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Mucorales between food and infection 
Mucorales are an order of ‘Zygomycota’, an artificial group of distantly related, 
lower fungi located in ancestral position in the fungal tree of life. Backbones of 
trees are poorly resolved and therefore the groups classically composing the 
Zygomycota can no longer be maintained as a single entity. Phylogenetically the 
Mucoromycotina, Entomophthoromycotina, Mortierellomycotina, 
Zoopagomycotina, and Kickxellomycotina are now viewed as individual subphyla 
containing organisms that diverged more than 800 MYA, with known fossils from 
the Middle Triassic of Antarctica (Krings et al. 2013, Hibbett et al. 2007). 

Today, members of Mucoromycotina are ubiquitous organisms present all 
over the world in the soil, infecting and decomposing plants, animals, and other 
fungi. In daily practice they are renowned for two reasons. (1) Species of 
Mucorales have been used by humanity already for thousands of years in the 
preparation of fermented foodstuffs, particularly in Asia and Africa (Nout & Aidoo 
2010). (2) During the last decades, with the emergence of hospitalized populations 
suffering from severe immune and metabolic diseases, members of Mucorales have 
become known as agents of acute, severe, often fatal opportunistic infections 
(Skiada et al. 2011).  

In this thesis we will focus on two model species of the genus Rhizopus (R. 
arrhizus and R. microsporus) where the dual ecology of food and infection is 
exemplarily displayed. Rhizopus belongs to the subphylum Mucoromycotina, order 
Mucorales, family Rhizopodaceae. The genus contains fast growing fungi which 
are predominantly saprotrophic inhabitants of organic matter in the early stages of 
decay. 

 
Rhizopus species as opportunistic pathogens 
More than 30 species of the Zygomycota are involved in human infections. The 
order Mucorales is the most abundantly represented and encompasses several 
opportunistic pathogens; causing systemic infections in warm-blooded animals 
including humans (de Hoog et al. 2009).Within the Mucorales, the genera Rhizopus 
and Lichtheimia are particularly significant. Infections caused have been termed 
mucormycosis or zygomycosis, but given the new taxonomy we will give priority 
to mucormycosis in our work (Walther et al. 2013). Mucormycoses are associated 
with rapid blood vessel invasion and massive necrotic destruction of tissue (Ribes 
et al. 2000). Clinically the infection presents as a rhinocerebral, pulmonary, 
gastrointestinal, renal or disseminated disease. Infections by members of the 
various genera within the order Mucorales are basically similar. One exception is 
Mucor irregularis which causes chronic infection in immunocompetent 
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individuals. The infection is cutaneous and subcutaneous without angio-invasion, 
and chronic, but finally with severe morbidity (Lu et al. 2013).  

Postmortem prevalence evaluation shows that mucormycosis is 10- to 50-
fold less frequent than both candidiasis and aspergillosis, with a frequency of 1–5 
cases per 10,000 autopsies. Mucormycosis represents 8.3–13.0% of all fungal 
infections encountered at autopsy in high-risk patients (Muszewska et al. 2014). 
Rhizopus arrhizus and R. microsporus are the 1st and 3rd pathogens within the 
Mucorales, respectively, which makes the genus Rhizopus the first in rank in 
clinical significance. Destructive infections nearly exclusively occur in 
immunocompromised patients, such as those with haematological malignancies, 
recipients of haematopoietic stem cell (HSCT) or solid organ transplants (SOT), 
patients with uncontrolled diabetes mellitus and ketoacidosis, and infants with 
prematurity. Mucormycosis may also affect immunocompetent patients with major 
trauma or burns, or patients with elevated serum levels of iron under treatment with 
deferroxamine (Skiada et al. 2011). 

Cases of mucormycosis are mainly found among hospitalized patients 
(Roden et al. 2005), but due to the rapid development of the infection, timely 
diagnosis is still a challenge. Serum sample PCR-based identification often gives 
false-negative results; whereas culture-based identification is time-consuming and 
not always feasible. Furthermore species differentiation in histopathological 
samples is impossible. Although mucormycoses are relatively rare, they are 
characterized by a severe course and high mortality rate (~50%) if left untreated 
(Ibrahim et al. 2012). The demand for better diagnosis is growing with the 
increasing number of reported cases. Moreover, zygomycetes are resistant to many 
antifungal drugs, including new agents such as caspofungin and voriconazole 
(Schwarz et al. 2006), which makes rapid intervention even more urgent. 

Treatment includes a combination of antifungals and extensive surgery 
(Roden et al. 2005, Skiada et al. 2011). At this moment amphotericin B is the most 
commonly used antifungal. The major opportunistic pathogens in Rhizopus are R. 
microsporus and R. arrhizus. Different species showed to have different antifungal 
susceptibilities (Vitale et al. 2012). Fast molecular methods are necessary to 
identify the clinical isolates at the species level to provide optimal antifungal 
treatment. Methods for fast identification in clinics and making use of the 
phylogenetic distance of these two species have been designed and are presented in 
Chapters 4 and 5. 
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Rhizopus species involved in preparation of foodstuffs 
Species of Rhizopus have been used since ancient times to ferment African and 
Asian traditional foods and condiments, mostly based on ground soybeans. As 
producer of organic acids and hydrolytic enzymes Rhizopus is also widely applied 
in modern food industry and biotechnology. Rhizopus species are economically 
very important and are commercialized as dry inocula that are used as starter 
cultures for the fermentation of soybeans and rice. Microbial pre-digestion are used 
in for example Indonesian tempe and ragi, Korean meju, different kinds of Chinese 
sufu, and furu (fermented tofu) (Nout & Aidoo 2010), and in several kinds of 
cheese (Hermet et al. 2012). Strains of Rhizopus arrhizus are widely applied in 
food industry and biotechnology for the production of secondary metabolites such 
as fumarate, malate, lactic acid, and vitamins (Nout & Rombouts 1990). Dry 
mycelium of Rhizopus is used in the synthesis of various extracellular enzymes 
such as endoglucanases, lipases, proteases, phytases, carbohydrases, pectinases, 
alkaline and acid phosphatases, amylases, pectinase, xylanase, tannase, 
ribonuclease, volatile compounds, alcohol, and biodiesel (Gosh & Ray 2011, 
Guimarães 2006, Souser & Miller 1977, Khare et al. 2000). On the other hand, 
some members of the Mucorales are responsible for spoilage of fresh and 
manufactured food (Pitt & Hocking 2009). In addition, Rhizopus microsporus can 
cause a disease named rice seedling blight that occurs in young rice plants. 
Rhizopus arrhizus is able to grow until 45 °C and R. microsporus until 52 °C. Fast 
growth of these fungi in addition to this thermophilic behavior makes them 
successful candidates for use in industrial processes.  

 
Taxonomy and phylogeny of Mucorales 
Taxonomy of the Mucorales has traditionally been based on various aspects, viz., 
classical approaches including physiological (Pitt 1979) and biochemical markers 
(Paterson& Bridge1994), composition of the cell wall (Bartnicki-Garcia 1970, 
1987), isoenzyme patterns (Maxson & Maxson 1990), pigments (Besl & Bresinsky 
1997), secondary metabolite profiles (Frisvad & Filtenborg 1990), microscopic 
morphology and mating experiments. The classical works of Maria A.A. Schipper 
(1973, 1975, 1976, 1984, 1990, Schipper & Samson 1994, Schipper & Stalpers 
1984) have long remained satisfactory for the identification of major species. 
However, molecular phylogenetic analysis have revealed that diversity within and 
between species is much larger than previously thought, and this has led to a 
proliferation of the number of taxa recognized (Walther et al. 2013). On the other 
hand, morphological data sometimes did not match with molecular invariance, 
which may lead to the conclusion that sometimes too many taxa were maintained. 
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In the fungal kingdom, species classified based on morphology 
[morphological species recognition (MSR)] frequently appear to be composed of 
more than one species when applying phylogenetic species recognition (PSR) 
(Taylor et al. 2000). In MSR, individuals are grouped subjectively, but the decision 
on the exact delimitation remains arbitrary, while PSR may reduce subjectivity of 
determining the limits of a species by relying on the concordance of more than one 
gene genealogy. In modern taxonomy, Genealogical Concordance Phylogenetic 
Species Recognition (GCPSR) is routinely applied. The strength of GCPSR lies in 
the comparison of the congruency between several gene genealogies enabling the 
detection of recombination events (Taylor & Fisher 2003). Using GCPSR, 
multilocus sequence typing (MLST) schemes have been developed to investigate 
species delimitation.  

Given the fungal kingdom’s age and genetic diversity, it is unlikely that a 
single-marker barcode gene will be capable of identifying every specimen or 
culture to the species level. Among protein-coding genes, the largest subunit of 
RNA polymerase II (RPB1) has potential as a fungal barcode. It is ubiquitous and 
single copy, and it has a low rate of sequence divergence. Its phylogenetic use was 
shown in studies of Basidiomycota, Microsporidia, and other microorganisms 
including Zygomycota (Schoch et al. 2012). PCR amplifications of ribosomal RNA 
genes are more reliable across the fungi than those of protein-coding markers, 
although the success can vary by taxonomic groups. Ribosomal markers also 
present fewer problems with PCR amplification than protein-coding markers. The 
nuclear small subunit rDNA gene (18S-like) evolves relatively slowly and is useful 
for studying distantly related organisms, whereas the mitochondrial rRNA genes 
evolve more rapidly and can be useful at the ordinal or family level. The internal 
transcribed spacer region (ITS) and intergenic spacer (IGS) of the nuclear rRNA 
repeat units evolve fastest and may vary among species within a genus or among 
populations (Schoch et al. 2012). ITS sequencing was validated as a reliable 
technique for identification of Mucorales to the species level (Walther et al. 2013). 
ITS could be sequenced directly in 82% of the strains and its variability was 
sufficient to resolve most of the morphospecies (Walther et al. 2013).Translation 
elongation factor 1α (TEF1) is a highly conserved gene suitable for low level of 
phylogenetics. Homoplasy and pairwise divergence levels are low. Transition / 
transversion ratios are high, and phylogenetic information is spread evenly across 
gene regions. 

ACT is known as a housekeeping gene, as its expression is relatively stable 
under variable conditions. ACT encodes actin, a protein that is abundant in all 
eukaryotic cells, in which it is the major component of cytoplasmic microfilaments. 
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The ACT gene has been used extensively to infer interspecies re1ationships across 
broad evolutionary distances, as the ACT gene of many species contains highly 
conserved (i.e. exon) and less well-conserved (i.e. intron) sequences, which are 
grouped as nuclear pre-mRNA introns (Donnelly et al. 1999). 

Genealogical concordance phylogenetic species recognition (GCPSR), 
based on the genealogies of the genes for the ITS region, and the partial actin genes 
TEF1, RPB1, and ACT were used to define phylogenetic species in our work. This 
approach has been elaborated in Chapters 2 and 3. 

 
Mating 
Mating tests are performed to recognize biological species [biological species 
recognition, (BSR)], and morphology and growth characteristics are used to 
develop taxonomic concepts and practical features for the identification of genera 
and species. Mucorales reproduce both sexually, by zygospores formed after the 
fusion of hyphae of different mating types, and asexually through sporangiospores 
produced within sporangia. However, in most species zygospore production is rare 
and the conditions necessary for their formation and germination remain unknown. 
In turn, asexual spores are produced in massive quantities and they can differ in 
character. Under unfavorable conditions, suspensors can fail to unite and 
azygospores will be produced. Sexual dimorphism was never found in the 
Mucorineae (Schipper 1973). The presence of true zygospores in matings of similar 
strains is considered to be proof that these strains belong to the same species. 
Incomplete conjugation or non-appearance of any visible reaction, however, does 
not necessarily provide evidence to the contrary. 

Best proof of sexual interaction with recombination is analysis of the 
progeny of a zygospore. Zygospores are however difficult to germinate and there is 
a considerable time lapse between production and germination and again between 
germination and mating ability of the progeny (Gauger 1965). Another possible 
way of establishing the genuineness of mating is abundance: if a line of zygospore-
like bodies is present within a few days after mating, one can be fairly certain that 
the majority of these are true zygospores, though occasionally mixed with some 
parthenospores (azygospores). In interspecific matings, parthenospores may be 
found in addition to incomplete conjugations in matings of (+) and (‒) strains 
which differ in physiology but are morphologically similar, and may also occur 
next to zygospores in fully compatible partners. 

Only suitable partners of a single species are able to produce zygospores 
readily, but actual zygospore production is dependent on many external and 
internal conditions, most of which are not yet fully understood. In mating partners 
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isolated together, fertility is often stronger than in separately isolated strains 
(Schipper 1973). Spore shape and size has been used as additional discriminating 
character in Mucorales. Spore morphology has been evaluated besides mating 
ability in Chapters 2 and 3. 

 
AFLP 
The distribution of species defined by sequencing and phenotypic characters can be 
studied in more detail by AFLP (Amplified Fragment Length Polymorphism), a 
technique that has emerged as a major epidemiological tool with broad application 
in ecology, population genetics, pathotyping, DNA fingerprinting and quantitative 
trait loci (QTL) mapping (Mueller & Wolfenbarger 1999). AFLP fingerprinting has 
been shown to be useful for the molecular characterization of microorganisms with 
relatively large genomes including and has widely been applied in fungi (Ball et al. 
2004, Boekhout et al. 2001, Gupta et al. 2004, Warris et al. 2003). This method 
was used in Chapter 3 additionally to other molecular methods for better 
discrimination of species and populations. 

 
RCA 
The prognosis of invasive mucormycosis remains poor and still conventional 
diagnosis is difficult. Clinical symptoms, radiographic manifestations, and 
histopathology of mucormycosis are nonspecific, and culture of sputum, paranasal 
sinus secretions, or broncho alveolar lavage fluids are frequently unsuccessful for 
species recognition. In general conventional diagnostics remain slow and may have 
limited specificity (Ibrahim et al. 2012, Walsh et al. 2012). Mucoralean fungi are 
particularly suitable for molecular techniques because interspecific distances tend 
to be large and intra-specific variability is relatively low (Walther et al. 2013). 
Sequencing is however a relatively slow process; for application in clinical practice 
results should be available within 1‒2 days. 

Rolling Circle Amplification (RCA) is a molecular method based on 
isothermal DNA amplification and was discovered in the mid-1990s (Fire & Xu 
1995, Liu 1996).The technique was shown to be sensitive and specific in some 
pathogenic fungi (Najafzadeh et al. 2013, Sun et al. 2010). RCA-based diagnostics 
are characterized by good reproducibility, with less amplification errors compared 
to PCR and a detection limit down to a single nucleotide. In our study, ITS was 
used as a molecular marker to design the specific primers. The method showed 
potential for diagnostic approaches in the clinic as well for screening different 
species from the environment. Data can be found in Chapter 4. 
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MALDI-TOF MS 
Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry 
(MALDI-TOF MS) is a new technique in the field of fungal identification which is 
based on separation of peptides according to their molecular mass and the 
subsequent generation of fingerprint profiles. The method has first been used for 
bacteria (Fenselau C and Demirev PA 2001, Keys et al. 2004) and since recently 
has been extensively used for the differentiation of yeasts, Aspergillus, Penicillium, 
and many other fungi (e.g. Alanio et al. 2011, Bader et al. 2010, Hettick et al. 
2008). MALDI-TOF MS is much faster than routinely used molecular methods, 
has lower costs and the possibility to build up a dedicated database to speed up 
specific identifications. Resolution is at or even below the species level and 
therefore it has a great potential as an identification tool in the clinical laboratory. 
The peptide profile provided via this method may accompany MLST results to 
enhance phylogenetic and taxonomic resolution of complex species. During our 
research, this method was performed in Rhizopus as an example of the lower fungi, 
where distances between species tend to be larger than in Ascomycota. A database 
was built as a result of this research (Chapter 5) which can be used as a reference 
for later identification. 

 
Animal models 
Infection models are essential tools for studying microbial pathogenesis. Murine 
models are considered the “gold standard” in establishing virulence of 
microorganisms. A mouse model has been used in Chapter 7 to evaluate the 
pathogenicity of the two clinically most relevant representatives of Rhizopus. Both 
immunocompetent and immunocompromised mice were considered. Two 
alternative models were established and will be compared with results of the 
murine model as a standard. 

Alternative infection models based on cell culture or invertebrates are 
widely used for screening and virulence studies to reduce the number of rodents in 
animal experiments. Embryonated chicken eggs have been used in the recent past 
for bacterial and viral studies, and applications in fungi are still scant (Schwartze et 
al. 2012). In our work we used this model to bridge the gap between invertebrate 
models and mice. The model is a low-cost, easy-to-use alternative infection model 
(Jacobsen et al. 2010). In addition, another promising model, Galleria mellonela 
larvae (Lepidoptera) was used. In this model there are some essential similarities in 
the immune system with higher vertebrates (Arvanitis et al. 2013), and advantages 
are low cost, no feeding, and no ethics involved. The reliability of alternative test 
results has been our concern and the pathogenicity of Rhizopus species has 
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therefore been tested with both models and in comparison with a murine model in 
Chapter 7. Results were linked to taxonomy, epidemiology, and virulence of the 
fungi concerned. In Chapter 6, the relevance of different parameters such as 
temperature, carbon and nitrogen assimilation, and osmotic stress has been 
considered prior to model test performance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 1: (a) Structures of rhizoxin derivatives produced by the cultivated symbiont and didesepoxyrhizoxin 
derivatives obtained from cytochromeP-450 monooxygenase inhibition. (b) Key NOE and COSY correlations of 
rhizoxins. (Scherlach et al. 2006) 
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Endosymbiont bacteria and possible health risks 
Some Rhizopus species harbor endosymbiont bacteria of the genus Burkhulderia 
which are able to produce several extracellular metabolites which may be toxic to 
human. Both vertical and horizontal transmission of endosymbionts was shown in 
the evolution of the Burkholderia–Rhizopus symbiosis; host fungi and symbiont 
have undergone co-speciation (Lackner et al. 2011). 

Two different types of metabolites are relevant: the antimycotic polyketide 
macrolide rhizoxin, and the hepatotoxic cyclopeptiderhizonin) (Jennessen et al. 
2005) has been reported to be produced by this bacteria. Rhizoxin and congeners 
are a family of 16-membered macrolactones, which were first isolated from R. 
microsporus in 1984. Rhizonin A is acutely toxic for ducklings and rats (Wilson et 
al. 1984) and affects mainly the liver and kidneys causing 100% mortality (Rabie 
1985). These toxins were the first “mycotoxins” reported from lower fungi.  

As this group of fungi, are involved in food fermentation, rhizoxin 
production by endosymbiont bacteria can be a matter of importance in food 
biosafety. Presence and production of this toxin has been considered in Chapter 8 
by different methods such as HPLC, 16S rRNA sequencing, and a plating method, 
to evaluate eventual biosafety issues of the application of the host fungi in food 
preparation.  

 
 

Aim of the study 
The aim of the present study was first to evaluate the taxonomy position of two 
representative Rhizopus species with large human interest ‒ both in positive and 
negative sense ‒ based on MLST studies, and to clarify the epidemiology of theses 
fungi. The intra- and inter-species diversity was further evaluated by mating tests. 
Results were combined with phenotypic data of morphology and physiology. 
Results are presented in Chapters 2 and 3. A molecular identification method based 
on RCA is proposed in Chapter 4. The concept of new taxonomy provided during 
this work was further evaluated by MALDI-TOF MS, and its applicability for 
diagnostics has been discussed in Chapter 5.  

Taxonomy and epidemiology are subsequently used to answer the question 
whether food borne strains and clinical isolates belong to the same species, and 
whether they formed sub-entities within single species. Pathogenicity of strains of 
different origins was tested in Chapters 6 and 7using novel, calibrated model 
systems. Prior to performing virulence studies, physiology and growth conditions 
of strains were studied. Results were also used to test the validity of molecular 
taxonomy described in preceding Chapters. 
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Presence of toxins and its possible impact on food safety has been 
considered in Chapter 8. In Chapter 9 we concluded that the new taxonomic 
understanding generates questions due to the potential virulence and possible 
presence of toxins in strains that are used in food preparation. 
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