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SUMMARY 

Hydrophobic surface binding protein A (HsbA) is a small secreted protein found in 

eukaryotes. It was firstly isolated from the culture broth of Aspergillus oryzae RIB40. These 

proteins were found to be able to recruit enzymes to hydrophobic surfaces and could promote the 

activity of degradative extracellular enzymes. In case of some human pathogenic fungi, HsbA-like 

proteins were found to be expressed at high level during infection. The objective of the current 

study was to identify and characterize hsbA genes and the encoded proteins in Mucor 

circinelloides, which is a wildly used model organism of studies on Mucorales fungi. 

Six potential hsbA genes named as hsbA1a, hsbA1b, hsbA2, hsbA3, hsbA4 and hsbA5 were 

identified in the genome of M. circinelloides. The in silico analysis of these genes showed that 

some of the proteins may be secreted and other can be cell wall bound molecules. We also found 

that hsbA1b can be a pseudogene. Four genes were selected for transcription analysis which 

indicated that the tested genes are expressed throughout the whole life cycle, especially in the 

hyphae. The genes were found to be upregulated at higher temperatures and downregulated under 

anaerobiosis. Presence of human serum upregulated hsbA1a, hsbA2 and hsbA4 but did not affect 

hsbA3, which were induced by lignocellulosic material indicating different regulations and 

functions for the four genes. Using the CRISPR-Cas9 technique hsbA1a, hsbA2 and hsbA3 were 

disrupted; overexpression mutants for these genes were also created. Altered expression of the 

three genes had only a slight effect on the growing abilities of the fungus. Overexpression of hsbA2 

led to increased spore production. Besides, overexpression of all three genes decreased the 

germination ability of the sporangiospores. We also found that increased expression of the genes 

increased the hydrophobicity of the cell surface and caused sensitivity to cell wall and membrane 

stressors. Biofilm forming capacity of the mutants, in which the hsbA genes were disrupted 

decreased indicating that HsbA may contribute to the biofilm formation of M. circinelloides. 

In the non-vertebrate infection model Galleria mellonella, overexpression of hsbA2 

associated with decreased virulence while that of all deletion mutants significantly increased. This 

result may suggest that the HsbA level and/or the hydrophobicity of the mycelium may affect the 

pathogenicity of M. circinelloides. 

For future analysis of the proteins and their functions, recombinant HsbA1 was expressed 

in Pichia pastoris and the produced protein was purified.  
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1. INTRODUCTION 

1.1 General characterization of Mucorales fungi 

 The order Mucorales belonging to the phylum Mucoromycota (Figure 1) contains 

filamentous fungal species, which are most frequently saprotrophs and widely distributed in nature 

growing on decaying organic substances, such as remnants of food, dead plants, or animal waste 

in soil. These moulds are characterized by rapidly growing mycelium, which is typically aseptate 

or irregularly septate (Richardson and Rautemaa-Richardson, 2019). Some species of the 

mucoralean group exhibit dimorphism, possessing the ability to switch from a filamentous, multi-

cellular state to a yeast form depending on the available oxygen level (Lee et al., 2013; Vellanki 

et al., 2018). In Mucor species, yeast-like growth is generally induced by anaerobiosis in the 

presence of fermentable hexoses, whereas hyphal growth is induced by the presence of oxygen. 

Some of the dimorphic Mucor species behave differently in response to the environmental 

conditions, like Mucor genevensis, which can grow as a yeast under aerobic condition in the 

presence of high hexose concentration (Lax et al., 2020). 

Mucorales fungi can reproduce by sexual and asexual means (Mendoza et al., 2014). They 

can reproduce asexually by chlamydospores or sporangiospores and sexually by zygospores. 

Sexual reproduction occurs during unfavourable condition by gametangial conjugation. When 

hyphal fusion occurs between two different thalli (the compatible mating types are designated as 

+ and –) to form a zygospore, the fungi are called as heterothallic, in comparison to homothallism, 

which is the formation of zygospores within a single thallus. Before the zygospore germinates, it 

undergoes a long period of dormancy. During germination, the zygospores form a single aerial 

hypha with a sporangium at its apex, which in turn harbours the sporangiospores (Lee and 

Heitman, 2014). Asexual reproduction occurs during favourable conditions by formation of 

sporangiospores and during unfavourable conditions by formation of chlamydospores. 

Sporangiospore is produced at the tip of the sporangiophore inside the sporangium, which 

disperses and germinates to produce mycelia (Mendoza et al., 2014). Chlamydospores are thick-

walled resting spores, that are formed when mature hyphae become septate and accumulate nuclei 

and cytoplasm at the septate region and thick wall is formed around them (Lin and Heitman, 

2005). 
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Figure 1: Phylogeny of the kingdom fungi based on the concatenated alignment of 192 

conserved orthologous proteins (Spatafora et al., 2016). Example images of species include: a. 

Rhizopus sporangium (Scanning electron micrograph, SEM), b. Phycomyces zygospore (Light 

microscope, LM), c. Mortierella chlamydospores (SEM), d. Rhizophagus spores and hyphae (LM), 

e. Conidiobolus secondary conidia forming on primary conidium (SEM), f. Basidiobolus 

ballistosporic conidium (SEM), g. Piptocephalis merosporangia (SEM), h. Linderina 

merosporangium (SEM). 

 

 Various characters presented by the Mucorales species including high growth rates in a 

wide range of temperatures (Morin-Sardin et al., 2016), thermophilic capacity of several species, 

existence in a yeast state of certain species (Orlowski, 1991) and high proteolytic and lipolytic 

enzymatic activities (Ma et al., 2011) make them good candidates for biotechnological 

developments. Many species are known for their economic importance as producers of carotenoids 
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or enzymes, such as amylase, protease, lipase, phytase and polygalacturonase, as well as 

fermenting agents for various products of soybean (Voigt et al., 2016; Nguyen and Lee, 2018 

and Walther et al., 2019). 

 

Figure 2: (A) Colony and (B) sporangium of of Mucor circinelloides f. lusitanicus MS12 strain 

grown on malt extract agar (MEA) after 4 days at 25 °C.  

 

 Some Mucorales species, such as Mucor circinelloides and Rhizopus oryzae are widely 

used as model organisms in various genetic and molecular biological studies (Roncero et al., 

1989; Skory, 2002; Ma et al., 2009 ; Lee et al., 2013; López-Fernández et al., 2018 and 

Ibrahim et al; 2010). It have also been applied in various studies addressed to the production of 

enzymes, carotenoids (Naz et al., 2020) and other metabolites, the genetic and molecular 

background of the pathogenicity of Mucorales (Charles et al., 2011), mechanism and role of 

morphological dimorphism and the role of RNA interference in the fungal cells (Cervantes et al., 

2013 and Ruiz-Vazquez et al., 2015). Since, M. circinelloides accumulates all these features and 

is also readily transformable (Garre et al., 2014; Gracia et al., 2017 and Nagy et al., 2017) thus 

enabling opportunities for genetic modification, hence M. circinelloides f. lusitanicus (Figure 2) 

was used in our studies. 

 Certain species belonging to the order Mucorales are considered as human pathogenic 

fungi, causing superficial or invasive infections known as mucormycosis (Spellberg and 

Ibrahim, 2010 and Singh et al., 2016). Members of the genera Rhizopus (e.g. R. oryzae), Mucor 

(e.g. M. circinelloides) and Lichtheimia (e.g. L. corymbifera) are the most frequently isolated from 
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clinical samples (Prabhu and Patel, 2004 and  Petrikkos et al., 2012) while species belonging 

to the genera Rhizomucor, Saksenaea, Cunninghamella, Cokeromyces, Syncephalastrum and 

Apophysomyces are less reported as agents of mucormycosis cases. 

Despite current treatment options pertaining to mucormycosis, there has been poor 

outcomes and high mortality rates due to the insufficient knowledge on the physiology and 

virulence factors that are associated with mucoralean fungi. This is mainly due to the heterogeneity 

of this group and difficulties of genetically modifying the members in this group. However, M. 

circinelloides differs from the members of Mucormycetes through the ability to carry out genetic 

manipulations by various molecular tools. Hence M. circinelloides is more favourably used as a 

base model for understanding fungal genetics and host-pathogen interactions in mucormycosis 

(Gracia et al., 2018). The genome of M. circinelloides f. lusticanicus of the size 36.6Mb, was the 

third publicly available Mucorales genome. Genomic investigations of M. circinelloides was 

carried out through transforming M. circinelloides protoplasts with plasmid by polyethylene glycol 

(PEG) and calcium chloride and remains as a gold standard (van Heeswijck and Roncero, 1984). 

 

1.2 Mucormycosis 

 Mucormycosis is a life-threatening infection, caused by a group of moulds belonging to 

the order Mucorales (Ribes et al., 2000 and Spellberg et al., 2005). It is the third most commonly 

occurring invasive fungal infection, followed by aspergillosis and candidiasis (Torres-Narbona 

et al., 2007; Bitar et al., 2009; Saegman et al., 2010; Petrikkos et al., 2012; Chakrabarti and 

Dhaliwal, 2013 and Prakash et al., 2019). A review study conducted on 851 cases from a period 

of January 2000 to January 2017 indicated that mucormycosis burden is higher in Europe than in 

Asia, as they reported 34% cases in Europe, followed by 31% in Asia, 28% in North and South 

America, 3% in Africa and 3% in Australia and New Zealand (Jeong et al., 2019). However, there 

is a drastic rise in the number of mucormycosis infection that are reported from India, hence this 

data obtained may be due to the under-reporting that could have occurred during this period from 

Asian countries (Chakrabarti et al., 2009; Chakrabarti and Dhaliwal, 2013 and Prakash et 

al., 2019). Mucormycosis is characterized by the tendency of fungi to invade the vasculature, 

resulting in thrombosis and subsequent tissue necrosis. Tissue necrosis can further contribute to 

the severity of the infection by restriction of phagocytic cells from fungal clearance or antifungal 

agents to access to the infected loci (Ibrahim et al., 2012). Mucorales are opportunistic pathogens 
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that affect mostly immunocompromised hosts, most particularly those suffering from 

haematological malignancies or received bone marrow or organ transplantation (Gonzalez et al., 

2002, Pak et al., 2008). Other risk factors for this disease include uncontrolled diabetes mellitus, 

deferoxamine therapy, other forms of metabolic acidosis, neutropenia, corticosteroid therapy, skin 

trauma and other conditions that impairs the immune system (Spellberg et al., 2005 and Ibrahim 

et al., 2016). 

 The importance of Mucoralean species has grown in recent years since there is an increase 

in the number of patients with predisposing factors for mucormycosis (Petrikkos and Skiada et 

al., 2012 and Prakash and Chakrabarti, 2019). Most human infections are resulted by the 

inhalation of fungal spores that have been released into the surrounding air or by direct inoculation 

of organisms into disrupted skin or mucosa (Ibrahim et al., 2004 and Petrikkos et al., 2012). 

Some species of Mucorales are thermotolerant, such as Rhizopus microsporus (Cheng et al., 2009) 

and Lichtheimia corymbifera (Hoffman and Voigt, 2007), with cases of mucormycosis being 

reported worldwide (Richardson, 2009 and Petrikkos et al., 2012). 

 Mucormycosis can be classified in different forms based on the anatomic localization of 

the infection, i.e. rhinocerebral, pulmonary, cutaneous, gastrointestinal, disseminated, and 

uncommon presentations (Petrikkos et al., 2012). Common features of rhinocerebral, pulmonary, 

and disseminated diseases include blood vessel invasion, haemorrhagic necrosis, thrombosis and, 

without treatment, a rapid fatal outcome (Rogers, 2008 and Petrikkos et al., 2012). To treat 

mucormycosis the following four factors are critical: early diagnosis, reversal of the underlying 

predisposing factor, surgical debridement of infected loci, and appropriate antifungal therapy 

(Ellie et. al., 2009 and Gomes et al., 2011). Early diagnosis is critical for the immediate treatment 

before the progression of the disease to a disseminate form. To reverse or control mucormycosis-

predisposing factors in the host, various immunosuppressive medications such as corticosteroids 

can be administered at reduced dosage or stopped based on the requirements. In case of diabetic 

ketoacidosis patients, hyperglycaemia and acidaemia must be corrected. In previous studies, iron 

was shown to aggravate mucormycosis infection in animal models (Ibrahim et. al., 2007) hence 

iron administration to patients with active mucormycosis (for example, by treatment with certain 

iron chelators, such as deferoxamine) should be avoided. New iron chelators, deferiprone and 

deferasirox have shown not to be associated with the increased risk of mucormycosis and have 

thus been used as a therapeutic agent in experimental mucormycosis (Reed et al., 2006; Ibrahim 
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et al., 2009 and Bennett et al., 2019). Surgery is usually implemented for the control of 

mucormycosis in cases where the host suffers from multiple sites of infection, rhinocerebral 

infection, skin and soft tissue infection, various species causing the disease and the different 

duration for therapy (Kontoyiannis and Lewis, 2011 and Skiada et al., 2012;). 

For first-line chemotherapy of mucormycosis, liposomal amphotericin B and amphotericin 

B lipid complex are administered. Since lipid formulations of amphotericin B are significantly less 

nephrotoxic, they can be more safely administered at high dosage for longer period compared to 

amphotericin B deoxycholate (Petrikkos, 2009). As for the second line treatment, posaconazole 

and a combination of liposomal amphotericin B or amphotericin B lipid complex with caspofungin 

are administered (Skida et al., 2013). 

Very poor outcome has been observed despite the current treatment options, like correction 

of the underlying risk factors, antifungal therapy, and aggressive surgery. Mortality rates of 

mucormycosis infections are very high of approximately 50% and can approach to 100% in 

patients with disseminated disease, persistent neutropenia, and cerebral invasion (Katragkou et 

al., 2013 and Skiada et al., 2019). This is mainly due to less knowledge or poor understanding on 

the pathogenesis of the infection, as well as the role of specific virulence factors and the interaction 

with host immune system (Morace and Borghi, 2012). Hence researchers are trying to identify 

various virulence factors of these pathogenic fungus that could pose as a potential diagnostic and 

therapeutic target. 

 

1.3 Virulence factors of mucormycosis-causing fungi 

Virulence factors of pathogens are known to play a key role in damaging the host cells by 

enabling the pathogen to survive, colonize, spread, and suppress the immune response of host 

during an infection. Some of the virulence factors specific to Mucorales are the followings: 

High-affinity iron permease (FTR1) plays a role in the uptake and transport of iron in 

Mucorales (Ibrahim et al., 2007). The FTR1 gene was shown to be highly expressed during the 

infection of immunodeficient mice with R. oryzae (Navarro-Mendoza et al., 2018). Knock-out 

of FTR1 reduces iron uptake and the virulence in R. oryzae. Infected mice were passively 

immunized by using an antibody against the FTR1 protein, that resulted in diminished mortality 

rate and enhanced survival rate (Ibrahim et al., 2007). Fob1 and Fob2 proteins are receptors for 

iron uptake and are present on the surface of Mucorales fungi. Both receptors were shown to be 
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highly expressed in the presence of ferrioxamine in the fungal cells, which mediates iron transfer 

through the reductase/permease system without the internalization of siderophore-iron complex. 

These receptors played a key role in the pathogenesis of R. oryzae in mice treated with the iron 

chelator deferoxamine (Liu et al., 2015). M. circinelloides also harbours ferroxidases for iron 

acquisition, which may have role in fungal dimorphism and virulence (Navarro-Mendoza et al., 

2018). 

CotH (spore coat protein H) proteins, which are homologous with the spore coat proteins 

of bacteria, were shown to be present on the spore surface of all Mucorales fungi (Gebremariam 

et al., 2014). In R. oryzae, CotH2 and CotH3 are known to play a key role as invasins in the 

pathogenesis of mucormycosis. CotH3 of Mucorales were found to be a ligand for the endothelial 

cell glucose-regulated protein 78 (GRP78) during host invasion (Gebremariam et al., 2014).  

Alkaline Rhizopus protease enzyme (Arp) of R. microsporus var. rhizpodiformis was 

detected in the culture filtrate of its clinical isolate and found that it plays a role in enhancing the 

coagulation process in patients suffering from mucormycosis (Spreer et al., 2006). 

ADP-ribosylation factors (Arf) are key regulators of the vesicular trafficking process and 

are necessary for growth, fungal dimorphism, and virulence in M. circinelloides (Patiño-Medina 

et al., 2018). 

Calcineurin (CaN) is a calcium and a calmodulin-dependent serine/threonine protein 

phosphatase, which serves as a critical virulence factor of Mucorales. CaN has a tangible role in 

the transition from yeast to hyphal forms in M. circinelloides (Lee et al., 2013 and Lee et al., 

2015). CaN is closely linked to protein kinase A activity, both of which are necessary for M. 

circinelloides pathogenicity. Disturbance of the CaN encoding gene resulted in the production of 

larger spores compared to the wild-type by expressing a spore size-dependent role in the virulence. 

It was previously shown that sporangiospore-size dimorphism was linked to virulence in M. 

circinelloides f. lusitanicus, where the (-) mating isolates which produced larger asexual 

sporangiospores were shown to be more virulent in the wax moth (Galleria mellonella) host model 

than the (+) isolates that produce small sporangiospores (Li et al., 2011). 
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1.4 Significance of cell surface and cell wall structure in the pathogenicity of filamentous 

fungi 

The fungal cell wall, being the most external layer surrounding the cellular components, is 

essential for various functions such as cell viability (osmotic stability, metabolism and ion 

exchange), morphology (provides rigidity to cell), pathogenicity (plays a role in interaction with 

the host) of a cell and acts as a barrier against environmental stress (Latgé and Calderone, 2002 

and Yoshimi et al., 2017). The fungal cell wall of fungi also provides protection against toxic 

molecules and participates in the regulation of enzyme secretion (Latgé, 2010).  

In the host system, during an immune response, the specific receptors of the immune cells 

called pathogen recognition receptors (PRRs) recognise and interacts with specific components of 

the cell wall of pathogens called pathogen associated molecular patterns (PAMPs) that are 

normally not found in the host (Arana et al., 2009). Upon binding to the PAMPs, the PRRs 

initiates a signalling cascade that activates downstream responses including phagocytosis, 

microbial killing mechanisms, and cytokine production (Hopke et al., 2018). Fungal cell wall 

PAMPs include chitin, mannan and β-glucan, which are recognized by the hosts’ innate immune 

PRRs, such as Toll-like receptors (TLRs) and the C-type lectin receptors (CLRs) (Erwig and 

Gow, 2016). The cell wall can therefore contribute to the outcome of a fungal infection by affecting 

both the fungal viability and the host responses. 

The cell wall of pathogenic fungi can sometimes act as an immune decoy or shield from 

being recognised as foreign by the host system. Identification of the potential key cell wall 

components of fungal pathogens can help to develop better diagnostic and therapeutic approaches 

for fungal infections. 

The cell wall of medically important opportunistic fungal pathogens (i.e., for Aspergillus 

fumigatus, Candida albicans, Pneumocystis species, Cryptococcus neoformans, Histoplasma 

capsulatum, and Blastomyces dermatitidis) has been studied and well described previously. 

However, little is known about the cell wall of Mucorales species (Lecointe, 2019). The fungal 

cell wall (Figure 3) is mainly composed of mannoproteins on its surface, a protective layer of 

chitins and α- and β- linked glucans. Cell wall composition and proportion of the components 

usually vary between the different fungal species, but the β-1,3-glucan remains to be the major 

component of the cell wall of most fungi. The molecular composition of the cell wall is critical for 

the biology of each fungal species. 
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Figure 3: Fungal cell wall components (Fesel and Zuccaro, 2016). 

 

Whole genome analysis carried out on virulent CBS 277.49 and avirulent NRRL 3631 

strains of M. circinelloides showed that several genes encoding extracellular enzymes in the 

avirulent strain were absent, discontinuous, and truncated (López- Fernández et al., 2018). The 

phenotypic variation carried out on these strains showed that avirulent strains were more 

susceptible to heat stress and cell wall stress (calcofluor white and sodium dodecyl sulphate) when 

compared to the virulent strain. These variations suggest the possible effect of cell wall in the 

pathogenesis of M. circinelloides. Further studies were conducted by deletion of an extracellular 

protein-coding gene ID 112092 of unknown function, which resulted in a significantly reduced 

virulence in murine models. Based on this study, development of new therapeutic targets can be 

achieved through studying novel proteins and their role in the pathogenicity of Mucorales (López- 

Fernández et al., 2018). 

 

1.4.1 Cell wall composition of fungi 

Glucans comprise a diverse group of glucose polymers that differ in the glycosidic bond 

position, which confers them to be short or long, alpha or beta isomers, branched or unbranched, 

and soluble or particulate (Goodridge et al., 2009). The long β-1,3- or short β-1,6-linked chains 

and α-1,3 glucan chains provide the main bulk of the cell wall (Osherov and Yarden, 2010). The 

elasticity and strength of the cell is obtained through the β-1,3-glucan, whereas the cross-linking 
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between glucans, chitin and mannoprotein is enabled by β-1,6- glucans. In the pathogenic fungus 

A. fumigatus, the cell wall polysaccharides such as β-1,3-glucan and chitin are recognized by the 

host immune cells as PAMPs, which results in the immune clearance of the fungal cells. The α-

1,3-glucan of A. fumigatus was shown to contribute to the masking of the PAMPs from hosts 

immune system recognition (Fujikawa et al., 2012 and Beauvais et al., 2013) 

Chitin is a long β-1,4-linked homopolymer of an amino sugar called N-acetylglucosamine, 

which is arranged into fibres held together by hydrogen bonds (Yamazaki et al., 2008). It provides 

strength to the cell wall. 

In the cell wall, components are continuously synthesized, degraded and structures are 

rearranged to provide plasticity to the rigid layer during conidial germination, hyphal growth and 

branching. This digestion process of the pre-existing cell wall is brought about by chitinolytic 

enzymes and glucanases to allow cell wall remodelling and expansion by synthases. Both enzymes 

are known to cleave the glycosidic linkages that holds their polymer together (Alcazar-Fuoli et 

al., 2011). Chitinolytic enzymes are a group of proteins that falls under two categories, i.e. endo- 

and exo-acting enzymes (Hamid et al., 2013). The endo-chitinases cleaves randomly at the β-1,4-

links within the chitin chains, releasing the chito-oligomers and random-length products. Whereas 

the exo-chitinases cleaves the N, N’- diacetylchitobiose dimers (GlcNAc)2 from the non-reducing 

ends. The final step of chitin degradation is carried out by N-acetylglucosaminidases, which 

hydrolyse the dimers to monomers (Sahai et al., 1993 and Rathore and Gupta, 2015). Enzymes 

are also required for the processing of mannans and glycoproteins that are embedded in the cell 

walls of fungi. 

Mannans are polymers of D-mannose, which are linked together by specific linkages 

through multiple mannosyltransferases that resides in the endoplasmic reticulum and Golgi. 

During post-translational modification events, it was found that mannans are added to extracellular 

proteins to stabilize and protect the proteins in an extracellular environment (Filomena, 

2013).Most microorganisms are often covered by a protective proteinaceous external surface layer 

that serves as a shield from the pressures of the external environment and as a sieve for the 

surrounding molecular influx. Hydrophobins are known and characterized in Ascomycota fungi 

and are yet unknown in case of Mucorales. These are low molecular weight small secreted proteins 

characterized by various levels of hydrophobicity and the presence of eight conserved L-cysteine 

residues (Cys), which are responsible for the formation of four disulphide bridges (Bayry et al., 
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2012). These proteins assemble into amphipathic monolayers at the hydrophobic and hydrophilic 

interfaces (Wӧsten, 2001). Hydrophobins are divided into two main groups (i.e. Class Ⅰ and Ⅱ) 

based on their hydropathy plots, solubility in solvents, inter-Cys spacing and type of the layers 

they form. In class Ⅰ, high variability is observed in the inter-Cys spacing. Such molecules assemble 

into insoluble polymeric monolayers composed of fibrillar structures called rodlets and these 

structures can only be solubilized with strong acids. Class Ⅱ hydrophobins have more conserved 

amino acid sequences and inter-Cys spacing. They lack the fibrillar rodlet morphology making 

them able to solubilise using mild treatment with organic solvents and detergents (Bayry et al., 

2012).Hydrophobins have various functions, such as conferring hydrophobicity and water 

resistance helping the spread of the hyphae, formation of aerial mycelium and the dispersion of 

spores in air (Bayry et at., 2012). In Aspergillus nidulans, it was found that during conidiophore 

development, the dewA and rodA hydrophobin-encoding genes were expressed. Hydrophobins can 

facilitate the adherence of fungi to their substrate, especially during an infection where pathogenic 

fungi can penetrate the host tissues (Wӧsten, 2011). Hydrophobin layer of the spores can mask 

them from the recognition of the host immune system and thus, assists to the survival of the spores 

(Bayry et al., 2012). Previously, in case of A. fumigatus, Rod A was implicated in protecting the 

conidia from alveolar macrophages (Pedersen et al., 2011). 

 

1.4.2 Specific features of the Mucorales cell wall 

Studies conducted on the structural composition of Mucorales cell are scarce and have been 

mainly focused on Mucor mucedo and M. circinelloides. Mucoran, mucoric acid, chitin, and 

chitosan are some of the polysaccharides that have been described for these species (Lecointe et 

al., 2019).  

It was previously shown that the cell wall components of R. oryzae and other Mucorales 

contained high concentrations of chitin and chitosan (Ma et al., 2009). In Mucorales, the 

proportion of chitin or chitosan varies between species, spore, and hyphal forms (Campos- Takaki 

et al., 2014). Previous analysis on the cell wall components of L. corymbifera showed presence of 

high amounts of β-1,6-glucosytransferases (GT24) and β-1,3-N-acetylglucosaminyltransferases 

(GT49), but fewer chitin synthases, chitin deacetylases and chitinase than in R. oryzae and M. 

circinelloides (Mélida et al., 2015 and Lecointe et al., 2019). 
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Glucan was shown to be the major component of the spore cell wall in M. circinelloides 

along with melanin, glucosamine, mannans and proteins. During the germination of spores, glucan 

synthesis was shown to decreases suggesting its role in modifying the glycoshield of the cell wall 

(Lecointe et al., 2019). Microscopic analysis of Mucor ramannianus spores during lysis by β-

glucanase, showed the presence of an outer electron dense layer and a thick inner layer of 

myofibrils containing glucans (Jones et al., 1968 and Lecointe et al., 2019). A recent study 

revealed the role of β-glucans of R. oryzae in the production of interleukin-23 (IL-23) and activates 

dectin-1 of dendritic cells that triggers TH-17 responses (Lecointe et al., 2019). Therefore, the 

exposure of the fungal cell wall polysaccharide β-glucan is essential for regulation of protective 

immunity to host during invasive growth of opportunistic fungal pathogen (Chamilos et al., 2010). 

It has been shown in previous studies that several Rhizopus and Mucor species can secrete 

extracellular polysaccharides (EPS). The structure and molecular mass of these EPS varies in 

different species. The EPS are composed of mannose (8-30%), galactose (4-13%), fucose (9-25%), 

glucose (0-30%) and glucuronic acid (32-55%) mainly β-1,4-linked glucuronic acid. Currently, 

the role of the EPS is unknown in moulds. In Mucorales the extracellular matrix comprises of 

carbohydrates (50-90%) and proteins (10-50%) (Lecointe et al., 2019).  

Fungal polysaccharides that are usually located on the surface of the cell wall possess 

antigenic properties, due to their ability to be recognised by immune cells and trigger an immune 

response in the host system (Snarr et al., 2017). In Absidia cylindospora, antigenic substances 

were found mainly in the supernatant of disrupted cells and in purified mycelium it could be 

isolated in low yields. Hence suggesting the presence of antigenic substances of Mucorales cell 

walls to be loosely bound to the surface of mycelia and can be easily released from the surface 

(Miyazaki et al., 1979). 

 

1.5 Hydrophobic surface binding protein 

Hydrophobic surface binding protein A (HsbA) belongs to the galactomannoprotein family 

(Muszewska et al., 2017). Galactomannans comprise of a mannose polymer with galactose side 

groups and is covalently bound to the β-1,3-glucan-chitin core. It is a major component of the 

fungal cell wall that is released during the growth of fungal hyphae (Muszewska et al., 2017). In 

case of invasive infections, such as aspergillosis, this antigen may be found in the blood circulation. 

This protein family has evolved through multiple duplications, leading to group formation of 
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species-specific paralogs in Eurotiales and Mucoromycota (Muszewska et al., 2017). Majority of 

the HsbA proteins are known as antigenic cell wall galactomannoproteins (Cao et al., 1998 and 

Muszewska et al., 2017). 

HsbA proteins (HsbA, Pfam ac. Number: 12296, Ohtaki et al., 2006) were shown to be 

secreted proteins (14.5 kDa), which was isolated from the culture broth of Aspergillus oryzae 

RIB40 grown in a medium containing poly butylene succinate-co-adipate (PBSA) as a sole carbon 

source. Hence suggesting that HsbA could either be bound to the cell wall since they belong to the 

galactomannoprotein family (Muszewska et al., 2017) or secreted. hsbA genes identified in A. 

oryzae have orthologs/paralogs located in several fungal genomes (e.g., in that of A. fumigatus). It 

has shown that HsbA plays a role in the degradation of PBSA by recruiting an enzyme CutL1 at 

the hydrophobic surface (Ohtaki et al., 2006). Though the amino acid sequence of HsbA proteins 

suggest that these proteins may be hydrophilic, HsbA proteins in the presence of sodium chloride 

(NaCl) or calcium chloride (CaCl2) were shown to be absorbed onto hydrophobic solid PBSA 

surfaces, suggesting that HsbA could be hydrophobic or amphipathic in nature (Ohtaki et al., 

2006). 

Features of HsbA appears to be similar to those of the hydrophobin RolA. Like 

hydrophobins, HsbA proteins are low molecular mass (≤20 kDa) secreted proteins and are unique 

to the fungal kingdom. (Bayry et al., 2012). Although HsbA is able to bind to the hydrophobic 

surface of PBSA and promotes its degradation by recruiting cutinases, it cannot be classified as a 

“classical” hydrophobin due to the absence of the characteristic cysteine residues (Takahashi et 

al., 2005 and Ohtaki et al., 2006). It is known that hydrophobins are characterized by the presence 

of eight conserved cysteine residues that form four disulphide bonds (Scholtmeijer et al., 2001 

and Berger and Sallada, 2019).The structure of HsbA and the molecular mechanisms behind the 

attachment to hydrophobic substrates and recruitment of cutinases are yet to be determined (Sunde 

et al., 2017). 

In Aspergillus niger, it was shown that two genes encoding a hydrophobin and an HsbA 

were strongly induced by the switch from glucose to wheat straw medium, suggesting that these 

proteins could also play a role in recruiting degradative enzymes to the surface of straw (Delmas 

et al., 2012). 

HsbA proteins were shown to play role in plant pathogenic species during the colonization 

and penetration of fruits. The genome analysis of the ectophytic Ramichloridium luteum showed 
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significantly higher amount of HsbA proteins compared to other penetrating plant pathogen 

species and 13 hsbA genes were encoded in the genome of R. luteum. In R. luteum, RNA-Seq 

analysis indicated that one hsbA homolog (Ramle4244) was significantly upregulated during the 

colonization of the surface of apple fruit (Wang et al., 2017). In the transcriptome of 

Colletotrichum fructicola, nine homologs of hsbA (Pfam ac. Number: 12296, Ohtaki et al., 2006) 

were discovered, from which eight genes were upregulated at the early phase of strawberry 

infection while the ninth gene was upregulated at a later stage (Zang et al. 2018). The 

transcriptome analysis of the rice blast fungus Magnaporthe oryzae showed that there are eight 

hsbA homologs (Pfam ac. number 12296, Ohtaki et al., 2006) in the genome. High-throughput 

SuperSAGE (HT-SuperSAGE) data analysis revealed that four of the HsbA-encoding genes were 

shown to be upregulated during the appressorium development and the other two were upregulated 

later at the 14th-16th hours of the infection (Soanes et al., 2012). These studies suggest the 

importance of the HsbA-like proteins as a virulence factor in the regulation of attachment, 

penetration, and degradation of components of the plant epidermis, and probable role in 

appressorium development however the exact mechanism is unknown and requires further 

investigation. 

During interactions with macrophages and phagocytosis, HsbA proteins were shown to be 

expressed approx. 10 folds higher in L. corymbifera JMRC: FSU:09682 strain than without the 

interaction (Park, 2016). In case of the dimorphic Talaromyces (Penicillium) marneffei that cause 

systemic mycosis in immunosuppressed patients, the secreted cell wall mannoprotein Mp1p was 

found abundantly in sera of infected patients, hence Mp1p was used in serodiagnosis of this 

infection (Cao et al., 1998). Mp1p was shown to be present in the yeast phase of T. marneffei. 

(Cao et al., 1999 and Sze et al., 2016). Mp1p and Afmp1 from A. fumigatus have been placed by 

NCBI conserved domain database under the conserved protein domain family of HsbA. Mp1p was 

shown to be a novel virulence factor of T. marneffei, by carrying out knockout and knockdown of 

its gene and using the mutants in intracellular survival assay with murine macrophage cells and 

mouse models (Woo et al., 2016). All mice treated with Mp1p (Mp1) knockout T. marneffei strains 

survived even on day 60 post intravenous infection, compared to those challenged with wild-type 

strains where all mice died within 21 days (Woo et al., 2016). Though Mp1p has been previously 

characterized, the virulence mechanism and its cellular target remains unknown. The GPI-

anchored galactomannoproteins, Afmp1 of A. fumigatus, belongs to the same protein family of 
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cell wall galactomannans as HsbA proteins. Afmp1p is a protein with 284 amino acid residues and 

is homologous to antigenic cell wall mannoprotein Mp1p in Penicillium marneffei (Yuen et al., 

2001). Afmp1p of A. fumigatus was shown to be specifically located in the cell wall, through 

indirect immunofluorescence and immunoelectron microscopic analysis. Antibodies specific to 

Afmp1p were shown to express in elevated levels in patients suffering in invasive A. fumigatus 

infection, therefore suggesting the role of Afmp1p as a cell surface target for the hosts humoral 

immunity. Development of antigen-based kits by using Afmp1p can be carried out and examined 

for the serodiagnosis of A. fumigatus infections (Yuen et al., 2001). Hence, these suggest that the 

possible connection between HsbA proteins and their influence on the pathogenesis of M. 

circinelloides are worth to examine in detail. 
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2. AIMS 

Our aim was to identify and characterize the gene or genes of the novel hydrophobic surface 

binding protein A (HsbA) of M. circinelloides and examine its or their functions and role in the 

pathogenicity of Mucorales fungi. To reach these points our objectives were the following: 

1. Identification and in silico characterization of putative hsbA genes in the M. circinelloides 

genome 

2. Transcription analysis of the identified genes. 

3. Overexpression of the identified genes using circular plasmids and PEG-mediated 

protoplast transformation.  

4. Disruption of the identified genes by applying the CRISPR-Cas9 method, this objective 

includes: 

• Construction of donor cassettes by amplifying separately the fragments encoding 

for the promoter and terminator of M. circinelloides hsbA genes as homology arms, 

and the pyrG gene as the selection marker.  

• Application of the donor cassettes along with the corresponding guide RNA 

(gRNA) and the Cas9 nuclease enzyme for the transformation of M. circinelloides 

protoplasts by PEG-mediated transformation. 

• Confirmation of the gene disruption by carrying out qRT-PCR, sequencing, and 

whole-genome sequencing. 

5. Comparative morphological and physiological characterization of the hsbA disruption and 

overexpression mutants. 

6. Heterologous expression of selected genes and purification of the recombinant proteins for 

further analysis. 
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3. MATERIALS AND METHODS 

3.1 Strains used in the study 

A leuA- and pyrG-, double auxotrophic strain of M. circinelloides f. lusitanicus (strain IDs: 

MS12, SZMC 12082) was used in the transformation experiments. This is a leucine and uracil 

auxotrophic derivative of the wild-type strain CBS 277.49 (Nagy et al., 2014). 

To exclude the effect of the lack of the pyrG on the viability of the original strain, a 

derivative of the MS12 (MS12+pyrG), in which the uracil auxotrophy was complemented by 

expressing the functional pyrG gene, was used as a control for the morphological and physiological 

studies of the overexpressed and deletion hsbA mutants. 

Plasmid construction and propagation were performed in Escherichia coli DH5α. 

Pichia pastoris KM71H strain (arg4 aox1: ARG4) (Thermo Scientific) was used in the 

heterologous protein expression studies. 

 

3.2 Composition of the applied media 

YNB minimal medium: 1% D-glucose, 0.15% ammonium sulphate, 0.15% sodium L-glutamate, 

0.05% YNB (yeast nitrogen base) without amino acids (Sigma) supplemented with 0.05% uracil 

and/or 0.05% leucine (w/v), if required. For solid medium 2% (w/v) agar was added. YNB 

solidified with 1 and 2% agar and supplemented with 0.05% leucine and 0.8 M sorbitol was used 

as a selection medium during the transformation experiments. To test various cell wall stressors, 

YNB (supplemented with leucine and uracil, as required) containing 1 μl/ml of Triton X-100, 

0.004 % (w/v) sodium dodecyl sulphate (SDS), 0.001 % (w/v) calcofluor white (CFW), or 0.002 

% (w/v) Congo red (CR) was used. 

 

Malt extract agar (MEA): 1% D-glucose, 0.5% yeast extract, 1% malt extract, 2% agar (w/v). 

 

Yeast extract - glucose medium (YEG): 1% D-glucose, 0.5% yeast extract, 2% agar (w/v) for 

protoplast formation. 

 

Yeast extract-peptone-glucose broth (YPG): 2% D-glucose, 1% peptone, 0.5% yeast extract 

(w/v) supplemented with 0.8 M sorbitol to regenerate the protoplasts after transformation. 
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Yeast extract-peptone-dextrose medium (YPD): 2% Dextrose,1% yeast extract, 2% peptone, 

2% agar (optional, for making solid medium). For selecting P. pastoris KM71H transformants, 

YPD medium was supplemented with 100 μg/ml Zeocin as a selection marker. 

 

Lysogeny broth (LB): 1% Sodium chloride, 1% tryptone, 0.5% yeast extract (w/v) (pH 7.0) 

supplemented with 2% (w/v) agar for making solid medium. For selecting E. coli transformants, 

LB medium was supplemented with 50 μg/ml ampicillin as a selection marker. 

 

Roswell Park Memorial Institute 1640 (RPMI 1640; Sigma): 1.04% RPMI-1640 medium 

powder (with phenol red, without glutamine), 3.453% of 3-(N-morpholino) propanesulfonic acid 

(MOPS), 0.1% L-glutamine (30 mg/ml; w/v), supplemented with 0.05% uracil and/or 0.05% 

leucine (w/v), if required (pH 7.2).  

 

Buffered minimal glycerol or methanol medium containing histidine (BMGH/BMMH): 100 

mM potassium phosphate (pH 6.0), 1.34% yeast nitrogen base (YNB), biotin, 4 ⅹ 10-5% biotin, 

1% glycerol or 0.5% methanol and 0.004% histidine. 

 

3.3 Isolation of fungal genomic DNA and agarose gel electrophoresis 

Genomic DNA of the fungal strains was purified using the Gene Elute Plant Genomic DNA 

Miniprep Kit (Sigma Aldrich) according the manufacturer’s instructions. 

For agarose gel electrophoresis, 0.8 - 2% (w/v) agarose was dissolved in TAE buffer (40 

mM Tris-acetic acid (pH: 7.6); 1 mM Sodium EDTA). DNA was stained with 0.5 mg/ml ethidium 

bromide (Sigma). As the sample buffer, 1 × DNA loading dye (Thermo Scientific) and to 

determine the size of the bands, the GeneRuler 1 kb DNA ladder (Thermo Scientific) were used. 

The electrophoretic separation was carried out in TAE buffer, with current of 80-110 V for 1 to 4 

hours. Visualization of the DNA was done by exposing the agarose gel to UV light. 

To isolate the DNA fragments from the agarose gel, the appropriate DNA band was cut 

from the gel using a sterile scalpel under UV light. The DNA was then purified from the gel using 

the Zymoclean Large Fragment DNA recovery Kit (Zymo Research) according to manufacturer’s 

instructions. 
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3.4 PCR amplification for gene cloning 

Details of the primers used in the study are shown in Table S1. All primers were 

synthesized by Integrated DNA Technologies (IDT). Phusion Flash High-Fidelity PCR Master 

Mix (Thermo Scientific) was used in the PCR experiments according the manufacturer’s 

recommendations. The reactions were prepared in a final volume of 20 μl as follows:  

• Template DNA (10 to 100 ng) – 0.8 μl  

• Specific primers (10 μM final concentration) – 0.8 μl each  

• 2X Phusion High Fidelity DNA Polymerase Master mix – 10 μl 

• Molecular water (RNAse and DNAse free) – 7.6 μl 

Amplification conditions were as follows: 98 °C for 10 s, 98 °C for 1 s, 60-72 °C for 5 s, 

72°C for 30 s, repeat for 35 cycles, 72 for 1 min. The annealing temperature and extension time 

varied and were modified according to the length of the expected amplicon and the primers used. 

 

3.5 Construction of plasmids 

For the overexpression of the hsbA1, hsbA2 and hsbA3 genes, the plasmids pAV1, pAV2 

and pAV3 were constructed, respectively. Firstly, the corresponding gene was amplified from the 

genomic DNA of M. circinelloides by using the primer pairs McHSB1oefw and McHSB1oerev 

for hsbA1, McHSB2oefw and McHSB2oerev for hsbA2 and McHSB3oefw and McHSB3oerev for 

hsbA3 (Table S1). The amplified fragments were ligated between the promoter and terminator 

regions of the M. circinelloides glyceraldehyde-3-phosphate dehydrogenase 1 gene (European 

Molecular Biology Laboratory (EMBL) Acc. No.: AJ293012) in the pPT81 vector (Csernetics et 

al., 2011 and Nagy et al., 2014). This vector also harbours the M. circinelloides pyrG gene 

(CBS277.49v2.0 genome database ID: Mucci1.e_gw1.3.865.1) encoding, which encodes the 

orotidine-5’-monophosphate decarboxylase and can complement the uracil auxotrophy of the M. 

circinelloides MS12 strain.  

For the heterologous expression of the HsbA proteins in P. pastoris, the EasySelect™ 

Pichia Expression Kit (Thermo Scientific) was used according the manufacturer’s 

recommendations. Accordingly, the plasmid pPICZα A (Thermo Scientific) was used as the 

expression vector. The plasmid pPICZα A contains the zeocin resistance gene, which allows to 

select the transformants. 
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3.6 Design and construction of the guide RNA (gRNA) and the template DNA for CRISPR-

Cas9 gene disruption 

Protospacer sequences designed to target the DNA cleavage in the hsbA1, hsbA2 and hsbA3 

genes were the followings, 5’-ACTGACTGCTGTGCAGTCGC-3’; 5’-

GAAACGCGTCTCAAGAAAGC-3’ and 5’- GAATTTGATGCCGTTCTTT-3’, respectively, 

which correspond to the fragments of the nucleotide positions between 310 and 330 downstream 

from the start codon of the hsbA1gene, between the positions 282 and 302 downstream from the 

start codon of hsbA2 and between the positions 426 and 446 downstream from the start codon of 

hsbA3, respectively. Using these sequences, the Alt-R CRISPR crRNA and Alt-R CRISPR-Cas9 

tracrRNA molecules were designed and purchased from Integrated DNA Technologies (IDT). To 

form the crRNA: tracrRNA duplexes (i.e. the gRNAs), the Nuclease-Free Duplex Buffer (IDT) 

was used according to the instructions of the manufacturer. 

Homology driven repair (HDR) was applied for all gene disruptions following the strategy 

described previously (Nagy et al., 2017). Gene disruption strategy and the template DNA is 

presented in Figure 4. Disruption cassettes functioning also as the template DNA for the HDR 

were constructed by PCR using the Phusion Flash High-Fidelity PCR Master Mix (Thermo 

Scientific). In case of the hsbA1 gene, at first, two fragments being 1109 and 1129 nucleotides 

upstream and downstream from the protospacer sequence and the M. circinelloides pyrG gene 

(CBS277.49v2.0 genome database ID: Mucci1.e_gw1.3.865.1) along with its promoter and 

terminator sequences were amplified using the primers listed in Table S1. The amplified fragments 

were fused in a subsequent PCR using the nested primers McHSB1/7 and McHSB1/8 (Table S1); 

the ratio of concentrations of the fragments was 1:1:1 in the reaction. Disruption of hsbA2 using 

the pyrG gene was carried out in the same way as follows: two fragments, which were 1108 and 

1138 nucleotides upstream and downstream from the protospacer sequence, respectively, were 

fused with the pyrG gene by PCR using the nested primers McHSB2/7 and McHSB2/8 (Table 

S1). In case of hsbA3, two fragments, 1155 and 1106 nucleotides upstream and downstream from 

the protospacer sequence, respectively, were fused with the pyrG using the nested primers 

McHSB3/7 and McHSB3/8 (Table S1). 
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Figure 4: Strategy designed to disrupt the hsbA genes of M. circinelloides using the CRISPR-

Cas9 method. HDR was performed using the disruption cassette/template DNA containing the 

pyrG gene as the selection marker. Positions of the primers used to analyze or amplify the 

constructs are presented (for the nucleic acid sequences of the primers, see Table S1). TGG 

indicates the PAM sequence while the arrows show the orientations of the primers. 

 

3.7 Preparation of E. coli DH5α competent cells and bacterial transformation 

E. coli DH5α competent cells (0.2 ml of previous stock) was inoculated into 30 ml LB and 

incubated overnight at 37 °C. After incubation, 1 ml of E. coli was inoculated into another 30-ml 

LB and incubated at 37 °C until the optical density of the culture at 600 nm (OD600) reached 0.6. 

After that, the entire culture was centrifuged at 3,000 rpm for 10 min at 4 °C and the pellet was 

placed on ice. The pellet was resuspended in 30 ml of 100 mM CaCl2 and centrifuged at 3,000 

rpm for 10 min at 4 °C. The pellet was resuspended again in 30 ml of 100 mM CaCl2 and incubated 

on ice for 1 h. After centrifuging the sample at 3,000 rpm for 10 min at 4 °C, the pellet was 

resuspended in 1.5 ml CaCl2. From this stock, 116 μl of competent cells and 34 μl of 87% sterile 

glycerol were aliquoted into 1.5 ml sterile microcentrifuge tubes and kept at -80 °C until use. 

For transformation, DNA was added to the DH5α competent cells along with 80 μl Tris-

calcium chloride-magnesium chloride (TCM) buffer (10mM Tris, 10mM CaCl2 and 10mM MgCl2; 

pH: 7.5). The components were then mixed by tapping the tube and incubated on ice for 30 min. 

After that, the mixture was transferred to 37 °C for 3 min (heat shock). Then, the cells were kept 

at room temperature for 10 min. From the cell mixtures, 30 or 100 μl were inoculated onto the 

surface of LB plates and incubated at 37 °C for 16 h. 
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3.8 PEG mediated protoplast transformation of M. circinelloides  

This method is a modified version of that described by van Heeswijck and Roncero (1984). 

Sporangiospores of the MS12 strain were collected after cultivating the fungus for 4 days on YNB 

and plated onto 20 YEG plates covered by cellophanes and incubated for 16 h at 25 °C (Csernetics 

et al., 2011 and Nagy et al., 2017). The developed colonies were then transferred into 30 ml of 

snail enzyme mix (17 ml sterile distilled water, 3 ml sodium-phosphate buffer (pH 6.4)(100 mM 

sodium phosphate buffer: 25 mM Na2HPO4 and 75 mM NaH2PO4), 10 ml of 2.4 M sorbitol and 

0.45 g snail enzyme) and incubated at 25 °C for approx. 3 h with gentle shaking. Protoplasts were 

then filtered through a sterile gauze, washed with 5 ml SMC buffer (2.5 ml of 1 M CaCl2, 1 ml of 

0.5 M MOPS (3-(N-morpholino) propanesulfonic acid), 16.65 ml of 2.4 M sorbitol, 38.5 ml 

distilled water) and centrifuged for 15 min at 3,200 rpm. The pelleted protoplasts were resuspended 

again in 3 ml SMC buffer and centrifuged under the same conditions. For transformation with 

plasmids, 200 μl SMC, 20 μl plasmid and 20 μl PMC (13.33 ml of 40% PEG, 400 ml of 0.5 M 

MOPS, 6.6 ml of 2.4 M sorbitol and 1 ml of 1 M CaCl2) were added to the protoplasts. For 

CRISPR-Cas9 mutagenesis, 200 μl SMC, 10 nM gRNA (IDT), 10 nM Cas9 enzyme (IDT), 10 μg 

template DNA (i.e. the gene disruption cassette) and 20 μl PMC were added to the protoplasts. 

After incubation on ice for 30 min, 2.5 ml PMC was added to the cells, which were then incubated 

at room temperature for 30 min. After that 25 ml SMC was added to the sample, which was 

centrifuged at 3,200 rpm for 10 min at 4 °C. The supernatant was discarded and 5 ml YPG 

supplemented with 0.8 M sorbitol was added to the protoplasts. After incubation at room 

temperature for 30 min, protoplasts were pelleted from the solution and washed with 20 ml SMC. 

Protoplasts were resuspended in YNB containing 1% agar and spread onto YNB supplemented 

with 0.8 M sorbitol, as well as with leucine, if required.  

 

3.9 Quantitative real-time reverse transcription PCR (qRT-PCR) 

For qRT-PCR analysis, total RNA samples were purified using the Direct-zolTM RNA 

Mini-Prep kit (Zymo Research) by following the manufacturer’s instructions. The quality of each 

RNA samples was checked in 2% agarose gel. cDNA synthesis was performed by using either the 

Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Scientific) or RevertAid H Minus 

First Strand cDNA Synthesis Kit (Thermo Scientific). Oligo (dT)18 and random hexamer primers 

were used in the reaction mixture according to manufacturer’s instructions. 
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The qRT-PCR experiments were performed in a CFX96 real-time PCR detection system 

(Bio-Rad) using the Maxima SYBR Green qPCR Master Mix (Thermo Scientific) and the primers 

presented in Table S1. The relative quantification of the copy number and the gene expression 

was carried out by the 2-ΔΔCt method (Livak and Schmittgen, 2001) using the actin gene 

(scaffold_07: 2052804-2054242; M. circinelloides CBS277.49v2.0 genome database; 

http://genome.jgi-psf.org/Mucci2/Mucci2.home.html) of M. circinelloides as a reference. 

The amplification conditions for the qRT-PCR were as follows: 95 °C for 3 min, (95 °C 

for 15 sec, 60 °C for 30 sec, 72 °C for 30 sec was carried out for 40 cycles). Melting curve analysis 

was performed at 65 °C to 95 °C, with a 0.5 °C increment.  

 

3. 10 Whole genome sequencing 

Whole genome sequencing was performed at the Department of Biochemistry and 

Molecular Biology (University of Szeged) by the research group of Dr. László Bodai. Samples 

were the following: MS12, MS12-ΔhsbA1a and MS12-ΔhsbA2. 

The reference genome was Mucor_circinelloides_v2_masked_scaffolds.fasta at 

https://genome.jgi.doe.gov/portal/pages/projectStatus.jsf?db=Mucci2. Fastq files were checked 

and quality controlled by the FastQC, TrimGalore program. The “Pair-end fastq read” files were 

trimmed by the TrimGalore program, which performed a quality analysis based on the database 

inside after recognizing the adapter sequences. After specifying the minimum read length (36 bp), 

reads that proved to be smaller after trimming were excluded. The selected reads were mapped to 

the reference genome using the “bwa-mem” tool, and the results were visualized using a Qualimap 

program. Before the variant analysis, technical duplicates were screened using the GATK / Picard 

MarkDuplicates tool (van der Auwera et al., 2013). After generating BAM files from the mapping 

output, duplicate reads were excluded from the variant analysis by marking with the “SAMtools 

flag” procedure (Etherington et al., 2015). Based on the obtained sequences, the targeted regions 

identified in the mutant strains can be validated by searching with the Basic Local Alignment 

Search Tool (BLAST). If the corresponding sample BAM file does not show an overlap (coverage) 

compared to the genomic position of the targeted region, then that region can be considered as 

corrupted. Variant analysis was performed with SAMtools / bcftools (Li et al., 2009), FreeBayes, 

and Bedops v2.4.39 (Neph et al., 2012). 
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3.11 Sequence analysis 

Sequencing of the amplified or cloned DNA fragments was carried out commercially by 

the LGC Genomics (Berlin, Germany).  

Oligonucleotide sequences were designed based on the sequence data available in the M. 

circinelloides CBS277.49v2.0 genome database (DoE Joint Genome Institute; http://genome.jgi-

psf.org/Mucci2/Mucci2.home.html) (Corrochano et al., 2016). 

Sequences obtained after DNA sequencing was analysed by using the Basic Local 

Alignment Search Tool (BLAST) at the site of the National Center for Biotechnology Information 

(NCBI) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences were evaluated and aligned by using 

the PreGap and Gap4 programs of the Staden Package (Staden et al., 2000). 

Motifs, domains, and main features of the HsbA proteins were predicted using the tools 

available at the Expasy Bioinformatics Resource Portal (http://www.expasy.ch), such as Compute 

pI/Mw, MyHits, PROSITE and ProtScale (Gasteiger et al., 2005). The GPI-Som software 

(http://gpi.unibe.ch; Fankhauser and Mäser, 2005) was used to identify the 

glycosylphosphatidylinositol (GPI)-anchors in the amino acid sequence of HsbA proteins. 

 

3.12 Light microscopy 

Microscopic examinations were carried out with a DMI 4000B (Leica) inverted light. 

Micromorphology was examined on the second and fourth days of cultivation. 

 

3.13 Scanning electron microscopy (SEM) 

Small pieces were cut from the 4-days grown mycelia with sterilized cork borer. Samples 

were soaked in 2.5% glutaraldehyde in 0.05 M cacodylate buffer (pH: 7.5) for 2 h at room 

temperature and then washed by adding 1 ml of 50, 70 and 80% ethanol for 15 min each. The 

samples were then stored in 80% ethanol at 4 °C overnight. On the next day, the samples were 

washed with 90% ethanol, 95% ethanol and 96% ethanol for 15 min, twice each at room 

temperature. Then, they were incubated in t-butyl alcohol:100% ethanol (1:2) for 1 h, t-butyl 

alcohol:100% ethanol (1:1) for 1 h and t-butyl alcohol:100% ethanol (2:1) for 1 h at room 

temperature. Finally, the samples were incubated in absolute t-butyl alcohol for 2 h at room 

temperature. After changing the t-butyl alcohol to a fresh solution, samples were placed at 4 °C 

for 15 min. Freeze drying was performed overnight under vacuum. After coating with gold 
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nanoparticles, the samples were examined using an S-4700 scanning electron microscope 

(Hitachi). 

 

3.14 Sporulation assay 

Mucor circinelloides sporangiospores were collected on the 7th day of cultivation on solid 

YNB plates (supplemented with leucine and uracil, if required) at 25 °C. To examine the 

sporulation capacity, spore with final concentration of 5ⅹ 104 spores/ml were inoculated into malt 

extract agar (MEA) media and incubated at 25 °C for 4 days. After 4 days the spores were washed 

with 5ml of sterile distilled water and count the spores produced using a Bürker chamber. 

 

3.15 Germination assay 

M. circinelloides sporangiospores were collected on the 7th day of cultivation on solid YNB 

plates (supplemented with leucine and uracil, if required) at 25 °C. Spores were then stored in 

liquid YNB medium at 4 °C for 16 h to synchronize their physiological state. To examine the 

germination ability, 107 spores were inoculated into 10 ml liquid YNB medium and incubated at 

25 °C under continuous shaking (150 rpm). Germination of the spores was examined by light 

microscopy at 4, 5 and 6 h post-inoculation, by using 10 μl of spore suspension in a Bürker 

chamber and counted for 10 focus areas.  

 

3.15 Biofilm Assay 

A spore suspension (104 spores/ml) was prepared in RPMI 1640 (pH 7.2) buffered with 

165 mM MOPS. Two hundred µl of this suspension was inoculated into the wells of a 96-wells 

microtiter plate and incubated at room temperature for 24 or 48 h. After incubation, the formed 

biofilms were washed twice with phosphate buffered saline (PBS) (1x PBS for 1 litre: 0.08% NaCl, 

0.02% KCl, 0.144% Na2HPO4, 0.024% KH2PO4; pH 7.0) and fixed with 95% ethanol for 15 min. 

After removing the ethanol carefully, biofilms were stained with 200 µl of 0.1% safranin for 5 min 

and examined by light microscopy. Quantification of the bound safranin was carried out by eluting 

it with 200 µl of 30% glacial acetic acid and measuring the absorbance of the eluted solution at 

490 nm with a SPECTROstar Nano plate reader (BMG LABTECH). For biofilm formation 

analysis, MS12+pyrG cultivated in RPMI 1640 medium was used as the control. To test the biofilm 

inhibition, cultures of each tested strain grown in RPMI 1640 was used as the control for their 
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respective treated sample. The biofilm formation and inhibition in terms of percentage (%) was 

calculated as follows: 

Biofilm formation (%) = (O.D. of test/O.D. of control) ⅹ 100. 

Biofilm inhibition (%) = {(O.D. of control-O.D. of test)/ O.D. of control} ⅹ 100. 

 

3.16 Alcohol percentage test  

Alcohol percentage test (APT) more commonly referred as molarity of ethanol method 

(MED) makes use of aqueous ethanol solutions with different concentrations to determine the 

lowest concentration of ethanol solution that is absorbed or wets the surface (Watson and Letey, 

1970 and Chau et al., 2010).The higher the concentration of ethanol that wets the surface, the 

more severe the degree of hydrophobicity (Letey et al., 2000). Due to the delicate nature of fungi, 

a reference point of approximately 5 s or less is more reasonable for assessing the hydrophobicity 

on fungal surfaces because of the effect of hydrophobicity degradation (Crockford et al., 1991). 

Fungal cultures were inoculated onto slide YNB media supplemented with leucine and uracil (if 

required) and were incubated in the dark at 25°C. Fungal growth was assessed daily until the 

growth covered the glass slide completely (7 days).  

A series of aqueous ethanol solutions (20, 40, 60, 80 and 90% ethanol) were prepared. 

Four-μl drops of ethanol were applied on the surface of the fungal colonies; a time interval of ˂5 

s was used for infiltration of the solution droplets. This short penetration time was vital to ensure 

that the hydrophobicity decay of the mycelium did not affect the experiment (Crockford et al., 

1991). Inner and outer zones of fungal colony were distinguished by the observation of two distinct 

zones, with difference in colour, structure, and aerial mycelia (Chau et al., 2010). Three droplets 

per concentration were placed on each zone and assessed on two technical replicates and three 

biological repeats of fungal cultures. 

 

3.17 Phagocytosis assay 

Murine macrophage-like cell line J774.2 (Invitrogen) was cultured in Dulbecco’s modified 

Eagle’s medium (DMEM, Lonza) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS, Biosera) and 1% 100x penicillin-streptomycin solution (Lonza) at 37 °C in a humidified 

incubator with 5% CO2. Phagocytosis assays were performed using the same culture conditions in 

DMEM medium supplemented with FBS, without penicillin-streptomycin. J774.2 cells (105 
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cells/ml) were placed on 24-well cell culture plates with flat bottoms in 1 ml DMEM medium 

supplemented with 10% heat-inactivated FBS and without antibiotics for 16 h before the 

experiment. Four hours before the infection, cells were stained with CellMask Deep Red Plasma 

Membrane stain. Briefly, 0.5 µl CellMask Deep Red Plasma Membrane stain (Thermo Scientific) 

was added to each well of the plate and incubated in the dark for 10 min at 37 °C, 5% CO2 and 

100% relative humidity. Then, the cells were washed twice with PBS and incubated for four hours 

in 1 ml/well fresh DMEM medium. Afterwards, fungal spores were collected from 1-week-old 

MEA cultures and stained with 0.1 mg/ml fluorescein-isothiocyanate (FITC, Sigma Aldrich) for 

15 min at room temperature and washed with PBS. Stained fungal spores were added to the J774.2 

cells at an effector: target (E:T) ratio of 1:5. For analysis, collected samples were centrifuged with 

1000 rpm for 15 min and resuspended in 200 µl PBS supplemented with 0.05 % Tween-20 

(Reanal). Interaction and phagocytosis were measured after 3 h using a FlowSight Imaging Flow 

Cytometer (Amnis) and evaluated with the IDEAS Software (Amnis). Phagocytosis assay was 

performed by Dr. Homa Mónika. Phagocytic index (PI) was calculated according to the 

followings:  

Phagocytic index (PI) = (Total number of engulfed cells/ Total number of counted 

macrophages) ⅹ (Number of macrophages containing engulfed cells/Total number of counted 

macrophages) ⅹ 100. 

 

3.18 Infection of Galleria mellonella with hsbA mutants of M. circinelloides 

Spores were resuspended in an insect physiological saline (IPS). 20 µl IPS containing 105 

spores were injected into the last right or left proleg of wax moth (Galleria mellonella; BioSystem 

Technology, TruLarv) larvae (20 larvae per strain) using a sterile insulin needle (BD Micro-Fine). 

The controls were injected with 20 µl of IPS and we used untreated controls as well. After 

infection, the larvae were kept at 28 °C in dark and the survival was monitored every day for 6 

days. Survival curves were made by the Kaplan-Meier method. 

 

3.19 Heterologous expression of the HsbA1 and HsbA2 proteins in Pichia pastoris 

3.19.1 Construction of the expression vector and transformation of P. pastoris 

Total RNA was purified from the mycelium of the M. circinelloides MS12 strain grown on 

YNB medium at 25 C for 4 days using the DNA/RNA extraction kit (Viogene) according the 
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manufacturer’s instruction. cDNA synthesis was performed by the Maxima H Minus First Strand 

cDNA Synthesis Kit (Thermo Scientific). The hsbA1 and hsbA2 genes were amplified by PCR 

using the primer pairs McHSB1HEfw-McHSB1HErev and McHSB2HEfw-McHSB2HErev, 

respectively (Table S1). The PCR products were then cloned into pJET 2.1 blunt end cloning 

vector (Invitrogen), according the manufacturer’s instruction. pJET 2.1 plasmids containing the 

hsbA genes were digested by the restriction enzymes Xho1 and Xba1 and the cut fragments 

containing the genes were ligated into the pPICZα A vector (Invitrogen), according the 

manufacturer’s instruction (Figure 5). 

 

Figure 5: Schematic map of the constructed vectors for heterologous expression of Mucor HsbA 

proteins in P. pastoris. 

 

Transformation of P. pastoris KM71H strain (Invitrogen) with the constructed vectors was 

performed by electroporation according to manufacturer’s instruction (EasySelect Pichia 

Expression Kit, Invitrogen). Selection of clones was carried out by cultivating the transformants 

on YPD + Zeocin (YPDZ; Invitrogen) selective media.  

 

3.19.2 DNA isolation from P. pastoris 

The appropriate Pichia strain was inoculated into 2ml YPD/YPDZ liquid media 

(Invitrogen) and incubated on a shaker at 28°C, overnight. Then, the culture was centrifuged at 

5,000 rpm for 5 min. The supernatant was discarded and 500 µl lysis buffer (5 g SDS, 9.3 g EDTA 

(50 mM), 6.05 g TRIS (100 mM, pH: 8.0), sterile distilled water) was added to the pellet. The 

sample was then vortexed with glass beads for 3 min. After addition of 270 µl ammonium acetate 

(7 M), it was incubated at 65 °C for 5 min. The sample was then extracted with 500 µl chloroform: 
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isoamyl alcohol (24:1) and centrifuged for 10 min at 13,000 rpm. The upper phase was pipetted 

into a new tube and an equal amount of isopropanol was added to it. After incubating for 20 min 

at -20 °C, the sample was centrifuged for 10 min at 13,000 rpm. To the pellet, 500 μl 70%-ethanol 

was added and it was centrifuged at 13,000 rpm for 5 min. The supernatant was carefully removed 

and, after drying, the pellet was re-suspended in 50 μl sterile distilled water. 

 

3.19.3 Production and purification of HsbA proteins from the P. pastoris transformants 

For expression of the proteins in P. pastoris, a single yeast colony was inoculated into 25 

ml BMGH medium and incubated at 28 °C on a shaker (250 rpm) for 16 h (i.e. until it reached an 

OD600 = 2-6). The cells were harvested by centrifuging at 1,500 ×g for 5 min at room temperature. 

The pellet was then re-suspended in 100ml BMMH medium to an OD600 = 1.0 in a 1 liter flask, 

which was incubated at 28 °C on a shaker (250 rpm) for 7 days. After every 24 hours, 100% 

methanol to a final concentration of 0.5% was added to maintain the induction. One ml of the 

expression culture was transferred to a 1.5-ml microcentrifuge tube at each time point, i.e. at 0 h 

and 1-7 days post-inoculation, and these samples were used to analyse the expression levels of 

HsbA proteins and to determine the optimal time to harvest. Each culture was centrifuged at 13,000 

rpm for 3 min at room temperature and the supernatant was transferred to a separate tube. 

Protein expression was analysed by precipitating 1 ml of culture supernatant with 100% 

trichloroacetic acid (TCA) and carrying out an SDS-PAGE gel electrophoresis. After addition of 

TCA, the sample was incubated on ice for 30 min and centrifuged again at 13,000 rpm for 10 min 

at room temperature. To the pellet, 500 μl acetone was added and the sample was mixed by 

vortexing briefly. After centrifuging again at 13,000 rpm for 10 min, the wash step with 500 μl 

acetone was repeated. After centrifuging, the pellet was dried for 20 min in a drier and re-dissolved 

in 22.5 μl of nuclease free water. 

 

3.19.4 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS- PAGE)  

As a resolving gel a 12% SDS-PAGE gel containing 1.68 ml ProSieve 50 gel solution 

(Lonza), 1.75 ml of 1.5 M Tris-HCl (pH: 8.8), 70 µl 10% SDS, 70 µl of 10% APS (BioRad), 2.8 

µl TEMED (BioRad) and 3.4 ml of sterile deionized water was prepared. The stacking gel 

contained 300 µl ProSieve 50 gel solution (Lonza), 390 µl of 1M Tris-HCl (pH: 6.8), 30 µl of 10% 

SDS, 30 µl of 10% APS (BioRad), 3 µl TEMED (BioRad) and 2.25 ml of sterile deionized water. 
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Samples were prepared for loading into the SDS-PAGE gel by adding 2.5 μl of Loading dye 

(Thermo Scientific) to 22.5 μl sample and kept the samples at 80 °C for 10 min. The whole volume 

of samples was loaded into the well of the 12% SDS-PAGE gel. Running was carried out with a 

constant voltage of 150 V and a current of 90 mA for 1 h in 1x Tris-glycine-SDS running buffer 

(pH: 8.3) (BioRad). 

Gels were then stained with either Coomassie stain or by silver nitrate. Coomassie staining 

was carried out by incubating the SDS-PAGE gel in a solution of 0.0025% Coomassie, 40% 

methanol and 7% acetic acid overnight at room temperature. After that, the staining solution was 

carefully removed and de-stained the gel twice with destaining solution I containing 40% methanol 

and 7% acetic acid for 30 min. Then, the gel was treated twice with destaining solution II 

containing 3.5% acetic acid and 5% methanol for 45 min. Silver nitrate staining was carried out 

by fixing the gel in a fixation solution of 50% ethanol, 12% acetic acid and 0.05% formaldehyde 

for 2 h. Then, the gel was washed three times with 20% ethanol for 20 min. Sensitization of the 

gel was carried out by using 0.02% disodium sulphate for 2 min. After washing the gel twice with 

sterile distilled water for 1 min, it was treated with 0.02% silver nitrate solution for 20 min. Then, 

it was washed again with sterile distilled water for 1 min. Development of the gel was carried out 

in 6% sodium carbonate, 0.05% formalin and 0,02% sodium thiosulphate, until bands were visible. 

Reaction was stopped by using 100 μl of glacial acetic acid. 

 

3.19.5 Purification of the recombinant HsbA proteins 

Culture supernatants (10 ml) obtained from the 7-days culturing of Pichia transformants in 

BMMH were initially loaded into a 50-ml Bioscale Mini Bio-Gel P-6 Desalting Cartridge 

(BioRad) equilibrated previously with 50 mM acetate buffer (pH: 4.5).  The flow rate for desalting 

was 9 ml/min. After desalting, 10 ml of the sample was subjected on chromatography using a 

Nuvia cPrime cation exchange chromatography column (8 mm ID ⅹ 100 mm H, V=5.0 ml; 

BioRad) equilibrated with acetate buffer (pH: 4.5). Unbound proteins were washed with acetate 

buffer (50 mM, pH: 4.5). For elution of protein samples, 25 mM Tris buffer (4.4 g/L Tris-HCl, 

2.65 g/L Tris base; pH: 8.0) was added in an isocratic flow with a flow rate of 2 ml/min. Five ml 

of elutes were then used for further purification by using size exclusion chromatography with a HI 

prep 16/60 Sephacryl S200HR column (Mr 5 ⅹ 103 - 2.5 ⅹ 105 Da; GE Healthcare) and 50 mM 

phosphate buffer (pH: 7.0). The flow rate for elution was 0.5 ml/min in an isocratic flow. 
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3.19.6 Mass spectrometric analysis of purified protein 

Mass spectrometric identification of HsbA1 was based on enzymatic digestion. Proteins 

from P. pastoris supernatant was initially precipitated with 100% trichloroacetic acid, then the 

precipitated proteins were run on a 12% polyacrylamide gel. The polyacrylamide gel containing 

protein was cut in the expected size, sliced into small pieces and 100 µl of 25 mM NH4HCO3 in 

50% acetonitrile was added for the sample. After the sample was vortexed for 10 min and 

centrifuged for 1 min at 800xg. After discarding supernatant, the sample was dried by vacuum 

centrifugation. To reduce disulphide bridges of dried sample, 25 µl of 10 mM dithiothreitol in 25 

mM dithiothreitol NH4HCO3 was added. Sample was incubated for 1 hour at 56 °C and centrifuged 

(1 min, 800xg).  

To alkylate the sample, 25 µl of iodoacetamide was added to the gel cube and incubated at 

room temperature for 45 min in dark. After incubation, the sample was centrifuged, and the 

supernatant was removed. The gel cube was dehydrated with 100 µl of 25 mM NH4HCO3 in 50% 

acetonitrile, then the sample was dried by vacuum centrifugation. 25 µl of trypsin was added to 

the dried sample and incubated for 10 min at 4 °C, then 25 µl of mM NH4HCO3 was added and 

incubated for 16 hours at 37 °C. After trypsin digestion, 5% formic acid: 50% acetonitrile in 1:1 

ration was added to the sample. Analysis of the digested sample with MS (quadrupole flight time 

mass spectrometer, Micromass® Q-TOF, Waters) connected with ultra-high performance liquid 

chromatograph (UPLC, Nano Aquity Ultraperformance Liquid Chromatography System, Waters) 

was performed using BEH130 C18 column (column length 250 mm, column diameter: 75 µm, 

particle size: 1.7 µm, Waters). The composition of mobile phase was 3% “eluent B”. The flow rate 

was 350 nl/min and the temperature of column thermostat was 40 °C. The mass spectrometer used 

in MSE mode with electrospray ionization with positive polarity. WATER Biopharmalynx softer 

(Waters) was used to evaluate the data. Mass spectrometric measurements and data evaluation 

were performed by Dr. Zoltán Kele (Szeged University, Faculty of General Medicine, Institute of 

Medical Chemistry). 

 

3.20 Statistical analysis 

Values presented in the thesis are mean ± standard deviation for the technical and biological 

replicates. Significance was calculated and assessed by unpaired t test and one-way ANOVA using 
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GraphPad Prism version 5.01 and Microsoft excel software of the Microsoft Office package for 

Windows. A probability (P) values less than <0.05 was considered as statistically significant. 
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4. RESULTS AND DISCUSSION 

4.1 Identification of hsbA genes in the M. circinelloides genome 

 BLAST searches using the L. corymbifera hsbA1 gene (NCBI GenBank accession number: 

CDH54577) in the Mucor genome database (DoE Joint Genome Institute; M. circinelloides 

CBS277.49v2.0; http://genome.jgi-psf.org/Mucci2/Mucci2.home.html) found six potential hsbA 

genes, which were named as hsbA1a, hsbA2, hsbA1b, hsbA3, hsbA4 and hsbA5, respectively. 

Location and some features of the encoded putative proteins are presented in Table 1. Interestingly 

the coding sequences of hsbA1a and hsbA1b are totally the same, though they have differences 

between their promoter and terminator regions (Figure S1). This finding may indicate a recent 

duplication of the hsbA1 gene in M. circinelloides. hsbA5 was the least similar to L. corymbifera 

hsbA gene. 

 

Table 1: Location of the six hsbA-like genes identified in the M. circinelloides genome and main 

features of the encoded putative proteins. 

Protein 

ID 
Location 

Name in 

this 

study 

Length 

(aa) 

Weight of 

matured 

protein 

(kDa) 

Signal 

sequence 

cleavage 

site 

GPI- 

anchor 

166852 
scaffold_08: 

1405558-1406179 
HsbA1a 185 17.15 

between aa 

19 and 20; 

ANA-AA 

yes 

92193 
scaffold_05: 

2170704-2171323 
HsbA2 185 17.33 

between aa 

19 and 20; 

AHA-AA. 

yes 

166851 
scaffold_08: 

1402687-1403308 
HsbA1b 185 17.15 

between aa 

19 and 20; 

ANA-AA. 

yes 

157923 
scaffold_01: 

1093150-1093764 
HsbA3 184 16.9 

between aa. 

18 and 19; 

VNA-AA 

no 

158131 
scaffold_01: 

1800078-1800698 
HsbA4 185 17.75 

between aa 

18 and 19; 

VNA-AA 

no 

84535 
scaffold_08: 

1977158-1977774 
HsbA5 185 17.08 

between aa 

19 and 20; 

ANA-AA 

no 
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As expected, all putative proteins contain a signal sequence (Table 1) indicating that they are 

secreted proteins similarly to other known HsbA proteins (Muszewska et al., 2017). The putative 

HsbA1a, HsbA1b and HsbA2 also harbour a GPI-anchor (Table 1). This is a lipid anchor, which 

is added to the C-terminus of certain proteins during their posttranslational modification (Paulick 

and Bertozzi, 2008). In fungi, proteins with GPI-anchor are eventually incorporated into the cell 

wall (Kinoshita, 2016). These results suggest that HsbA1a, HsbA1b and HsbA2 are cell wall 

bound proteins while the other identified HsbA proteins are secreted into the extracellular space. 

 Figure 6 shows the multiple alignment of the hypothetic HsbA proteins of M. 

circinelloides. The protein 166852 (HsbA1a) and 166851 (HsbA1b) have identical amino acid 

sequences. 

 

Figure 6: Sequence alignment of HsbA proteins of M. circinelloides. Signal sequences are 

highlighted in the box. Area’s shaded in grey represent identical amino acid residues, whereas 

those shaded in black represent similar amino acid residues. 

                 10        20        30        40        50        60            

        ....|....|....|....|....|....|....|....|....|....|....|....| 

HsbA1a  MRAFSTLIIAAALALSANAAALDKRAVSAPVQLCIDDINSVAAQLAIVKADVDSFTRSAG 60   

HsbA2   MRAFSTLLIAAAFALSAHAAALDKRAISAPVQLCIDDINSAAAQLAIVKADVDAFTSSKG 60   

HsbA1b  MRAFSTLIIAAALALSANAAALDKRAVSAPVQLCIDDINSVAAQLAIVKADVDSFTRSAG 60   

HsbA3   MRA-SLFAIALTIAASVNAAAVQKRAVSAGVQACIDGLNAASAQLLTVTSNVNSFTRSAG 59   

HsbA4   MRV-SLFTVILTVAASVNAAAIQERDISTGVQSCIKDLNVVNFQVLEATDTINQYNNTIP 59   

HsbA5   MRAFSILIIAAALALSANAAALDKRAVSAPVQLCIDDINSVAAQLAIVKADVDSFTRSAG 60   

 

                 70        80        90       100       110       120         

        ....|....|....|....|....|....|....|....|....|....|....|....| 

HsbA1a  YSGALAVHNKEQVLETRLKKAGTDCCAVAGTVTSEEADAVIATVNTLVPQVSAALSAIVT 120  

HsbA2   YSGALAIHNKEQVLETRLKKAGTDCCAFTGTVTTEEADAVLNTVSTLVPQVSAALTSIVT 120  

HsbA1b  YSGALAVHNKEQVLETRLKKAGTDCCAVAGTVTSEEADAVIATVNTLVPQVSAALSAIVT 120  

HsbA3   YTGALAVHSSEQTLETKLKSATTSCCAVTTTVSEEDATAVFGVVGVVVPEIEDALSAIVT 119  

HsbA4   YLHAVRIALAGQRLTGNLTLATTSCGALTSSVTKEESTAVLNVVGSIIPNAETMYSTLLV 119  

HsbA5   YSGALAVHNKEQVLETRLKKAGTDCCAVAGTVTAEEADAVIATVNTLVPQVTAALSSIVT 120  

 

                130       140       150       160       170       180      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

HsbA1a  KKPEFDAILLATSLVKTDIKNLDTQTKTLDTCLIAKTPASHLTAANALVTQINNSFASAK 180  

HsbA2   KKPQFDAILLATTLVKSDIKNLDSQTKTLDTCLLAKTPATHLDAANNLVNQINTSFATAK 180  

HsbA1b  KKPEFDAILLATSLVKTDIKNLDTQTKTLDTCLIAKTPASHLTAANALVTQINNSFASAK 180  

HsbA3   KKPEFDAVLLATSLVKTDITNLNSEVNSLDTCLIAVTPAADLAQANAYVARVNTAFASAK 179  

HsbA4   KKTEFDVTPLVIPLVKAHFTNVTNGFAALDSRLVALTPSEDGAAINAYVNRISSAYTSFK 179  

HsbA5   KKPEFDAILLATSLVKSDIKNLDTQTTTLDTCLIAKTPASHLTAANALVTQINTSFASAK 180  

 

               

        ....|.. 

HsbA1a  TAYGI-- 185  

HsbA2   TAYGI-- 185  

HsbA1b  TAYGI-- 185  

HsbA3   TAYGI-- 184  

HsbA4   TAYGVA- 185  

HsbA5   AAYGI-- 185  
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Table 2: Proteins homologues to the different HsbA proteins of M. circinelloides found by 

BLASTp search in the NCBI GenBank database. 

 

Protein  
Protein homologues 

(80-100% identity) 

Similar proteins with known function 

(25-50% identity) 

HsbA1a 

• HsbA domain containing protein Mucor 

lusitanicus (KAF1802751.1 and 

KAF1806709.1). 

• Hypothetical protein- M. circinelloides 

1006PhL (EPB85214.1, EPB87478.1 and 

EPB86827.1).  

• Hsb protein- Mucor ambiggus (GAN11327.1). 

• Antigenic cell wall- Moniliophthora roreri MCA 

2997 (ESK86092.1). 

• Cell wall galactomannoprotein- Cordyceps 

fumosorosea ARSEF 2679 (XP_018702310.1) 

and Akanthomyces lecanii RCEF 1005 

(OAA70820.1).  

• Cell wall galactomannoprotein- Cordyceps 

militaris (ATY65847.1). 

• Antigenic cell wall galactomannoprotein- C. 

militaris CM01 (XP_006672052.1). 

 

HsbA2 

• HsbA domain containing protein- M.  

lusitanicus (KAF1806709.1, KAF1802751.1 

and KAF1802566.1).  

• Hsb protein- M. ambiggus (GAN11327.1). 

• Hypothetical protein- M. circinelloides 

1006PhL (EPB86885.1, EPB87478.1, 

EPB85214.1 and EPB86827.1). 

• Hypothetical protein (XP_018702310.1). 

• Cell wall galactomannoprotein- Ceraceosorus 

bombacis (CEH18752.1) and A. lecanii RCEF 

1005 (OAA70820.1). 

• Cell wall galactomannoprotein- (ATY65847.1). 

• Antigenic cell wall galactomannoprotein- 

(XP_006672052.1) and Beauveria brongniartii 

RCEF 3172 (OAA42529.1),  

• Maf- like protein (WP_112562570.1, 

WP_112970673.1, WP_112544964.1 and 

WP_007813806.1). 

• Putative antigenic cell wall protein 

(XP_007918864.1). 

HsbA1b 

• HsbA domain containing protein- M.  

lusitanicus (KAF1802751.1, KAF1806709.1 

and KAF1802566.1), 

• Hypothetical protein- M. circinelloides 

1006PhL (EPB85214.1, EPB87478.1, 

EPB86885.1 and EPB86827.1), 

• Hsb protein- M. ambiggus (GAN11327.1) 

• Antigenic cell wall (ESK86092.1), 

• Cell wall galactomannoprotein (XP_018702310.1 

and OAA70820.1), 

• Cell wall galactomannoprotein (ATY65847.1), 

 

HsbA3 

• HsbA domain containing protein- M. 

lusitanicus (KAF1801797.1),  

• Hypothetical protein- M. circinelloides 

1006PhL (EPB88576.1),  

• Hsb protein- M. ambiggus (GAN05215.1). 

• Putative STE/STE20/PAKA protein kinase- 

Rhizopus microsporus (CEG83325.1). 

HsbA4 • Hypothetical protein (KAF1802016.1) - 

HsbA5 

• HsbA domain containing protein- M.  

lusitanicus (KAF1802566.1, KAF1802751.1 

and KAF1806709.1), 

• Hypothetical protein- M. circinelloides 

1006PhL (EPB87478.1, EPB85214.1, 

EPB86885.1 and EPB86827.1), 

• Hsb protein - M. ambiggus (GAN11327.1). 

• Processing alpha glucosidase I- Rhizopus 

azygosporus (RCH88279.1), 

• Cell wall galactomannoprotein (XP_018702310.1 

and OAA70820.1), 

• Cell wall galactomanno (ATY65847.1), 

• Antigenic cell wall (ESK86092.1). 

  

Table 2 shows the most similar proteins of other fungi found by BLASTp search in the 

NCBI GenBank. Majority of the homologues are cell wall associated mannoproteins or secreted 
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proteins. However, only a few of them have been characterized and little is known about their 

function. HsbA proteins of M. circinelloides were shown to be homologous to mannans and 

mannoproteins are known to be major antigens of the fungal cell wall that could stimulate immune 

B-cell response, such anti-mannan antibodies are usually present in the serum of patients suffering 

from mycoses (Ponton et al., 2001). 

The galactomannan (ESK86092.1, XP_018702310.1, OAA70820.1, ATY65847.1, 

OAA42529.1 and XP_006672052.1) comprises  mannan and galactofuranose; it is linked to a GPI 

anchored precursor and located at the outermost layer of the cell wall (Costachel et al., 2005 and 

Gow et al., 2017). The galactomannans present on the cell surface of pathogenic fungi may be 

involved in the infection mechanism (Oka, 2018). 

 Multicopy associated filamentation (Maf) proteins (WP_112562570.1, WP_112970673.1, 

WP_112544964.1 and WP_007813806.1) are nucleotide binding proteins that plays role in arrest 

of cell division (Tchigvintsev et al., 2013 and Weerakkody et al., 2019).Though Maf protein 

have been shown to play role in inhibition of septum formation in eukaryotes, bacteria and archae, 

the exact biochemical activity remains unknown (Butler et al., 1993).  

Putative STE/STE20/PAKA protein kinase (CEG83325.1) belongs to the family of p21 

activated kinases (PAKs). The p21 activated kinases (PAKs) are serine/ threonine kinases (STE), 

which is involved in mitogen-activated protein kinase (MAPK) signal transduction and regulates 

cytokinesis and actin dependent growth, which effects morphogenesis and cellular function (Boyce 

and Andrianopoulos, 2011 and Gomes et al., 2018). 

α-Glucosidases (EC3.2.1.20) (RCH88279.1) are a group of glycoside hydrolase enzymes, 

that are involved in the metabolism of oligosaccharides, and in biosynthesis and modification of 

glycoproteins (de Melo et al., 2006 and Carvalho et al., 2010). These enzymes catalyze the 

hydrolysis of α-1,4 glucosidic linkages, releasing D-glucose from the non-reducing end of the 

substrates. α-Glycosidase enzymes were shown to be involved in processes of fungal growth, and 

in the synthesis and extension of cell wall (Seidl et al., 2008). Furthermore, the inhibitors of these 

enzymes were shown to impair the growth and development of fungi (Kaur et al., 2019). 

Because they showed the highest similarity to the L. corymbifera hsbA gene, HsbA1a 

(which is referred as hsbA1 in our further analysis), HsbA2, HsbA3 and HsbA4 were selected for 

further detailed analysis. 
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4.2 Transcription of the hsbA genes of M. circinelloides 

4.2.1 Relative transcript levels of the hsbA genes during the cultivation period 

Relative transcription levels of hsbA1, hsbA2, hsbA3 and hsbA4 of M. circinelloides were 

studied by carrying out qRT-PCR analyses using the primers shown in Table S1. 

During the whole cultivation period, hsbA1 and hsbA2 showed the highest relative 

transcription level, especially in the second and third days (Figure 7). This experiment suggested 

that hsbA genes are expressed differently throughout the life cycle of the fungus. 

  

Figure 7: Relative transcription levels of four hsbA genes of M. circinelloides during cultivation 

at 25 °C on YNB medium. Transcript level of hsbA1 measured after 24 h post-inoculation was 

taken as 1. The presented values are averages of three independent experiments; error bars indicate 

standard deviation. Values indicated by asterisks significantly differed from the value taken as 1 

according to the statistical method one-way ANOVA (** p <0.01; **** p <0.0001). 

 

4.2.2 Relative transcript levels of the hsbA genes at different temperatures 

The effect of temperature on the relative transcription levels of the four tested hsbA genes 

was examined at 25 and 35 °C (Figure 8). At the higher temperature, all four genes proved to be 

upregulated compared to their transcription activity at 25 °C, indicating a clear temperature 

regulation in their expression. 

There are only few studies concerning the regulation and function of HsbA proteins. Onaga 

et al. (2017) examined the expression of virulence related genes of Magnaporthe oryzae during 

the infection of rice by transcriptome analysis. They also found that hsbA genes were upregulated 

at elevated temperatures (i.e. at 38 °C) and concluded that temperature elevation could favour the 
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fungal infection. They also noticed that cutinases and other hydrolytic enzymes showed increased 

expression in parallel with the hsbA genes. 

 

Figure 8: Relative transcription levels of the hsbA genes of M. circinelloides at different 

cultivation temperatures (i.e. at 25 and 35 °C). MS12 was grown on YNB for 4 days; transcript 

level of each gene measured at 25 °C was taken as 1. The presented values are averages of three 

independent experiments; error bars indicate standard deviation. Values indicated by asterisks 

significantly differed from the value taken as 1 according to the statistical method unpaired t- test 

(* p <0.05; ** p <0.01). 

 

4.2.3 Effect of the serum on the transcription of the hsbA genes 

Effect of the presence of serum on the relative transcription levels of the four hsbA genes 

of M. circinelloides was measured on the fourth cultivation day (Figure 9). We found that the 

transcription level of hsbA1, hsbA2 and hsbA4 increased in the presence of serum compared to the 

untreated control. 

During host invasion, serum serves as an important source of protein that binds to the cell 

surface of pathogens on interaction and stimulates the immune system. Galactomannan is a 
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polysaccharide, one of the major cell wall components of Aspergillus spp. that is released during 

the growth of the fungus. Galactomannan of the human pathogenic A. fumigatus can be used to 

diagnose invasive aspergillosis where galactomannans are shown to be released in high 

concentration into the serum during the terminal phase of invasive aspergillosis (Christopher et 

al., 2006). In C. albicans it was proposed that the upregulation of cell wall mannans and 

mannoproteins is a requirement for defence mechanisms (Netea et al., 2008).  

 

 

Figure 9: Relative transcription levels of the hsbA genes of M. circinelloides after cultivation with 

and without serum in the medium. MS12 was grown in YNB broth or YNB broth supplemented 

with 10% human serum (kindly provided by E.J. Tóth) at 25 °C for 4 days; transcript level of each 

gene measured without serum was taken as 1. The presented values are averages of three 

independent experiments; error bars indicate standard deviation. Values indicated by asterisks 

significantly differed from the value taken as 1 according to the statistical method unpaired t- test 

(* p <0.05). 
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M. circinelloides spores produced on YPG medium supplemented with native blood serum 

showed increased virulence compared to spores that were produced on YPG supplemented with 

denatured blood serum or on YPG alone (Patiño-Medina et al., 2019). The spores produced from 

YPG supplemented with native blood serum showed increased death in a Caenorhabditis elegans 

model, increased survivability in the presence of macrophages, increased germination rate and 

longer hyphae, enhanced resistance to stress factors, such as H2O2, and increased thermotolerance 

compared to spores produced under other conditions (Patiño-Medina et al., 2019). Serum was 

shown to also enhance the virulence of M. circinelloides spores through increased fungal 

proliferations in liver and lung tissues of mice, compared to those produced in YPG alone or YPG 

supplemented with denatured serum. The authors suggest that presence of thermolabile 

components in the serum may influence the virulence capacity of M. circinelloides. Anyway, in 

our study, serum highly increased the transcription of certain hsbA genes suggesting that it may 

modify the expression of certain cell surface proteins. 

 

4.2.4 Transcription of the hsbA genes under aerobic and anaerobic conditions 

M. circinelloides grows in a filamentous form under aerobic conditions. However, its 

growth can switch to a yeast-like form in the lack of oxygen and at high carbon dioxide levels 

(Wolff et al., 2002). Morphological dimorphism also affects the virulence of mucormycosis-

causing fungi (Li et al., 2011; Lee et al., 2013 and Lee et al., 2015). This switch from the 

filamentous to the yeast growth and vice versa requires reorganization of the cell wall and cell 

surface. 

Effects of the presence or absence of oxygen on the transcription of the four hsbA genes of 

M. circinelloides were compared after two days post-inoculation (Figure 10). 

 Relative transcription levels of all tested hsbA genes was significantly lower under 

anaerobiosis than aerobiosis. Moreover, it seems that hsbA1 and hsbA2 are only transcribe in the 

presence of oxygen and/or at filamentous growth. These results suggest that these genes may be 

regulated by the availability of oxygen or the hyphal morphological state of the fungus. As the 

encoded proteins are localized on the cell surface or secreted, this regulation can be related to the 

reorganization of the cells during the different morphological states. 

 

 



47 

 

 

Figure 10: Relative transcription levels of the four tested hsbA genes under aerobic and anaerobic 

conditions. MS12 was grown in 30 ml YNB broth at 25 °C under aerobic or anaerobic condition 

for 4 days. Anaerobic cultivation was carried out in a BBL GasPak Anaerobic System (Becton 

Dickinson). Transcript level of each gene measured after aerobic cultivation was taken as 1. The 

presented values are averages of three independent experiments; error bars indicate standard 

deviation. Values indicated by asterisks significantly differed from the value taken as 1 according 

to the statistical method unpaired t- test (*** p <0.001; **** p <0.0001). 

 

4.2.5 Effect of the presence of lignocellulosic materials on the transcription of the hsbA genes 

 The physiological response of filamentous fungus A. niger to wheat straw as a 

lignocellulosic substrate was shown to strongly induce two genes encoding a hydrophobin and 

HsbA, hence suggesting the role of HsbA proteins in recruiting lytic enzymes to the straw surface 

(Delmas et al., 2012). The transcription of hsbA was also shown to be upregulated in A. oryzae 

cells grown in the wheat bran medium (Maeda et al., 2004). 

The effect of wheat bran on the transcription of the four tested hsbA genes of M. 

circinelloides was examined (Figure 11). hsbA3 showed significantly higher expression gown on 
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minimal medium supplemented with wheat bran than on the medium, which did not contain this 

lignocellulosic material. Other genes did not respond to the presence of wheat bran, suggesting a 

possible role of hsbA3 in the degradation of lignocellulosic substances and/or in hyphal 

development in plant material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Relative transcription levels of the four tested hsbA genes after cultivation with or 

without wheat bran in the growing medium. MS12 was grown for 2 days in YNB, YNB 

supplemented with 1% wheat bran media (YNB + 1%WB) or YNB containing 0.5% glucose and 

1% wheat bran (YNB + 0.5%G + 1%WB). Transcription level of each gene measured after 

cultivation in YNB alone was taken as 1. The presented values are averages of three independent 

experiments; error bars indicate standard deviation. Values indicated by asterisks significantly 

differed from the value taken as 1 according to the statistical one-way ANOVA (* p <0.05; ** p 

<0.01; *** p <0.001). 
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4.3 Construction of disruption and overexpression mutants for the genes hsbA1, hsbA2 and 

hsbA3 

4.3.1 Disruption of hsbA1, hsbA2 and hsbA3 using the CRISPR-Cas9 method 

Single disruptions of hsbA1, hsbA2 and hsbA3 were carried out by integrating the pyrG 

selection marker gene into the corresponding hsbA gene via the CRISPR-Cas9 technique (see 

Figure 4), which resulted in the strains MS12+∆hsbA1, MS12+∆hsbA2 and MS12+∆hsbA3, 

respectively. It should be emphasized that the M. circinelloides genome contains hsbA1 in two 

identical copies (i.e. hsbA1a and hsbA1b). Although hsbA1a and hsbA1b have the same coding 

sequences, their promoter and terminator regions are different (see Figure S1). Template DNA to 

disrupt the hsbA1 gene (e.g. the disruption cassette containing the pyrG gene) was designed to 

contain targeting regions homologous with the promoter and terminator of the hsbA1a gene. So, 

we expected that gene disruption will affect hsbA1a. 

Transformation frequency of the hsbA1 disruption was 8, for hsbA2 was 2, for hsbA3 was 

14 per 105 protoplasts. Successful gene disruption was proven by PCR amplifying the expected 

fragments in each case. Sequencing of the amplified fragments indicated that integration of the 

pyrG gene occurred in the expected sites. qRT-PCR analysis proved the absence of the hsbA1, 

hsbA2 and hsbA3 transcripts in their respective mutants MS12+∆hsbA1, MS12+∆hsbA2, 

MS12+∆hsbA3 (Figure 12). Mutants selected for further analysis proved to be mitotically stable 

retaining the integrated fragment even after 20 cultivation cycles. 

Figure 12: Relative transcription level of hsbA1, hsbA2 and hsbA3 in their respective deletion 

mutants and parental strain (MS12). Strains were grown on YNB at 25 °C for 2 days; transcript 

level of each gene measured in the MS12 strain at was taken as 1. The presented values are 

averages of three independent experiments; error bars indicate standard deviation. Values 
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indicated by asterisks significantly differed from the value taken as 1 according to the statistical 

method unpaired t test (**** p <0.0001). 

 

CRISPR-Cas9 system is a highly efficient method that is widely used in biological and 

biomedical applications (Song et al., 2019). However, the possible occurrence of off-target effects 

caused by the CRISPR-Cas9 system during genome editing is a known phenomenon, hence high 

concentrations of Cas9:guide RNA complexes can cleave off-target sites containing mutations near 

or within the PAM that are not cleaved when enzyme concentrations are limiting (Pattanayak et 

al., 2013). Although we used a plasmid-free technique, which highly decreases the chance of any 

off-target effects, whole genome sequencing (WGS) was performed on MS12+ΔhsbA1 and 

MS12+ΔhsbA2 to determine or exclude non-specific cleavage events (Smith et al., 2014 and 

Dong et al., 2019). Another reason of the WGS was the fact that qRT-PCR clearly indicated the 

absence of the hsbA1 transcripts in the MS12+∆hsbA1 strains despite that we targeted only one of 

the two hsbA1 copies. Moreover, based on the simple PCR analysis, it was not possible to decide, 

which of them was affected by the gene disruption. Table 3 summarizes the main data of the 

analysis. 

The whole genome sequence of the mutant strains was compared with the parental strains. 

If there is no match in the targeted position, the mutation of the gene is confirmed. Based on the 

results of WGS the hsbA1a (Figure 13) and hsbA2 (Figure 14) genes were disrupted, and we could 

not observe any mutation (insertion or deletion) in the hsbA1b gene (Figure 13). 

 

Table 3: Strains involved in the WGS analysis, identifiers of the disrupted genes and position of 

the targeted chromosomes and genes. 

Strain 
Examined 

gene 

Gene ID of the targeted gene in the M. 

circinelloides genome database 

Chromosome/

scaffold 

Position 

(nl) 

MS12-

ΔhsbA1 
hsbA1a fgenesh1_pg.08_#_422 scaffold_08 

1405558-

1406179 (+) 

MS12-

ΔhsbA1 
hsbA1b fgenesh1_pg.08_#_421 scaffold_08 

1402687-

1403308 (-) 

MS12-

ΔhsbA2 
hsbA2 Mucci1.estExt_fgeneshMC_pg.C_50665 scaffold_05 68044-70136 (-) 

https://genome.jgi.doe.gov/cgi-bin/browserLoad?db=Mucci2&position=scaffold_03:4195375-4197670
https://genome.jgi.doe.gov/cgi-bin/browserLoad?db=Mucci2&position=scaffold_03:4195375-4197670
https://genome.jgi.doe.gov/cgi-bin/browserLoad?db=Mucci2&position=scaffold_13:68044-70136


51 

 

 

 

Figure 13: Result of WGS analysis of MS12-ΔhsbA1 mutant. We could not observe overlapping 

region in case of hsbA1a (scaffold_08: 1405558-1406179) with the reference genome, but the 

hsbA1b (scaffold_08:1402687-1403308) was intact in the mutant strain. 

 

 

Figure 14. Result of WGS analysis of MS12-ΔhsbA2 mutant. We could not observe overlapping 

region with the reference genome 
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The issue of specificity/accuracy (i.e. the ratio of on-target and off-target cleavage) often 

arises using the CRISPR-Cas9 system for genome editing. The efficiency of genome editing can 

be obtained by variant analysis, which can be achieved by comparing the indels and single-point 

nucleotide polymorphisms (SNPs) in the mutant strains and reference genome. The results of the 

variant analysis are summarized in Table 4 

 

Table 4: The number of all identified variant in the strains. 

Sample SNP Indel 

MS12 293 51 

MS12-Δhsb1A 290 46 

MS12-Δhsb2A 302 43 

 

We could not observe any off-target event using the CRISPR-Cas9 system to generate our 

disrupted mutant and the disruptions in the targeted regions could be observed, but interestingly 

somehow the hsbA1 specific crRNA could not recognise the hsbA1b gene and could not cause 

mutation within the gene. To analyse the relative transcript level of hsbA1 gene in MS12-ΔhsbA1 

strain using a quantitative real-time PCR, we could not detect any amplicon. Our result suggests, 

the hsbA1b gene may be a result of a recent duplication event and may be a non-functional at least 

under the tested conditions.  

 

4.3.2 Overexpression of hsbA1, hsbA2 and hsbA3 

M. circinelloides protoplasts were transformed with the circular plasmids pAV1, pAV2 and pAV3 

giving rise the strains MS12+pAV1, MS12+pAV2 and MS12+pAV3, respectively. 

Transformation frequencies were 11, 2 and 7 transformant colonies per 105 protoplasts for 

MS12+pAV1, MS12+pAV2 and MS12+pAV3, respectively. PCR analysis was carried out on two 

transformant colonies of MS12+pAV1 and MS12+pAV2 (Figure 15A) and one colony for 

MS12+pAV3 (Figure 15B), which demonstrated the presence of the transferred plasmids. 

Sequencing of the PCR products also verified the presence of the corresponding plasmids. The 

expected sizes of the amplicons were 720 bp for pAV1 and pAV2, and 722bp for pAV3, 

respectively. 
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Figure 15: Confirmation of the presence of the plasmids pAV1, pAV2 and pAV3 in M. 

circinelloides transformants. PCR was carried out with the primer pairs Gpdp-McHSB1oerev, 

Gpdp-McHSB2oerev and Gpdp-McHSB3oerev for pAV1, pAV2 and pAV3, respectively (Table 

S1). Panel A: lane 1, GeneRuler 1 kb DNA ladder (Thermo Scientific); lane 2, MS12 (hsbA1 

control); lane 3, MS12+pAV1_1; lane 4, MS12+pAV1_2; lane 5, MS12 (hsbA2 control); lane 6, 

MS12+pAV2_1; lane 7, MS12+pAV2_2. Panel B: lane 1, Gene Ruler 1 kb DNA ladder; lane 2, 

MS12 (hsbA3 control); lane 3: MS12+pAV3. 

 

Figure 16: Relative transcription level of hsbA1, hsbA2 and hsbA3 genes in their respective 

overexpression mutants and parental strain (MS12). Strains were grown on YNB at 25 °C for 2 

days; transcript level of each gene measured in the MS12 strain at was taken as 1. The presented 

values are averages of three independent experiments; error bars indicate standard deviation. 

Values indicated by asterisks significantly differed from the value taken as 1 according to the 

statistical method unpaired t test (** p <0.01, *** p <0.001). 
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qRT-PCR was carried out to check the expression levels of hsbA1 (MS12+pAV1), hsbA2 

(MS12+pAV2) and hsbA3 (MS12+pAV3) in the respective overexpressed mutant (Figure 16). 

Elevated amounts of hsbA transcripts were detected in all overexpressed transformants with 

significant difference compared to the parental MS12 control indicating the overexpression of the 

genes. 

 

4.4 Characterization of the hsbA mutants 

4.4.5 Colony growth of the hsbA mutants at different temperatures 

Colony growth of the mutants did not differ significantly from that of the MS12+pyrG 

strain used as a control at any temperatures (Figure S2), except in the case of the overexpression 

mutants, which displayed significantly decreased colony diameter at 30 C, especially in case of 

MS12+pAV1(Figure 17). Micromorphology of the strains did not differ from that of the 

MS12+pyrG. 

 

Figure 17: Colony diameter of the hsbA mutants and the MS12+pyrG strain at 30 °C. Strains were 

grown on YNB plates for four days. The presented values are averages; colony diameters were 

measured during three independent cultivation (error bars indicate standard deviation). Values 

indicated with asterisks significantly differed from the corresponding value of the MS12+pyrG 

strain according to the statistical method one-way ANOVA (*p<0.05; **p < 0.01, **** 

p < 0.0001). 
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4.4.6 Sporulation ability of the hsbA mutants 

Sporulation ability of the control MS12+pyrG strain and the mutants, in which the hsbA 

genes were overexpressed or disrupted, were compared (Figure 18). 

 

Figure 18: Sporulation of MS12+pyrG and the hsbA overexpression and disruption mutants 

grown on MEA plates for 4 days at 25 C. The inoculum size was 5 × 104 in each case. The 

presented values are averages; Spores were counted after three independent cultivation (error bars 

indicate standard deviation). Values indicated with asterisks significantly differed from the 

corresponding value of the MS12+pyrG strain according to unpaired t test (**p < 0.01). 

 

Spore production ability of the MS12+pAV2 overexpression mutant was significantly 

higher than that of the control strain suggesting that the hsbA2 gene may have role in the 

sporulation of M. circinelloides. 

 

4.4.7 Germination ability of the spores of the hsbA mutants 

Mucorales possess the ability to elude pathogenic clearance and undergo germination to 

form hyphae within the host, thereby allowing the progression of infection through angioinvasion, 

dissemination and tissue damage (Ghuman and Voelz, 2017). Germination enables Mucorales to 

establish infection and progress to disseminated form within the compromised human host, due to 

inability of the immune system to supress fungal germination and to kill fungal spores (Ibrahim 

et al., 2012). 
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To examine the effect of HsbAs on the germination ability of M. circinelloides, 

germination rates of the overexpressed and deletion mutants were compared to that of the 

MS12+pyrG strain (Figure 19). There were no differences observed between deletion mutants of 

hsbA and the MS12+pyrG strain. However, overexpression of all three genes caused significantly 

reduced germination ability in the mutants.  

 

Figure 19: Germination rates of the sporangiospores of the hsbA mutants and the MS12+pyrG 

strain. Spores (106 spores/ml) were incubated in YNB broth for 6 h at 25 °C and then germinated 

spores were counted. Spores were counted after three independent cultivation (error bars indicate 

standard deviation). Values indicated with asterisks significantly differed from the corresponding 

value of the MS12+pyrG strain according to the one-way ANOVA (*p < 0.05, **p < 0.01). 

 

4.4.8 Effect of cell wall stressors on the growth of the hsbA mutants 

 HsbA proteins are either secreted or cell wall bound molecules and, as mannoproteins, may 

participate in the formation of the surface of the spores and the hyphae. Therefore, we examined 

the effect of cell wall stressor dyes calcofluor white (CFW) and congo red (CR) (Figure 20), which 

can disturb the fungal cell wall structure by connecting to the chitin and β-glucan components of 

the cell wall (Wood, 1980 and Nodet et al., 1990). 

No difference in the growth intensity of the deletion mutants (i.e. MS12+∆hsbA1, 

MS12+∆hsbA2 and MS12+∆hsbA3) was observed compared to that of the control (i.e. 

MS12+pyrG). Contrarily, cell wall stressors, especially CR affected the growth of the strains, in 

which the hsbA genes were overexpressed. Presence of CR in the medium decreased the growing 

ability of all overexpression mutants while CFW affected clearly only the growth of the 

MS12+pAV1 strain. Results suggest that HsbA1, HsbA2 and HsbA3 may have role in the 
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maintenance of the cell wall structure and their overexpression may cause sensitivity to cell wall 

stress. 

 

Figure 20: Effect of calcofluor white (CFW) and congo red (CR) on the colony growth of the 

hsbA mutants compared to that of the MS12+pyrG strain. Strains were cultivated on YNB 

supplemented with CFW or CR for 4 days at 25 °C. Values presented are from three independent 

cultivations (error bars indicate standard deviation). Values indicated with asterisks significantly 

differed from the value of the MS12+pyrG strain measured on the same day according to 

(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

 

4.4.9 Effect of detergents on the growth of the hsbA mutants 

 Membrane disruptors, SDS and Triton X-100 were also tested on the mutants (Figure 21).  
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Figure 21: Effect of SDS and Triton X-100 on the colony growth of the hsbA mutants compared 

to that of the MS12+pyrG strain. Strains were cultivated on YNB supplemented with SDS or Triton 

X-100 for 4 days at 25 °C. Values presented are from three independent cultivations (error bars 

indicate standard deviation). Values indicated with asterisks significantly differed from the value 

of the MS12+pyrG strain measured on the same day according to the two-way ANOVA (*p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001). 

 

Similarly, to cell wall stressors, detergents did not change the growing ability of the 

deletion mutants compared to MS12+pyrG strain used as the control. At the same time, SDS was 
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shown to effect only the growth of the hsbA1 overexpression mutant, whereas Triton X-100 caused 

decreased colony growth in all the overexpression mutants on the fourth day of cultivation. These 

results indicate that overexpression of hsbA genes especially hsbA1 causes sensitivity to membrane 

disrupting agents.  

Summarizing the characterization of the growing and sporulation ability of the mutants, 

we can tell that deletion of hsbA1, hsbA2 and hsbA3 did not altered the growing and the general 

viability of the fungus compared to the control strain (MS12+pyrG). Overexpression of these genes 

slightly affected the colony growth and significantly decreased the germination ability of the 

sporangiospores. Overexpression also caused sensitivity to cell wall and membrane stressors. 

 

4.5 Effect of the hsbA genes on the biofilm formation of M. circinelloides 

Biofilms are dense, sessile communities of microbes that adheres to surfaces and to each 

other, that are protected from its surrounding environment by an extracellular matrix (ECM) 

mainly composed of polysaccharides. (Harding et al., 2009 and Costa-Orlandi et al., 2017). 

Biofilm formation was shown to be involved in the pathogenesis of implant-associated and chronic 

infections (Hall-Stoodley et al., 2004 and Singh et al., 2011).  

Biofilm formation was implicated in both yeasts and filamentous fungi that are resistant to 

antimicrobials and environmental conditions, however, studies conducted on the filamentous 

fungal biofilms are limited compared to yeast biofilms (Blankenship et al., 2006; Harding et al., 

2009 and Costa-Orlandi et al., 2017). A proposed model for filamentous fungi suggests that 

despite the distinct morphology, it was similar to bacterial and yeast biofilm development. In case 

of A. fumigatus biofilms, extracellular matrix is composed of α-1,3-glucans, hydrophobins, 

galactomannan, monosaccharides, polyols, and melanin (Müller et al., 2011). The extracellular 

matrix of R. oryzae, L. corymbifera and Rhizomucor pusillus was shown to be composed primarily 

of amino sugars (glucosamine and N-acetyl glucosamine), with glucose and proteins being present 

in small quantities. In filamentous fungi, hydrophobins are involved in the adhesion of hyphae to 

hydrophobic surfaces and may be involved in biofilm formation (Harding et al., 2009).  

To assess the role of HsbAs in the biofilm formation of M. circinelloides, on overexpressed 

and deletion mutants along with MS12+pyrG strain a biofilm assay according to Singh et al. (2011) 

was performed (Figure 22). 
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While overexpression mutants showed the same biofilm forming ability, the deletion 

mutants were found to form significantly lower amount of biofilm than the MS12+pyrG strain. 

   

Figure 22: Biofilm assay conducted on overexpressed and deletion mutants. Values are averages 

from three independent experiments (error bars indicate standard deviation). Values indicated with 

asterisks significantly differed from the value of the MS12+pyrG strain (taken as 100%) according 

to the one-way ANOVA (*p < 0.05, **p < 0.01). 

 

4.6 Overexpression of the hsbA genes influenced the hydrophobicity of the M. circinelloides 

mycelium 

The overall cell wall surface hydrophobicity of the fungal cell wall is caused by the 

presence of certain hydrophobic moieties, such as proteins and mannoproteins and their interaction 

with other hydrophilic regions of the cell wall (Hazen et al., 1990 and Singh et al., 2004). Kyte-

Doolittle hydrophobicity plots (Kyte and Doolittle, 1982) of HsbA amino acids using the 

ProtScale tool of the Expasy portal (Gasteiger et al., 2005) revealed that hydrophobic regions 

with values above 0 were more abundant in these proteins than the hydrophilic regions (Figure 

23). Hence suggesting that HsbA proteins are more hydrophobic in nature, rather than hydrophilic. 
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Figure 23: Kyte-Doolittle plot of HsbA1, HsbA2 and HsbA3 (http://web.expasy.org/protscale). 

 

Alcohol percentage test (APT) measuring the wettability of the mycelial surface using 

different concentrations of ethanol is used to compare the hydrophobicity of different colony 

surfaces (Chau et al., 2010), hence we used APT to compare the hydrophobicity of the mycelia 

of the different hsbA mutants (Figure 24). Higher the concentration of ethanol that wets the fungal 

surface, the more severe the degree of the hydrophobicity (Chau et al., 2010).  

 

 

Figure 24: Ethanol concentrations that wet the mycelial surfaces of the colonies of the hsbA 

mutants and the MS12+pyrG strain. Strains were grown on solid YNB for 4 days at 25 C. Values 

are averages from three independent experiments (error bars indicate standard deviation). Values 

indicated with asterisks significantly differed from the value of the MS12+pyrG strain according 

to the statistical analysis one-way ANOVA (****p < 0.0001). 

http://web.expasy.org/protscale
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Adhesion properties of fungal cells plays crucial role in colonization, pathogenesis, and 

antagonist interactions (Kennedy, 1990; Krasowska and Sigler, 2014 and Mendes-Giannini et 

al., 2005). Greater the degree of hydrophobicity of fungal cells and substrates causes greater 

attractive force which results in a higher degree of adhesion. This is mainly seen in case of 

hydrophobins which are cysteine- rich polypeptides known to play role in dispersion of fungal 

spore, adhesion, and pathogenesis (Bayry et al., 2012). Hydrophobic microorganisms are also 

known to cause damage of surfaces by the formation of biofilms that allows the fungi to resist host 

immune response and antifungal therapy (Kennedy, 1990 and Krasowska and Sigler, 2014). 

Absorption of HsbA proteins onto the hydrophobic material PBSA in the presence of NaCl 

or CaCl2 was demonstrated suggesting that they can be hydrophobic in nature (Ohtaki et al., 

2006).  

Alcohol percentage test did not indicate significant difference between the deletion mutants 

and the MS12+pyrG strain. However, as the mycelial surface of MS12+pAV1, MS12+ pAV2 and 

MS12+ pAV3 were easily wetted with high concentrations of ethanol, the test suggested that 

overexpression of the hsbA genes increased the hydrophobicity of the mycelium. 

 

4.7 Scanning electron microscopic analysis of mutants 

To determine the effect of overexpression and deletion of HsbA on the spore wall surface 

of M. circinelloides, SEM image analysis was carried out for the overexpressed and deletion 

mutants of hsbA along with MS12 parental strain (Figure 25). It was previously shown by the 

SEM image analysis of M. circinelloides that larger spores had granulated surface (bumpy 

surfaced), whereas the smaller spores were smooth surfaced. These spore granules or bumps are 

resulted from vesicle trafficking processes that takes place from the cytosol to the cell surface, 

which is necessary for cell wall construction (Li et al., 2011). 

We observed a subpopulation of smaller spores with granulated surfaces in the MS12+ 

pAV1 overexpression mutant sample (Figure 25, B) compared to the smaller spores of the parental 

MS12 strain (Figure 25, H). There were no differences observed between the small spores of the 

deletion mutants and MS12 parental strains. On comparing the large spores, the deletion mutants 

had large spores (Figure 25C, F and I) which were either less granulated or smooth when 

compared to the larger spore of parental MS12 strain (Figure 25G). There were no differences 

observed in case of the granulations on the larger spores surfaces of MS12+pAV1 and 
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MS12+pAV2 when compared with the parental MS12 larger spores. Hence suggesting that 

overexpression and deletion of hsbA genes could influence the overall surfaces of small and large 

spores. Although the exact mechanism behind the cause of this variations are yet to be determined. 

 

 

Figure 25: Spore surface variation between parental (MS12) and the overexpressed and deletion 

mutants. Arrows indicates surface variation of hsbA overexpressed and deletion mutants when 

compared to the MS12 parental strain. 

(E) (F) 

(C) (B) (A) 

(D) 

MS12+∆HsbA1 

MS12+pAV2 MS12+∆HsbA2 

(I) (G) (H) MS12  MS12 small spore MS12+∆HsbA3 

MS12+pAV1  MS12+pAV1  

MS12+∆HsbA1 
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4.8 Phagocytosis assay 

Survival of fungal pathogen in host system is the most important factor for the progression 

of invasive fungal infection (Missall et al., 2004). Mucorales encounters cells of the innate 

immune system including macrophages, neutrophils and dendritic cells following the invasion of 

the host (Ghuman and Voelz., 2017). Phagocytic cells are known to be key players in controlling 

infections caused by Mucorales (Chayakul et al., 2006 and Ibrahim et al., 2012). 

Interaction between MS12+pyrG and the mutant strains with J774.2 murine macrophages 

were carried out and examined (Figure 26). There was no significant difference in the 

phagocytosis of macrophages between overexpressed and deletion mutants when compared to 

MS12+pyrG. Hence suggesting that HsbAs play no role in the recognition and phagocytosis of M. 

circinelloides by J774.2 macrophages. 

 

Figure 26: Phagocytosis index of overexpressed and deletion mutants with the MS12+pyrG strain. 

Values are averages from three independent experiments and 3 biological replicates (error bars 

indicate standard deviation). Values of mutants were compared with the value of the MS12+pyrG 

strain and significance was calculated by the one-way ANOVA. 

 

4.8 Virulence of the hsbA mutants in Galleria mellonella non-vertebrate model  

To investigate the role of HsbA proteins in pathogenicity of M. circinelloides, we used wax 

moth larvae (G. mellonella) as a non-vertebrate animal model. Larvae were infected with different 

hsbA mutant strains and larval survival was examined for six days. In the untreated and IPS-treated 

control groups, none of the larvae died by the end of the experiment. Figure 27 shows the survival 
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of larvae infected with different hsbA mutant strains and the control strain (MS12+pyrG). Where, 

overexpression of hsbA2 resulted significantly decreased virulence of the mutant strain, while the 

virulence of MS12+ΔhsbA1, MS12+ΔhsbA2 and MS12+ΔhsbA3 mutants significantly increased. 

The main limitation of the use of invertebrate hosts is whether the results obtained in these 

models can be adapted to mammals and to the human body. However, the lack of an adaptive 

immune system and specific organs, such as the lung, can affect pathogenesis, so in order to get a 

more accurate picture of the role of mutant strains in pathogenicity, it is appropriate to study them 

in a vertebrate model. Although, the wax moth is a widely used non-vertebrate model organism to 

examine the pathogenicity of different filamentous fungi such as Mucoromycotina species (Li et 

al., 2011; Xu et al., 2017; Maurer et al., 2019; Vellanki et al., 2020).  

 

Figure 27: Survival of G. mellonella larvae infected with the hsbA mutant and the control M. 

circinelloides strains. The control strain was MS12+pyrG. Virulence of MS12+pAV1 strain 

decreased compared to the MS12+pyrG strain, while the deletion of hsbA1, hsbA2 or hsb3 resulted 

increased virulence. Survival curve followed by astriks were significantly differed from the control 

strain according to the Log-rank (Mantel-Cox) test (*p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001) 
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4.9 Heterologous expression of M. circinelloides HsbA1 in P. pastoris KM71H 

Two pPICZαA+hsbA1 and one pPICZαA+hsbA2 Pichia transformants were obtained. 

These transformants were used for expression of HsbA1 and HsbA2 in BMMH culture media, in 

a period of 1-7 days at 30 °C to verify the expression of HsbA1 and HsbA2 proteins. Protein of 

the desired size (i.e. approximately 17 kDa) was shown to be expressed on day 7 in the culture of 

pPICZαA+hsbA1 positive clones at 30 °C (Figure 28), whereas there was not traceable expression 

of proteins in the culture supernatant of Pichia transformant harbouring the pPICZαA+hsbA2. 

Hence, we carried out large scale protein expression and purification for the pPICZαA+hsbA1_1 

transformant. Elute 39 after size exclusion chromatography was shown to contain proteins at 

approximately 17 kDa (Figure 28). The presence of recombinant HsbA1 protein of 17.9 kDa was 

confirmed through mass spectrometric analysis (Figure 29). Hence, the purified HsbA protein 

obtained can be used in further studies and for example for production of monoclonal antibodies. 

                    

 

 

 

 

 

 

 

 

 

 

 

         

Figure 28: Silver stained 12 % SDS-PAGE gel containing protein fractions from day 7 culture 

supernatant of HsbA1 positive P.  pastoris KM71H transformants. Lane 1: Protein size marker 

(SeeBlue Plus2); lane 2: Elute 39 after size exclusion chromatography; lane 3: 7th day culture 

supernatant of pPICZαA +hsbA1_1; lane 4: 7th day culture supernatant of pPICZαA+hsbA1_2. 
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Figure 29: Mass spectrometric analysis of the heterologously expressed HsbA1 protein in P. 

pastoris KM71H. 
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5. CONCLUSION 

Hydrophobic surface binding protein A (HsbA) are small galactomannoproteins of fungi 

(Muszewska et al., 2017) that could either be bound to the cell wall or secreted to outside the cell. 

It is suggested that these proteins may have role in the adhesion to hydrophobic surfaces, in 

recruiting cutinases and hydrolytic enzymes on hydrophobic surfaces and colonization and 

penetration into the plant tissues; hsbA genes were found to be upregulated in human pathogen 

fungi during the infection (Ohtaki et al., 2006; Delmas et al., 2012; Soanes et al., 2012; Park, 

2016; Wang et al., 2017and Zang et al., 2018). The aim of the present study was to characterize 

the hsbA genes of the Mucoralean model organism M. circinelloides. 

Six hsbA genes were found in the M. circinelloides genome named as hsbA1a, hsbA1b, 

hsbA2, hsbA3, hsbA4 and hsbA5. In case of hsbA1a and hsbA1b, the coding regions were identical, 

and the two genes are located close together in the genome suggesting that they can be the result 

of a recent duplication even. Transcription activity could not be detected for hsbA1b, even if 

hsbA1a was disrupted, which suggest that this gene may be not functioning. Sequence analysis 

predicted HsbA1a, HsbA1b and HsbA2 as GPI-anchored proteins suggesting their incorporation 

into the cell wall while HsbA3, HsbA4 and HsbA5 seem to be secreted proteins. 

qRT-PCR analysis indicated that the tested hsbA genes (i.e. hsbA1a, hsbA2, hsbA3 and 

hsbA4) are expressed throughout the whole life cycle and especially from the second day of 

cultivation, i.e. in the late hyphal stage. All four genes responded to the changes in the cultivation 

temperature: they displayed elevated transcription levels at higher temperatures. All four genes 

were downregulated by anaerobiosis (especially hsbA1a and hsbA2, which were inactive under 

anaerobic growth) indicating that they are linked to the aerobic and/or hyphal growth. Presence of 

human serum upregulated hsbA1a, hsbA2 and hsbA4 but did not affect hsbA3 suggesting different 

roles in the adaptation for environmental changes. Presence of lignocellulosic material in the 

cultures induced only the transcription of hsbA3 suggesting that this gene may participate in the 

degradation of plant material. 

For a more detailed characterization, three hsbA genes, i.e. hsbA1a, hsbA2 and hsbA3 were 

disrupted by integrating the pyrG selection marker into the corresponding gene using the CRISPR-

Cas9 method. Molecular analysis of the transformants proved that mutations occurred in the 

targeted sites and no off-target effect was induced. qRT-PCR analysis proved the lack of 

transcription of the disrupted genes. Additionally, the three genes were overexpressed by using 
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plasmids and promoters assuring strong expression. qRT-PCR proved the elevated transcript levels 

in the overexpressed strains. 

Disruption and overexpression of the three hsbA genes had only a slight effect on the 

growing ability of the fungus. 

In case of hsbA1a and hsbA3, alterations in the gene expression did not affect the spore 

producing ability. However, overexpression of hsbA2 led an increased sporulation indicating that 

function of this gene has a role in the sporangiospore production. 

Interestingly, overexpression of all three genes decreased the germination ability of the 

sporangiospores while gene disruption did not affect this feature. This finding suggests that 

alteration in the amount of the encoded proteins influence the viability of the spores maybe because 

of the altered hydrophobicity of the cell surface. Overexpression mutants also displayed increased 

sensitivity to cell wall and membrane stressors suggesting structural alterations in the outer layers 

of the fungal cells. These findings correlated with those of the hydrophobicity tests where the 

mycelial surface of the overexpression mutants proved to be more hydrophobic than those of the 

disruption mutants and the control strain. All these results strongly suggest that HsbA molecules 

have role in the regulation of the hydrophobicity of the cellular surfaces in M. circinelloides. 

It is known that hydrophobins participate in the biofilm formation of filamentous fungi 

(Brown et al., 2016). In our tests, we found that biofilm forming capacity of the mutants, in which 

the hsbA genes were disrupted somewhat decreased indicating that HsbA may contribute to the 

biofilm formation of M. circinelloides. SEM image analysis of overexpressed and deletion mutants 

further revealed that surfaces of MS12+pAV1 small spores were more granulated, when compared 

to the parental MS12 strain. Whereas large spores of all deletion mutants were slightly granulated 

or smooth surface when compared to parental strains, hence suggesting the involvement of HsbA 

in the cell surface integrity of small and large spores. Although the exact mechanism behind the 

cause of this variations are yet to be determined. 

Disruption and overexpression of the three hsbA genes had no effect on the phagocytosis 

of M. circinelloides by J774.2 cells. 

In Galleria non-vertebrate model, overexpression of hsbA2 resulted in significantly 

decreased virulence while that of all deletion mutants significantly increased. This result may 

suggest that the HsbA level and/or the hydrophobicity of the mycelium may affect the 

pathogenicity of M. circinelloides. 
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For future analysis of the proteins and their functions recombinant HsbA1 was expressed 

in a Pichia pastoris heterologous expression system and the produced protein was purified.  

 

In conclusion, the results of the present study suggest that HsbA proteins are 

hydrophobic surface-active proteins that are differentially expressed during the aerobic 

growth of M. circinelloides. In M. circinelloides, HsbAs have ability to influence the cell wall 

integrity of spores and hyphae, sporulation and germination capacity of the spores, 

hydrophobicity of the hyphal surfaces, biofilm formation and virulence.  
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6. ÖSSZEFOGLALÓ 

A hidrofób felszínt kötő fehérjék (HsbA) gombák által termelt kisméretű 

galaktomannoproteinek (Muszewska és mtsi., 2017), melyek vagy a sejtfalhoz kapcsolódnak, 

vagy a külső térbe szekretálódnak. A fehérjecsalád egyes tagjairól feltételezik, hogy szerepük van 

degradatív enzimek szilárd, hidrofób felületeken történő toborzásában és a növénypatogén gombák 

esetében a növényi szövetekbe történő penetrációban; humánpatogének esetében pedig a fertőzés 

során a hsbA gének felülszabályozását figyelték meg (Ohtaki és mtsi., 2006; Delmas és mtsi., 

2012; Soanes és mtsi., 2012; Park, 2016; Wang és mtsi., 2017 és Zang és mtsi., 2018). 

Jelen kutatás célja a Mucorales rendbe tartozó modellorganizmus, a Mucor circinelloides 

hsbA génjeinek azonosítása és jellemzése volt. 

A M. circinelloides genomban hat hsbA gént azonosítottunk, melyeket a következőképpen 

neveztük el: hsbA1a, hsbA1b, hsbA2, hsbA3, hsbA4 és hsbA5. A hsbA1a és a hsbA1b gén kódoló 

szekvenciája teljesen megegyezőnek bizonyult, noha határoló szakaszaik, így promóter és 

terminális régióik különbözőek voltak. A két gén a genomban egymás után, közel helyezkedik el, 

feltehetően egy nem túl régi duplikációs eseménynek köszönhetően. Ha a hsbA1a gént elrontottuk, 

a mutánsban nem tapasztaltunk HsbA1 transzkriptumot, ami arra utal, hogy a hsbA1b gén, 

legalábbis a vizsgált körülmények közt, nem expresszálódik, azaz feltehetően egy pszeudogénről 

van szó. A szekvenciák in silico elemzése arra enged következtetni, hogy a HsbA1a, HsbA1b és 

HsbA2 fehérjék glükozil-foszfatidil-inozitol (GPI) horgonyon keresztül a sejtfalhoz kapcsolódnak, 

míg a HsbA3, HsbA4 és HsbA5 fehérjék a külső térbe választódnak ki. 

Kvantitatív valós idejű PCR (qRT-PCR) technikával kivitelezett transzkripció elemzéseket 

végeztünk négy génnel (hsbA1a, hsbA2, hsbA3 és hsbA4). Megállapítottuk, hogy mind a négy gén 

a gomba teljes életciklusa során átíródik, de különösen a késői tenyésztési szakaszban (azaz 

legnagyobb mértékben a hifákban). Ugyancsak mind a négy génre jellemző volt, hogy magasabb 

hőmérsékleten erősebben, anaerob tenyésztés során gyengébben fejeződtek ki, mint alacsonyabb 

hőmérsékleten, illetve aerob viszonyok közt. A hsbA1a és a hsbA2 gén csak aerob körülmények 

közt fejeződött ki. Mindez azt mutatja, hogy a gének átíródása az oxigén és/vagy a hifa morfológia 

jelenlétéhez kötődik. A humán szérum jelenléte fokozta a hsbA1a, hsbA2 és hsbA4 átíródását, de 

nem volt hatással a hsbA3 génre, azt sugallva, hogy a gének eltérő szabályozás alatt állnak és eltérő 

a szerepük a környezeti változásokhoz történő alkalmazkodásban. Ugyanakkor növényi 

lignocellulóz anyag jelenléte indukálta a hsbA3 transzkripcióját, ami arra utalhat, hogy ennek a 
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génnek más gombák hsbA génjéhez hasonlóan szerepe lehet a növényi anyag degradációjának 

elősegítésében. 

A részletesebb funkcionális elemzések érdekében, három hsbA gén (hsbA1a, hsbA2 és 

hsbA3) esetében olyan mutánsokat állítottunk elő, amelyekben a géneket vagy elrontottuk, vagy 

túlműködtettük. A gének elrontását a CRISPR-Cas9 technika alkalmazásával hajtottuk végre: a 

pyrG uracil auxotrófiát komplementáló szelekciós marker gént homológ rekombinációval a 

célgénbe integráltuk, ezzel elrontva azt. A transzformánsok molekuláris elemzése (PCR, 

szekvenálás, teljes genom szekvenálás) azt mutatták, hogy a mutációk a célzott helyen történtek 

és a génszerkesztés nem okozott off-target hatást. A mutánsok qRT-PCR elemzésével igazoltuk, 

hogy az elrontott génekről nem íródik át mRNS. Emellett olyan plazmidokat is építettünk, 

melyekkel, azokat expressziós vektorként a gombába juttatva, a gének túlműködtetése 

megvalósítható volt. A qRT-PCR elemzés a gének fokozott átíródását mutatta az így létrehozott 

mutánsokban. 

Ezután a diszrupciós és a túlműködtetett mutánsokkal fiziológiai és patogenitási teszteket 

végeztünk. Sem a gének elrontásának, sem a túlműködtetésének nem volt lényeges hatása a 

növekedésre. A hsbA1a és a hsbA3 esetében a mutánsok spóraképző képessége sem változott. 

Ugyanakkor a hsbA2 túlműködtetése a sporangiospórák képződésének szignifikáns fokozódásával 

járt, azt jelezve, hogy e génnek szerepe lehet a sporuláció során. 

Érdekes módon mindhárom gén túlműködtetése csökkentette a spórák csírázási képességét, 

míg a gének elrontásának nem volt ilyen hatása. A későbbi vizsgálatok tükrében azt feltételezzük, 

hogy a gének túlműködtetése talán a spórafelszín hidrofobicitásának megváltozása miatt hatott a 

spórák életképességére negatívan. A gének túlműködtetése a gombákat sejtfal és membrán stresszt 

okozó szerekre is érzékennyé tette, ami a sejtfal és a sejt külső rétegei szerkezetének 

megváltozására utal. Ezek az eredmények korreláltak a mutánsokkal végzett hidrofobicitási tesztek 

eredményeivel, melyek azt mutatták, hogy a túlműködtetett mutánsok felszínének hidrofobicitása 

magasabb volt az eredeti, vad típusú törzsénél és a géndiszrupciós mutánsokénál. Mindez azt 

sugallja, hogy a HsbA fehérjék részt vesznek a sejtfelszín hidrofobicitásának kialakításában M. 

circinelloides-ben. 

Ismert, hogy a hidrofobinok részt vesznek a fonalas gombák által kialakított biofilmek 

képzésében (Brown és mtsi., 2016). Vizsgálatainkban azt tapasztaltuk, hogy azon mutánsok 
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biofilmképző képessége, amelyekben a hsbA géneket elrontottuk, szignifikánsan csökkent, ami a 

HsbA fehérjék biofilmképzésben játszott szerepére utalhat. 

A hsbA gének elrontása és túlműködtetése nem volt hatással a mutánsok J774.2 egér 

makrofág sejtek általi fagocitózisára az interakciós tesztek során. 

Galleria mellonella alternatív, gerinctelen patogenitási modellben, a hsbA2 gén 

túlműködtetése szignifikáns mértékben csökkentette a gomba virulenciáját, ugyanakkor 

mindhárom gén elrontása fokozta azt. Mindez azt jelzi, hogy a HsbA fehérjék jelenléte és/vagy a 

felszín hidrofobicitása hatással van a M. circinelloides patogenitására. 

Végezetül a további funkcionális vizsgálatok érdekében a HsbA1 fehérje heterológ 

expresszióját valósítottuk meg Pichia pastoris expressziós rendszerben. A termelt fehérjét 

kitisztítottuk és megkezdtük az elemzését. 

 

Összefoglalva a fentieket, jelen kutatás eredményei alapján azt mondhatjuk, hogy a 

HsbA fehérjék a M. circinelloides aerob növekedése során, eltérő módon expresszálódnak. A 

fehérjéknek szerepe lehet a spóraképzésben, a spórák csírázó képességében, a gomba felszín 

hidrofobicitásának szabályozásában, a biofilm képzésben és a patogenitásban. 
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SUPPLEMENTARY MATERIALS 

Table S1: Primers used in this study. 

Name of the 

primer 
Sequence 5’-3’ 

Length 

of the 

amplicon 

(bp) 

Used for 

McHSB1_RT1 CCCGAGTTTGATGCCATTCT 
159 

Primers for qRT-

PCR analysis 

 
McHSB1_RT2 GGAGTTGTTGATTTGAGTGACCA 

McHSB2_RT1 TCAACACTGTAAGCACCCTTG 
192 

McHSB2_RT2 CAGCATCCAAATGAGTAGCGG 

McHSB3_RT1 CTTACTATTGCTGCCTCAGTCA 
197 

McHSB3_RT2 GTTTCAAGAGTTTGTTCACTGGAG 

McHSB4_RT1 CATTGTCGTCCATTGTCACCA 
195 

McHSB4_RT2 CAGATGCAAAGGAGGTGTTGA 

McActinF CACTCCTTCACTACCACCGCT 
 

McActinR GAGAGCAGAGGATTGAGCAGC 

McHSB1HEfw 
TTTCTGAGGAGAAAAGAGCTGCCCTCGACAAGAG

AGCCGTCT 
536 

Primers of hsbA to 

construct the 

expression vector for 

heterologous 

expression in P. 

pastoris 

 

McHSB1HErev 
TTCTCTAGATCGGATCCTCTTGGAACCAAGATACC

ATAAGCGGTCTTGGCAGAG 

McHSB2HEfw 
TTTCTCGAGGAGAAAAGAGCTGCTCTTGATAAGA

GAGCCATCT 
539 

McHSB2HErev 
TTTTCTAGATCGGATCCTCTTGGAACCAAGATACC

ATAAGAGGTCTTGGCTG 

5AOX 1 GACTGGTTCCAATTGACAAGC 

588 

To amplify aox1 

gene of Pichia 

transformant for 

positive clone 

selection 
3AOX1 GCAAATGGCATTCTGACATTC 

McHSB1oefw TTCCTCGAGATGCGTGCCTTCTCCACTTTAATC 
640 

Primers to construct 

pAV1, pAV2 and 

pAV3 plasmids for 

the overexpression 

of the hsbA genes 

McHSB1oerev TTCATCGATTTAGATACCATAAGCGGTCTTGGC 

McHSB2oefw TTCCTCGAGATGCGCGCTTTC TCTACATTACTC 
636 

McHSB2oerev TTCATCGAT TTAGATACCATAAGCGGTCTTGGC 

McHSB3oefw TTCCTCGAGATGCGCGCCTCTCTCTCTTT 

573 
McHSB3oerev 

TTCATCGATTTAAATACCGTAAGCGGTCTTGGCAG

AGGC 

Gpdp CATGAAGTGTGAGACATTGCGA  

Primer for the 

analysis of the 

overexpressed 

mutants 

McHSB1/1 

(promoter) 
AATGTGCTGTTGGTTACACGA 

1109 

Primers to construct 

the disruption 

cassette for hsbA1 McHSB1/2 

(promoter) 
CAGAGTTGATGTCGTCAATACAG 

McHSB1/3 (pyr) 
GTCCAACTCTGTATTGACGACATCAACTCTGTGCC

TCAGCATTGGTACTTG 
2055 

McHSB1/4 

(pyr) 

CTTGGTTTGGGTATCCAAGTTCTTGATGTCGTACA

CTGGCCATGCTATCG 



93 

 

McHSB1/5 

(terminator) 
GACATCAAGAACTTGGATACCC 

1129 
McHSB1/6 

(terminator) 
GGTTTGGACATCTCAACACCT 

McHSB1/7 

(nested) 
GTACTCTTCCATACATTCCATTCTG 

3864 
McHSB1/8 

(nested) 
AAGCGCATAGTAAACTGACC 

McHSB2/1 

(promoter) 
AAATAGCCTGAGCAGTTGTTTGAG 

1108 

Primers to construct 

the disruption 

cassette for hsbA2 

 
McHSB2/2 

(promoter) 
GGCTTTAACAATGGCAAGTTGAG 

McHSB2/3 (pyr) 
GCTGCTGCTCAACTTGCCATTGTTAAAGCCTGCCT

CAGCATTGGTACTTG 
2065 

McHSB2/4 

(pyr) 

TGGTTTGAGAGTCCAGGTTCTTGATGTCACGTACA

CTGGCCATGCTATCG 

McHSB2/5 

(terminator) 
GTGACATCAAGAACCTGGAC 

1138 
McHSB2/6 

(terminator) 
TGAATGACAAGATACACGCC 

McHSB2/7 

(nested) 
AATGGCCAATGGTATTAGTTCCC 

3891 
McHSB2/8 

(nested) 
AGCTATAATCTGTACCGCACTG 

McHSB3/1 

(promoter) 

CAAACGAATGTTGGGATTTCTC 

 
1155 

Primers to construct 

the disruption 

cassette for hsbA3 

 
McHSB3/2 

(promoter) 
TTTGATTTGATTTGTTTGTTGTTGA 

McHSB3/3 

(terminator) 
GTTAGCATAGCTAGTCTTTATCCCT 

1106 
McHSB3/4 

(terminator) 

CATGGTACAAATGGCTTACGG 

 

McHSB3/5 

(pyr) 

CAATCAAATCTCAACAACAAACAAATCAAATCAA

ATGCCTCAGCATTGGTACTTG 

2065 

McHSB3/6 (pyr) 

CATGGCAAGTAGGGATAAAGACTAGCTATGCTAA

CGTACACTGGCCATGCTATCG 

 

McHSB3/7 

(nested) 
CTCCGCCCTATTAAAGAAGCA 

3829 
McHSB3/8 

(nested) 
ACTTATGCCAAATGTCGTGAG 
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                 10        20        30        40        50        60            

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  -CTTTGGAAATTTAAGCTGGATGTT-TGCAATGCAATTTA----TCCGAGACAGGA--GG 52    

hsbA1b  AATGCGGGCATCTGTGCGCTTTATTCTGGAGCACAACTTAGTAATGCTTGATCGGATCGA 60    

 

                 70        80        90       100       110       120         

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  T-CATGCTTTCAAT-TGTGCGTCTCTCTATTAGACACAAAACAGCCACATCTAAAGACAA 110   

hsbA1b  TGTGCACCCTCATCATGAAAGCCTTCCTAGCTTTCTTTCT-CTCTCTCATCCATTTTCAA 119   

 

                130       140       150       160       170       180      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  GTGTTATTGTAATACAGAAAAGCTACAAAGACAAGCATCTTTTTCCTGATGTAGTTAAGC 170   

hsbA1b  CTAAGCTTTCATGATTAGAGGACAAGCATGACCTGTTGCAGGTCATCTGAATGATCGAA- 178   

 

                190       200       210       220       230       240      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  AACCATGCAACTGGATTAAACCCATTATACAAACAGTGCCTCTC-TTTTGTGTGCCATTA 229   

hsbA1b  AATCA-GTTTCGTGCACAATTACCTGACGTGAATAGCACATGAAGCCCCATATTTCGTCT 237   

 

                250       260       270       280       290       300      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  AGGCAAGGTCATATGAGCCTCATTTAGTCAACTACCTTGGTGTATTATGCGTTTTGACGT 289   

hsbA1b  ATGATGG---ATGTGAGACAAGTCAAACTG--CGTCTTTGAGGACGATTTTTTCTCGTTT 292   

 

                310       320       330       340       350       360      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  G-CGTGAATTCCACATGTATCGCTTCTTTTAAGTATTTCAATAGTAACATTGTTATGCAT 348   

hsbA1b  GACAGAAATTCTCAATGCAAGTGTCCTTCTCAATAGACTTTTTGTAG--TTTCAGTGCTT 350   

 

                370       380       390       400       410       420      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  CTAATAATTGCAAGGTGCACAAAGCAGTTACTGTGCAATCAAGAGATGAAACTTGCTTCT 408   

hsbA1b  CATACACATGTTATACGCGCT------TTTGTGTGTACTTGTGTGCCGAA-CTCATTCAT 403   

 

                430       440       450       460       470       480      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  GACAGA-TCCATGGACA----ATTTTGTTATAAATACAGCGAGTTTTACCAGAATCTCCA 463   

hsbA1b  GAAAAGCTCCATGAGAATCAAAATTTGCTATAAATACAGCGAGTTTTACCAGAATCTCCA 463   

 

                490       500       510       520       530       540      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  AAAACTTCATCAAACAATCTACTCAATTATCTTCAACATGCGTGCCTTCTCCACTTTAAT 523   

hsbA1b  AAAACTTCATCAAACAATCTACTCAATTATCTTCAACATGCGTGCCTTCTCCACTTTAAT 523   

 

                550       560       570       580       590       600      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  CATTGCTGCTGCTCTTGCTCTCTCTGCCAATGCTGCTGCCCTCGACAAGAGAGCCGTCTC 583   

hsbA1b  CATTGCTGCTGCTCTTGCTCTCTCTGCCAATGCTGCTGCCCTCGACAAGAGAGCCGTCTC 583   

 

                610       620       630       640       650       660      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  TGCTCCTGTCCAACTCTGTATTGACGACATCAACTCTGTTGCCGCTCAACTTGCCATTGT 643   

hsbA1b  TGCTCCTGTCCAACTCTGTATTGACGACATCAACTCTGTTGCCGCTCAACTTGCCATTGT 643   

 

                670       680       690       700       710       720      
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        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  CAAGGCTGATGTAAGTACCTTTTTTCTATTGAAAATGGGCCGAATAACTGATATACAATT 703   

hsbA1b  CAAGGCTGATGTAAGTACCTTTTTTCTATTGAAAATGGGCCGAATAACTGATATACAATT 703 

 

   

 

                730       740       750       760       770       780      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  TGCGGAAACATTAGGTTGATAGCTTCACCAGATCTGCTGGTTACTCTGGTGCCTTGGCTG 763   

hsbA1b  TGCGGAAACATTAGGTTGATAGCTTCACCAGATCTGCTGGTTACTCTGGTGCCTTGGCTG 763   

 

                790       800       810       820       830       840      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  TCCACAACAAGGAGCAAGTTCTCGAAACTCGTCTCAAGAAGGCTGGTACTGACTGCTGTG 823   

hsbA1b  TCCACAACAAGGAGCAAGTTCTCGAAACTCGTCTCAAGAAGGCTGGTACTGACTGCTGTG 823   

 

                850       860       870       880       890       900      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  CAGTCGCTGGTACTGTCACTTCTGAGGAGGCTGATGCTGTTATTGCCACTGTCAACACTC 883   

hsbA1b  CAGTCGCTGGTACTGTCACTTCTGAGGAGGCTGATGCTGTTATTGCCACTGTCAACACTC 883   

 

                910       920       930       940       950       960      

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  TTGTTCCTCAAGTCTCTGCTGCTTTGTCTGCCATTGTCACCAAGAAGCCCGAGTTTGATG 943   

hsbA1b  TTGTTCCTCAAGTCTCTGCTGCTTTGTCTGCCATTGTCACCAAGAAGCCCGAGTTTGATG 943   

 

                970       980       990       1000      1010      1020     

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  CCATTCTCTTGGCCACCAGCTTGGTCAAGACCGACATCAAGAACTTGGATACCCAAACCA 1003  

hsbA1b  CCATTCTCTTGGCCACCAGCTTGGTCAAGACCGACATCAAGAACTTGGATACCCAAACCA 1003  

 

                1030      1040      1050      1060      1070      1080     

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  AGACCTTGGACACTTGTCTCATTGCCAAGACTCCTGCCTCTCACTTGACCGCTGCCAATG 1063  

hsbA1b  AGACCTTGGACACTTGTCTCATTGCCAAGACTCCTGCCTCTCACTTGACCGCTGCCAATG 1063  

 

                1090      1100      1110      1120      1130      1140     

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  CTTTGGTCACTCAAATCAACAACTCCTTTGCCTCTGCCAAGACCGCTTATGGTATCTAAA 1123  

hsbA1b  CTTTGGTCACTCAAATCAACAACTCCTTTGCCTCTGCCAAGACCGCTTATGGTATCTAAA 1123  

 

                1150      1160      1170      1180      1190      1200     

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  TGCTGCGACCAAATTGATTTTGGCACTTCATTCCATACTATTCA----TGCGTCTTGTAG 1179  

hsbA1b  TGCTGCGACCAAATTGATTTTGGCACTTCATTCCATACTATTCAGCCATACGTCTTGTAG 1183  

 

                1210      1220      1230      1240      1250      1260     

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  GTAATTAGTCTTATAATTATAATAAACAAAACACCTGAATGCTATTTATTAAGCGTTTTT 1239  

hsbA1b  GCAGTTAACCCTATAACTATAATAAACGAAACTTTTTAAAA--ACCAAATAA---TTCCT 1238  

 

                1270      1280      1290      1300      1310      1320     

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  ATCA-TCATTGATCCCAATTGCTTTATTCAG-ATGATAATGCGCCTTCACATCCCAAGTC 1297  

hsbA1b  ATGAGTGATTGATTCGTTCAAAATTAAAAAGCATCATAGCAATACCTTACAGCAC----C 1294  
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                1330      1340      1350      1360      1370      1380     

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  AAAAGAAGTAAATCCAACTTGTATACTTATATAATGTAC---ATATGTAAAAAGTATAGG 1354  

hsbA1b  CAAAAAATTTATGCTAACTTG-ACAATGACCTTCAGTTCCTGATGCGTAAAATAATGAAG 1353  

 

                1390      1400      1410      1420      1430      1440     

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  CATTATATGTTTAACATTTGAAAATATAAAAATGTAAGCAGCATCAGAAGTACGAATGCA 1414  

hsbA1b  CATT-TTTGCTGCTTTTTTTTTTTTTTAGAATGACAAGCCCTA-CACAGGTCAGTATTTA 1411  

 

                1450      1460      1470      1480      1490      1500     

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  TGAACTAAGGGTTAAATACCGCTAGATGATGAGTATACTAGT-CAATCCTCTTGAAATCT 1473  

hsbA1b  TATCCATTGCCTGAGGCGACTATGGACGGTGTATGACATGTTGCACTGCTTGCGAGATCA 1471  

 

                1510      1520      1530      1540      1550      1560     

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  ---CGCCTTTTCGAAGGATTAAGAGTTCTATACTGCATCATTCTGCTAAATGAACAACCA 1530  

hsbA1b  ACGTACCTGCCCAGAAGCTTAAGAGAAATGTA----ATTATATTAATCAGCCTTCTTCCA 1527  

 

                1570      1580      1590      1600      1610      1620     

        ....|....|....|....|....|....|....|....|....|....|....|....| 

hsbA1a  CAGACC-ATCAAACTAGTCATTAAAAAGTGCATTATTGAATAAGCAGCCTTCAAATGT-- 1587  

hsbA1b  CACCCTGATCACAAGAATTTGGCAGACATTCACTAGTTAA--AATGGCTGACAGACGCTC 1585  

 

                1630      1640      1650        

        ....|....|....|....|....|....|....|... 

hsbA1a  --AATTACAACTGTAAAAACAAAGCTTTGAATCGCAT- 1622  

hsbA1b  AAAATCTCTGCTG-AATGAGATGGTTTTACGGTAGATT 1622  

 

Figure S1: Nucleotide sequence of the hsbA1a and hsbA1b genes and their adjacent regions. Gene 

sequences are shown in the box, intron sequence is highlighted with red characters. 
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Figure S2: Colony diameter of the hsbA mutants and the MS12+pyrG strain at 20 °C, 25 °C and 

35 °C. Strains were grown on YNB plates for four days. The presented values are averages; colony 

diameters were measured during three independent cultivation (error bars indicate standard 

deviation). Values were compared with the corresponding value of the MS12+pyrG strain 

according to the statistical method statistical method one-way ANOVA. 


