL) to inhibit bacterial growth. Each strain was purified by single 

spore isolation on PDA to ensure homogeneity. Cultures were maintained on PDA at 

22 °C with 12 h of light/dark cycles. Three distinct groups of isolates were 

immediately evident based on colony pigmentation (purple, brown or green). 

 Genomic DNA was extracted from lyophilised mycelium, using a 1% cetyl 

trimethylammonium bromide buffer incubated at 65 °C for 30 min before one 

chloroform extraction and precipitation with an equal volume of isopropanol (Pitkin, 

Panaccione & Walton, 1996). A fragment of the large ribosomal subunit (LSU) was 

amplified from each strain using primers NL1 (Kurtzman & Robnett, 1997) and LR3 

(Vilgalys & Hester, 1990). These PCR products were sequenced using Sanger 

chemistry at the Australian Genome Research Facility. 

 Analysis of the LSU sequences suggested two clades distinct from previously 

described species of Absidia. A representative of each clade (strains UoMAU1 and 

UoMAU379) was chosen for genome sequencing, using Illumina sequencing at the 

Australian Genome Research Facility as 125 bp paired end reads. Sequences were 

assembled using Velvet (Zerbino & Birney, 2008) with the k-mer value set to 71 bp 

and a cut off minimum contig length of 500 bp. Assembly statistics are given in Table 

2. The raw sequences and assemblies are available from GenBank under 

BioProjects PRJNA630489 (strain UoMAU1) and PRJNA630491 (strain 

UoMAU379).  
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Sequences for the internal transcribed spacer (ITS) and translation elongation 

factor 1 alpha (TEF) were extracted from the genome sequencing reads. Sequences 

were aligned using CLUSTAL W (Edgar, 2004). Phylogenetic analysis was then 

conducted using a maximum likelihood analysis was conducted in MEGA using the 

Tamura-Nei model (Tamura & Nei, 1993) with gamma distribution. 

 The LSU tree, whose alignment is deposited in TreeBASE (accession URL: 

http://purl.org/phylo/treebase/####) grouped the 16 isolates into three clades (Fig. 1). 

The clades were congruent with the colony colours of the strains: UoMAU1, 

UoMAU2, UoMAU3, UoMAU380, UoMAU382, UoMAU385 and UoMAU386 were 

purple; UoMAU379 was brown; and the remaining strains were green. The clade 

consisting of the purple strains was distinct from LSU sequences previously 

deposited in GenBank while the green strains belonged to A. glauca. Green colony 

colour is a known characteristic of A. glauca (Ellis & Hesseltine, 1965). The third 

clade, containing only UoMAU379, likely also represents a new species. However, 

as only one strain was isolated, and given the close similarity to unpublished 

sequences in GenBank (accessions LR606139 and LR606138), additional study on 

these strains would be beneficial before this species can be confidently described. 

The availability of whole-genome data for this strain should assist future researchers 

to resolve its taxonomy. 

The two additional regions of the genome of strain UoMAU1 that were 

examined further support the separation from previously described species and we 

thus named it as a new species A. healeyae. BLAST (Altschul et al., 1990) against 

comparison to the GenBank nr database revealed that ITS of A. healeyae was only 

77% similar to the highest match, Absidia sp. SH1 EU816583.1, which is well below 

the expected similarity between strains of the same species (Vu et al., 2019). 
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Similarly, the A. healeyae TEF sequence was only 93% similar to the top BLAST 

result A. repens FSU4726 AY944763 (Hoffmann, Discher & Voigt, 2007).  

 

Taxonomy 

 
Absidia healeyae Urquhart A.S. & A. Idnurm, sp. nov.   Figs 1, 2. 

MycoBank no: MB 835491. 

Diagnosis: Colonies 31 mm diam after 4 d at 22 °C on PDA, initially white with 

purple pigmentation apparent by 7 d. Sporangiophores 4.3 µm (range 3.5–5.2 µm) in 

width below sporangia, branching typically into whorls of short sporangiophores each 

bearing a terminal sporangium, with a single septum below the sporangium. 

Sporangia 34.83 µm × 26.92 µm (range 25.7 µm × 32 µm to 30.4 µm × 39.1 µm), 

pyriform, apophysate. Sporangiospores spherical, 2.8 µm (range 2.3–3.5 µm). 

Columellae hemispherical above the apophysis, sometimes with a small structure 

protruding at the apex. Zygospores not observed.  

Type: AUSTRALIA, Tarra-Bulga National Park, Victoria. A dried specimen 

from an in vitro culture on potato dextrose agar, preserved on Whatman® filter 

paper, comprising of mycelia, sporangia and sporangiospores (holotype in the 

National Herbarium of Victoria, Melbourne, Australia, MEL 2417184; ex-type 

cultures, UoMAU1 = CBS 144487 = JMRC:SF:013685 = NRRL 66765). 

 Gene sequences ex-holotype: Whole genome as GenBank BioProject 

accession PRJNA630489. 

 Etymology: healeyae in recognition of Kara Moana Healey, Victoria’s first 

female national park ranger, of Tarra-Bulga National Park (Shingles, 2001).  

 Habitat: Leaf litter, wet native Australian forests. 
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 Distribution: Isolates thus far obtained from three nature reserves in the 

Australian state of Victoria: Tarra-Bulga NP, Jack Cann Reserve and Macedon 

Regional Park. The distance between the farthest sites is approximately 220 km.  

 

Notes – To date seven other species of spherical-spored Absidia have been 

described. Four of these are available in culture collections and have corresponding 

molecular data: A. glauca Hagem, A. coerulea Bainier, A. californica J.J. Ellis & 

Hesselt. and A. macrospora Vánová. Absidia healeyae is distinct from these species 

by showing a greater similarity to cylindrical-spored species across all four gene 

regions. Furthermore, it can be distinguished from these species based on its unique 

combination of purple colony colouration and spherical spores, which are somewhat 

smaller than those produced by A. coerulea (3–5 µm, mostly about 3.5 µm; (Ellis & 

Hesseltine, 1965)). Three other species with spherical spores have been recognised 

as uncertain species since no ex-type strain is available (Ellis & Hesseltine, 1965): A. 

septata Tiegh., A. scabra Cocc. and A. reflexa. Absidia healeyae can be 

distinguished from A. septata because A. healeyae is most likely heterothallic due to 

the lack of zygospore formation by individual strains and because analysis of the 

genome sequence indicates strain UoMAU1 contains only the sexM gene, positioned 

between homologs of algL and sagA that flanking the sex locus in other Mucorales 

species whereas A. septata is homothallic, from A. scabra because A. healeyae 

possesses a cross-wall in the sporagiophore below the apophysis, and from A. 

reflexa Tiegh. because the sporangiophores are not circinate in A. healeyae. 
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Figure legends 

 

Fig. 1 – Phylogenetic tree based on the large ribosomal subunit showing the 
taxonomic placement of the 16 newly isolated Absidia strains (in bold) compared to 
previously described species (Vitale et al., 2012; Walther et al., 2013; Vu et al., 
2019; Crous et al., 2018; Zhang et al., 2018; Li et al., 2016; Hoffmann & Voigt, 2009; 
Ariyawansa et al., 2015; Wanasinghe et al., 2018). Cunninghamella vesiculosa P.C. 
Misra is used as the outgroup. Maximum likelihood tree generated in MEGA, 
bootstrap support values from 1,000 replicates are indicated. 
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Fig. 2 – Morphological properties of Absidia healeyae (strain UoMAU1) cultured on 
potato dextrose agar. Growth on PDA after 6 d and 22 °C in a 9 cm diam Petri dish 
(A). Lactophenol cotton blue stained sporangia viewed under light microscope (B). 
Scanning electron micrograph of the sporangium showing the spikes that cover the 
sporangium and sporangiophore (C). Scanning electron micrograph of 
sporangiospores (D), conducted using a Philips XL30 scanning electron microscope 
on material sputter coated with titanium then gold (Xenosput apparatus, Dynavac 
Engineering, USA). 
 

 

Supplemental Fig. S1 – Map showing distribution of the seven collection sites in the 
Australian state of Victoria. Sites from which strains of Absidia healeyae were 
isolated underlined. Image from Google Earth, data: SIO, NOAA, U.S. Navy, NGA, 
GEBCO. 
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Table 1 

Strains isolated in this study 

Strain name(s) Species Collection locality Date collecteda GenBank 
accession (LSU) 

UoMAU1 
CBS 144487 
NRRL 66765 
JMRC:SF:01368
5 

Absidia 
healeyae 

Tarra-Bulga National 
Park 

25/04/17 MT436027 

UoMAU2 
CBS 144488  
NRRL 66766 
JMRC:SF:01368
6 

A. healeyae Tarra-Bulga National 
Park  

25/04/17 MT436026 

UoMAU3 
CBS 144489 
NRRL 66767 
JMRC:SF:01368
7 

A. healeyae Tarra-Bulga National 
Park 

25/04/17 MT436025 

UoMAU372 A. glauca Wilson’s Promontory 
National Park 

27/10/18 MT436024 

UoMAU373 A. glauca Morwell National Park 19/05/18 MT436023 
UoMAU374 A. glauca Silvan Reservoir Park 20/05/18 MT436022 
UoMAU375 A. glauca Morwell National Park 19/05/18 MT436021 
UoMAU377 A. glauca Baluk Willam Nature 

Conservation Reserve 
19/10/18 
 

MT436020 

UoMAU379 A. sp.  Silvan Reservoir Park 20/05/18 MT436019 
UoMAU380 A. healeyae Tarra-Bulga National 

Park 
25/04/18 MT436018 

UoMAU381 A. glauca Morwell National Park 19/05/18 MT436017 
UoMAU382 A. healeyae Jack Cann Reserve 10/06/18 MT436016 
UoMAU383 A. glauca Jack Cann Reserve 10/06/18 MT436015 
UoMAU384 A. glauca Jack Cann Reserve 10/06/18 MT436014 
UoMAU385 A. healeyae Macedon Regional Park 10/06/18 MT436013 
UoMAU386 A. healeyae Jack Cann Reserve 10/06/18 MT436012 

a Format is day, month, year (20##). 

 

Table 2 

Genome assembly statistics for two strains in the genus Absidia. 

Strain Total 
length (bp) 

Number of 
contigs (>500 
bp) 

Maximum 
contig (bp) 

N50 
(bp) 

Coverage 

UoMAU1 43,508,957 2,625 188,561 33,835 50X 
UoMAU379 49,417,851 5,383 105,703 19,150 41X 

 

 


