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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 



Chapter 1 
 

 
15 

 

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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Abstract 
Rhizopus microsporus has been used for centuries in the production of oriental 
fermented foods, but the species is also known as a toxin producer and from severe 
human infections. To study the diversity and species delimitation of Rhizopus 
microsporus, 48 isolates from the reference collection of the CBS-KNAW Fungal 
Biodiversity Centre, comprising 9 environmental, 10 clinical, and 23 foodborne 
strains, in addition to 6 strains from unknown sources and representing all existing 
varieties of the species, were examined. Sequence diversity was based on the 
internal transcribed spacer (ITS), and on a part of the actin (ACT) and translation 
elongation factor 1-α (TEF) genes. Differences in physiological properties were 
assessed including temperature relationships. Spore morphology was studied, 
mating type tests were performed, and MALDI-TOF MS profiles were generated. 
Clinical and food-associated strains as well as members of different varieties mated 
successfully and consequently they belong to a single biological species. Molecular 
differences did not match with any other parameter investigated. Based on these 
results the varieties of Rhizopus microsporus are reduced to synonyms.  
 
 
Keywords 
Rhizopus microsporus, phylogeny, taxonomy, physiology, MALDI-TOF MS, 
mating type, foodborne fungi, medical mycology, sporulation. 
 
 
Introduction 
Species of the mucoralean genus Rhizopus are very relevant to society, in several 
respects. They are known as spoilage organisms, contaminating a variety of 
foodstuffs and agricultural products during storage and transport (Pitt et al. 1985). 
Because of off-odors, unwanted discolorations, taste defects and toxicity, and the 
rapid growth of the organisms, spoilage may be considerable. They are also known 
as agents of human and animal diseases. Zygomycosis and mucormycosis are terms 
that have been used interchangeably in the medical literature to describe these 
frequently lethal infections (Ibrahim et al. 2012, Roilides et al. 2012, Kwon-Chung 
2012); mucormycosis will be applied in the present paper. Mucormycosis is a 
fungal emergency that nearly always occurs in patients with severe defects in host 
defense and/or with systemic debilitation due to increased serum iron, diabetic 
ketoacidosis, stem cell transplant, neutropenia, organ transplant, hematologic 
malignancies, or birth prematurity. The infection presents clinically as 
rhinocerebral, pulmonary, gastrointestinal or disseminated disease. Although 
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mucormycosis is much less common than other opportunistic fungal infections by 
e.g. Candida or Aspergillus, mortality of mucormycosis is much higher (Quan et al. 
2010), which makes mucormycosis one of the most important clinical entities in 
mycology. In recent studies on the etiological agents of mucormycosis (Skiada et 
al. 2011, Laternier et al. 2012) R. microsporus is the third most common species 
after Rhizopus arrhizus and Lichtheimia corymbifera. 

On the positive side, Rhizopus species play an important role in the 
preparation of food, and are involved in the production of industrially significant 
compounds. The species are indispensable in the fermentation of a large diversity 
of foodstuffs, particularly those being based on soybeans. One of these is tempe, a 
traditional Indonesian fermented food in which fungi, particularly Rhizopus 
species, are essential. Yellow-seeded soybeans are the most commonly used raw 
material, and the resulting ‘tempe kedele’ is usually referred to as ‘tempe’. Fresh 
tempe is a compact and sliceable mass of cooked soybean material, covered, 
penetrated and held together by dense, non-sporulating mycelium of Rhizopus 
species (Nout & Rombouts 1990). Products like tempe are inoculated with fungal 
spores deliberately, for which ‘R. oligosporus’ NRRL 2710 (= CBS 338.62) is 
most frequently used. The tempe is heated first to develop meat-like flavors, and 
then inoculated with thermotolerant Rhizopus spores at a density of approximately 
104 CFU/g (Nout & Rombouts 1990). Alternatively in some other fermented 
products like meju, the preparation takes place in open atmosphere, so 
environmental strains transferred by air can be involved in the processing steps. 
Therefore many strains of Mucorales are present in the microflora and there is no 
defined inoculum size (Hong et al. 2012).  

The genus Rhizopus currently comprises ten species, some of which are 
morphologically heterogeneous. For the two prevalent species, R. arrhizus (= R. 
oryzae) and R. microsporus, several varieties are currently accepted. The six 
varieties of R. microsporus (vars microsporus, azygosporus, chinensis, 
oligosporus, rhizopodiformis, and tuberosus; Liu et al. 2007) are based on 
morphological features such as spore size, shape and ornamentation, and were 
originally treated as separate species. To accommodate the morphological diversity 
of the microsporus-group, Scholer and co-workers (Scholer 1970, Scholer & 
Müller 1971) erected a section "micro-Rhizopus" characterized by sporangiophores 
up to 1(‒2) mm in length and 9‒14(‒20) µm in width, with sporangia up to 
100(‒140) µm in diam. The section contained R. microsporus, R. rhizopodiformis, 
and R. oligosporus, which all had a maximum temperature of growth of 45 °C or 
above. With the aid of mating tests, Schipper & Stalpers (1984) showed that there 
are no sexual barriers among the heterothallic species of the microsporus group and 
as a consequence they treated them as varieties of R. microsporus. This was 
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confirmed by molecular phylogenetic studies, which could not detect genetic 
differences between the varieties (Nagao et al. 2005, Schwarz et al. 2006, Liu et al. 
2007, 2008, Abe et al. 2006, 2010, Walther et al. 2013). In contrast, Liu et al. 
(2008) distinguished three molecular varieties within R. arrhizus using IGS rDNA 
sequences and short tandem repeat (STR) motifs. The varieties of R. microsporus 
neither corresponded with any STR motif, nor formed monophyletic groups with 
sequence data (Liu et al. 2008). Also Abe et al. (2010), using partial translation 
elongation factor 1-α (TEF), actin (ACT) and rDNA Internal Transcribed Spacer 
(ITS) data, showed that the R. microsporus complex consisted of a single species. 
This is in conflict with the frequent claim that R. oligosporus (= R. microsporus 
var. oligosporus) would be the main species on Asian fermented products and is 
not found in nature, while R. microsporus (resp. var. microsporus) would also be 
found in tropical soil, in addition to food stuffs (Jennessen et al. 2005). In order to 
solve this conflict, species diversity of the R. microsporus complex remains to be 
studied. 

The aim of the present paper is to establish the specific borderlines of R. 
microsporus and to verify the validity of intraspecific entities, described previously 
on the basis of morphology. We therefore combine Genealogical Concordance 
Phylogenetic Species Recognition (GCPSR) based on the analysis of three 
molecular markers with mating test results to detect possible mating barriers. 
Additional characters such as optimum and maximum growth temperatures, 
enzyme spectra, and protein profiles obtained by MALDI-TOF MS were studied in 
order to detect differences among the varieties. The question whether or not these 
morphological varieties belong to a single taxonomic and evolutionary entity is of 
significance to food industry, biotechnology and clinical mycology.  
 
 
Materials and methods 
 
Strains and culture conditions 
A total of 48 isolates of Rhizopus microsporus, comprising 9 environmental strains, 
10 clinical strains, 23 isolates from food, and 6 strains from unknown sources 
available in the reference collection of the Centraalbureau voor Schimmelcultures 
(CBS-KNAW Fungal Biodiversity Centre) were studied (Table 1). The lyophilized 
strains were transferred to 5 % Malt Extract Agar (MEA; Oxoid, Basingstoke, 
U.K.) in 8 cm culture plates incubated at 30 °C for 2 days. For further studies the 
same medium was used.  
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Morphology 
Subcultures from lyophilized strains were cultured on 5 % MEA (Oxoid) at 30 °C 
for 2 days. The abundantly sporulating strain CBS 700.68 was selected for 
descriptions and illustrations. Spore ornamentation types were taken from data 
published by Schipper & Stalpers (1984) who demonstrated the existence of 
surface structures (with ridges, with spines, or irregular warts) using scanning 
electron microscopy (SEM). For isolates not included in this study, basic spore 
types were scored by light microscopy using a Nikon Eclipse 80i equipped with 
differential interference contrast (DIC). Branching patterns were observed with a 
Nikon SMZ1500 stereomicroscope. Microscopic slide preparation was done using 
water as mounting fluid. Photos were made using a Nikon digital DS-5M114780 
camera.  

Sporulation was determined in cultures on 5 % MEA (Oxoid) derived from 
inocula as mycelial parts of growing colonies, as well as from fresh spores from 3-
day-old cultures, incubated at 30 °C for 4 days. The level of sporulation was 
monitored at days 2, 3, and 4. Five different levels of sporulation (A‒E) were 
defined macroscopically according to the color on the plate. Colonies were 
photographed at days 2, 3, and 4 with a Canon EOS 600D camera. Levels of 
sporulation were graded in five degrees (A), (B), (C), (D) and (E) depicted in 
Figure 4 and summarized in Table 3. 
 
Physiology 
For all strains listed in Table 1, tests for enzyme activities, including gelatin 
liquefaction, presence of urease, siderophores, lipase, amylase, cellulase, laccase, 
and tyrosinase, were performed (Table 3). All samples were incubated at 30 °C, 
with incubation times varying with the test. One liter of basal medium for lipase, 
amylase, and cellulose contained (NH4)2SO4 1.25 g, KH2PO4 0.6 g, MgSO4·7 H2O 
0.25 g, Na2HPO4·2H2O 5.37 g, NaH2PO4·H2O 9.64 g, ZnSO4·7H2O 0.04 g, agar 15 
g (Maas et al. 2008). This medium was also used as negative control for these tests. 
Strain Aspergillus niger, N402 was used as positive control for lipase, cellulase and 
amylase tests. 
 For lipase, 0.1 g CaCl2 and 1 % olive oil were added to the basal medium 
(Maas et al. 2008). Colony diameters were measured after 2, 3, and 4 days. For the 
amylase test, the basal medium was amended with starch (1 %) as the sole carbon 
source (Caldwell et al. 2000). Iodine (10 %) was used to view the zone of 
hydrolysis, and the strength of activity was classified based on the diameter of the 
hydrolytic zone. Halos less than 5 mm in width were considered as negative, while 
higher than this cut-off was listed as positive result. For testing the presence of 
cellulase (endoglucanase or CMCase) the basal medium above was amended with 
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carboxy-methylcellulose (1 % CMC, Sigma, Zwijdrecht, The Netherlands) 
(Caldwell et al. 2000). Plates were incubated for 10 days (Mandyam et al. 2010). 
The zone of hydrolysis was viewed by covering the plate with an aqueous solution 
of Congo red (1 mg/ml) for 15 min. Subsequently the plate was flooded with 1 M 
NaCl 15 min after draining the dye, followed by stabilization with 1 M HCl 
(Teather & Wood 1982). Activities were classified according to the diameter of the 
hydrolytic zone. 
 For tyrosinase (cresolase) spot tests, fungal isolates were grown on 2.5 % 
MEA for 2 days. One drop of 0.1 M p-cresol dissolved in ethanol was added at the 
colony margin (Gramss et al. 1998). The indicator p-cresol stains red in the 
presence of tyrosinase (Mandyam et al. 2010). Agaricus bisporus CBS 505.73 was 
used as positive control and Cryptococcus neoformans CBS 7926 was used as 
negative control. The laccase test was performed according to Nawange et al. 
(2012), using 0.3 % 2-2’-azino-di-3-ethylbenzthiazolinsulfonate (ABTS). The 
result was reported by presence or absence of a green halo around the colony. 
Cryptococcus neoformans, CBS 7926 was used as positive control and Candida 
albicans CBS 8758 as negative control. Gelatin liquefaction was tested using an 
indicator solution containing 60 ml 38 % HCl and 45 g HgCl2 in 300 ml distilled 
water, after 3 days incubation. Positive result was reported by presence of a halo 
after 10 minutes. Positive control was Geotrichum candidum CBS 144.88. 

For siderophores, a red color change of the colony after 2 days was 
measured. Test results were evaluated as negative when a blue color was produced, 
which was due to alkaline compounds released into the medium. Aspergillus niger 
N402 was used as positive control, and uncultured medium as a negative control. 
Presence of urease was performed on Christensen´s agar (1 g peptone, 1 g glucose, 
5 g NaCl, 2 g KH2PO4, 0.012 g phenol red as indicator in 1 L distilled water, pH = 
6.8, 20 % urea; filter-sterilized) and judged with a pink to red color change after 3 
days incubation in case of positive reaction. With incubation longer than 3 days, 
color changes were due to oxidation and were discarded as false results. 
Cryptococcus neoformans CBS 7926 was used as positive control and the medium 
itself as negative control. 
 For measuring thermotolerance, MEA plates were inoculated with small 
blocks taken from the edge of 3-day-old colonies. Plates were incubated at the 
following temperatures: 30 °C, 37 °C, 40 °C, 45 °C, 50 °C, 52 °C, and 55 °C. 
Diameters were measured twice a day for 3 days. The growth rate, measured in 
millimeters per hour, was calculated for each strain and each temperature 
(Alastruey-Izquierdo et al. 2010). 
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Mating  
Strains CBS 699.68(+) and CBS 700.68(‒) of Rhizopus microsporus were used as 
tester strains (Schipper & Stalpers 1984). Strains were inoculated in MEA culture 
plates at 5 mm distance from each other and plates were incubated at 30 °C for 3 
days. Zygospores were evaluated microscopically under a light microscope (Nikon 
Eclipse 80i). The test was repeated for strains that did not produce any zygospores 
in the first trial. Similar but smaller cells with a single suspensor were evaluated as 
azygospores and mating was then judged to be negative (Schipper et al. 1985). To 
evaluate the results statistically, Chi-square test with one degree freedom (df = 1) 
was used. Alpha level of significance was considered as 0.05 from 2 × 2 
contingency table. Values higher than p < 0.05 were considered statistically 
significant and the null hypothesis was rejected. 
 
MALDI-TOF MS 
For Matrix Assisted Laser Desorption Ionization (MALDI) Time of Flight (TOF) 
Mass Spectrometry (MS), fungal material was taken using a sterile swap and 
transferred to a 2 ml eppendorf tube containing 300 µl API medium suspension 
(demineralized water, provided by bioMerieux, Craponne, France). Subsequently 
0.9 ml 100 % ethanol was added and vortexed. After 2 min centrifugation at 10,621 
g the supernatant was discarded and 40 µl formic acid 70 % were added. Adding 
40 µl acetonitrile, samples were vortexed for 2 min and centrifuged for 2 min at 
10,621 g. One µl supernatant was deposited on the slide. After drying 1 µl Vitek 
MS-CHCA matrix (α-cyano-hydroxy-cinnamic acid) was added as a saturated 
solution. Analysis was with Vitek MS mass spectrometer (Shimadzu, Kyoto, 
Japan). 
 
DNA extraction 
Cultures were grown for 2 days on 5 % MEA (Oxoid) at 30 °C. Fungal material 
(1‒10 mm3) was included in 400 µl 2× CTAB-buffer (cetyl-trimethyl ammonium 
bromide) containing 6‒10 acid-washed glass beads (1.5‒2 mm); 100 μl 
polyvinylpyrrolidone 10 % were added and mixed thoroughly on a MoBio vortex 
for 10 min. After 60 min incubation at 60 °C, 500 μl chloroform: isoamylalcohol 
(24:1) were added, shaken for 2 min and centrifuged at 20,817 g for 10 min. The 
aqueous layer was collected, and 50 μl RNAse solution were added, incubated for 
30 min at 37 °C. Two-third vol of ice-cold iso‐propanol were added, mixed and 
centrifuged at 20,817 g for 10 min. The supernatant was removed, and 1 ml 
ice‐cold 70 % ethanol were added, mixed gently, and centrifuged again at 20,817 g 
for 2 min. Samples were air-dried or by using a Speed Vac. Pellets were 
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resuspended in 50 μl TE‐buffer, stored at 20 °C. DNA quality was verified by 
electrophoresis on 0.8 % agarose. 
Amplification and sequencing 
Three gene regions were chosen for multilocus sequence analysis, viz. the rDNA 
Internal Transcribed Spacer (ITS) region, and partial genes and introns of Actin 
(ACT) and Translation Elongation Factor 1-α (TEF). Primers are listed in Table 2. 
PCR amplification was performed in 12.5 µl reaction mixture containing 7 µl 
ddH2O, 0.5 µl BSA, 0.5 µl of 10 pmol of each primer, 1.25 µl PCR buffer, 1.25 µl 
deoxynucleotide triphosphate, 0.5 µl MgCl2 solution (25 mM), 0.5 µl of 5 U 
bioTaq polymerase (GC Biotech, Leiden) and 1 µl template DNA. For TEF the 
reaction conditions were according to Abe et al. (2007). For ACT and ITS, PCR 
parameters and conditions were according to Alastruey-Izquierdo et al. (2010). 
Amplification was performed in a 9700 Thermal Cycler (Applied Biosystems, 
Foster City, U.S.A.). Concentrations of amplicons were estimated on 1.2 % agarose 
gels, photographed and analyzed by the Gel Doc XR system (BioRad, Veenendaal, 
The Netherlands), with Smart Ladder (Eurogentec, Seraing, Belgium) as size and 
concentration marker. Sequencing reactions were performed with a BigDyeTM 

Terminator Cycle Sequence Ready Reaction Kit (Applied Biosystems) and 
analyzed on an ABI Prism 3730XL Sequencer. Newly obtained sequences have 
been deposited in Genbank (Table 1). 
 
Alignment and phylogenetic reconstruction 
The lengths of genes analyzed for ITS, TEF, and ACT were 626, 1011, and 657 bp, 
respectively. Sequences for ITS, partial Actin (ACT) and Translation Elongation 
Factor 1-α (TEF) were aligned in MEGA5 in the Laser gene software (DNASTAR, 
Wisconsin, U.S.A.). Iterative alignment was performed automatically in 
BioNumerics (Applied Maths, Sint-Martens-Latem, Belgium) and adjusted by 
hand. A phylogenetic approach was used to investigate relationships among the 48 
strains of R. microsporus. For this approach, three genes ITS, TEF, and ACT were 
analyzed separately. No strain was chosen as outgroup for these trees because 
monophyly was shown several times for R. microsporus (Abe et al. 2006, 2010, 
Walther et al. 2013), and the inclusion of an outgroup resulted in very short branch 
lengths within the group. Different methods for making phylogenetic trees were 
applied. NJ, UPGMA, Ward’s averaging, ML and Baysian tree were tried for ITS 
sequences. Neighbor joining (NJ), unweighted pair group method with arithmetic 
mean (UPGMA), Ward’s averaging analyses were perfomed using the 
BioNumerics (v. 0.4.61) software (Applied Maths, Sint-Martens-Latem, Belgium). 
A Baysian analysis was performed for the ITS region with Mr. Bayes version 3.1.2. 
Two parallel Markov chains Monte Carlo (MCMC) were run, each with 3 million 
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generations of trees. Every 300th tree was sampled. Maximum likelihood (ML) 
analysis was conducted in MEGA5. For ITS and ACT the T92 (Tamura 3) 
substitution model was selected and the Jukes-Cantor model (JC) for TEF. The 
robustness of the phylogenetic trees calculated by the NJ, and the ML approach 
was estimated by bootstrap analyses with 1,000 replications. The trees were drawn 
in Adobe Illustrator Artwork 15.1. 
 
 
Region PCR amplification Sequencing References 

ACT Act-1, 
TGGGACGATATGGAIAAIATCT
GGCA 
Act-4ra, 
TCITCGTATTCTTGCTTIGAIATC
CACAT 

Act-1,  
TGGGACGATATGGAIAAIATCTGG
CA 
Act-4ra, 
TCITCGTATTCTTGCTTIGAIATCCA
CAT 

Voigt et al. 
2000 

ITS V9G,  
TTACGTCCCTGCCCTTTGTA  
LS266, 
GCATTCCCAAACAACTCGACT
C 

ITS1,  
TCCGTAGGTGAACCTGCGG 
ITS4,  
TCCTCCGCTTATTGATATGC  

de hoog et al. 
1998 
Vilgalys et al. 
1990 

TEF MEF-4, 
ATGACACCRACAGCGACGGTT
TG 
MEF-10, 
GTTGTCATCGGTCACGTCGAT
TC 

MEF-10, 
GTTGTCATCGGTCACGTCGATTC 
MEF-20, 
GGATACCACCAAGTGGTCCG  
MEF-30, 
GTCGAAATGCACCACGAAAC  
MEF-50, 
GGGTTTCGTGGTGCATTTCG  
MEF-60, 
CGGACCACTTGGTGGTATCC  
MEF-4, 
ATGACACCRACAGCGACGGTTTG 

O’Donnell et al. 
2001 

 
Table 2: PCR primers for amplification and sequencing. 

 
 
Results 
 
Phylogeny 
The ITS trees calculated by applying different algorithms (ML, Bayesian analysis) 
varied only slightly and only the phylogenetic tree based on the maximum 
likelihood approach was figured. Bootstrap values were not high also in Baysian 
tree due to small sequence differences. 

In the TEF tree (Fig. 2) the R. microsporus strains constitute three clades 
(A‒C). In this tree, as well as in trees generated with ITS and ACT, the majority of 
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isolates were grouped in a single clade (clade A in TEF) at 100 % identity. In 
addition to the main clade (A) two further clades were recognizable in the TEF 
tree: clade B consisting of 4 strains (CBS 111563, CBS 112285, CBS 113206, and 
CBS 131499) and clade C (Fig. 2) containing two strains (CBS 699.68 and CBS 
700.68). Strains CBS 700.68 and CBS 699.68, both isolated from soil, invariably 
clustered together in all trees, taking a consistent, bootstrap-supported external 
position in all trees. In contrast, the strains of clade B were not united in a single 
clade in the ITS and ACT trees. For example, in the ITS tree strain CBS 113206 is 
positioned in the main clade among the strains of clade A of the TEF tree, in the 
ACT tree strain CBS 111563 is part of the main clade among the strains of clade A 
of the TEF tree. CBS 113206, CBS 111563, and CBS 112285 were isolated from 
food sources, while the remaining deviating strains (CBS 700.68, CBS 699.68, and 
CBS 131499) were isolated from soil.  

 
 

 
 
Figure 2: Maximum likelihood trees for ITS, ACT, TEF, made in MEGA5. Bootstrap values >80 are shown at 
branches in bold. Clinical, environmental and food samples are in red, blue and green colors, respectively. NK: 
Sources are not known. (+) mating type, (−) mating type and type strains are shown according to the original 
identification of varieties. Ex-type strains (T, NT) are mentioned in bold. Transparent boxes in light blue and pink 
color relevant to strains with variable positions. 
A. TEF, B. ACT, C. ITS. Statistics of the sources are depicted in the diagram.  
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The ex-type strains of varieties, the mating types and the sources of 
isolation are plotted on the trees of Fig. 2. The core of the tree (group A in TEF) 
consisted of 42 strains grouped together in trees of all three markers. This group 
contains (neo)type strains of 4 varieties, which thus do not differ at the molecular 
level. Physiological differences between strains were insignificant (Table 3) and if 
present did not coincide with any other marker. Group A contained clinical as well 
as environmental strains, and isolates that are involved in food fermentation (Fig. 
2, Table 1). The external cluster of CBS 699.68 and CBS 700.68 are tester strains 
for zygospore production (Schipper & Stalpers 1984), having mating types + and ‒, 
respectively. These strains produced zygospores with strains of the opposite mating 
type independent of their position in the trees, their morphological varieties or their 
source of isolation (Table 1, Fig. 2).  
 
Physiology 
Results of physiological tests are shown in Table 3. All strains analyzed were 
positive for lipase production. After 3 days incubation at 30 °C all strains covered 
the culture plate, except for CBS 112589 and CBS 262.28 that grew slower and 
reached 45 mm in diameter on day 3. Most strains were able to liquefy gelatin, 
with the exception of CBS 111563, CBS 112285, CBS 308.87, and CBS 131499. 
All strains were negative for laccase, tyrosinase and cellulase. There was some 
variability between strains for the presence of siderophores, urease and amylase, 
but these results did not correspond with other parameters. Only in the case of 
extracellular siderophore production there is a significant difference (chi-square = 
4.18, P< 0.05) between food and clinical samples. 
 
Temperature relations 
The results of 30 h incubation were considered for all temperatures tested. The 
optimum temperature for growth was between 36 °C and 40 °C. All strains also 
grew very well at 30 °C and at 45 °C, showing thermotolerance, but they 
responded differentially at 50 and 52 °C. In our results all strains previously 
identified (Schipper & Stalpers 1984) as R. rhizopodiformis indeed proved to be 
more thermotolerant than the remaining strains, which mostly had a maximum 
around 52 °C. Strains morphologically identified as Rhizopus oligosporus and R. 
microsporus showed less thermotolerance. In general all strains prove to be 
thermotolerant, growing at 52 °C or above. Differences in temperature response did 
not correspond with the clades in any of the phylogenetic trees. At 55 °C almost no 
growth was observed in any of the strains. A growth curve including standard 
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deviation for all strains identified as the classical varieties is depicted in Fig. 3, 
demonstrating the degrees of variation between groups at 50‒52 °C. Applying chi-
square, no significant difference was found in temperature relationships between 
clinical and foodborne strains at higher temperature ranges. (chi-square = 2.953, P 
< 0.05), but when foodborne and environmental sources were taken together and 
were compared to clinical isolates there was a significant difference (chi-square = 
4.725, P< 0.05). 
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CBS 102277 + - + + + + - -    E 

CBS 111563 - - + - + + - - A 

CBS 112285 - - + + - + - - B 

CBS 112586 + - - + - + - - D 

CBS 112587 + - - + - + - - D 

CBS 112588 + - - + + + - - E 

CBS 112589 + - - + - w - - D 

CBS 113206 + - - + - + - - D 

CBS 118987 + - + + - + - - C 

CBS 120955 + - + - + + - - B 

CBS 124669 + - + + - + - - E 

CBS 130966 + - + - - + - - E 

CBS 130967 + - - + + + - - D 

CBS 130968 + ‒ ‒ + + + ‒ ‒ C 

CBS 130969 + ‒ + + ‒ + ‒ ‒ E 

CBS 130970 + ‒ + + ‒ + ‒ ‒ E 

CBS 130971 + ‒ w + ‒ + ‒ ‒ E 

CBS 131499 ‒ ‒ ‒ ‒ + + ‒ ‒ A 

CBS 196.77 + ‒ ‒ + ‒ + ‒ ‒ C 

CBS 220.92 + ‒ + + ‒ + ‒ ‒ A 

CBS 228.95 + ‒ ‒ + + + ‒ ‒ E 

CBS 258.79 + ‒ + + + + ‒ ‒ D 
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CBS 261.28 + ‒ ‒ + ‒ + ‒ ‒ A 

CBS 262.28 + ‒ ‒ ‒ ‒ w ‒ ‒ A 

CBS 289.71 + ‒ ‒ + ‒ + ‒ ‒ E 

CBS 294.31 + ‒ ‒ + + + ‒ ‒ C 

CBS 308.87 ‒ ‒ + ‒ + + ‒ ‒ A 

CBS 337.62 + ‒ ‒ + ‒ + ‒ ‒ E 

CBS 338.62 + ‒ w + ‒ + ‒ ‒ C 

CBS 339.62 + ‒ ‒ + ‒ + ‒ ‒ D 

CBS 343.29 + ‒ ‒ + + + ‒ ‒ D 

CBS 344.29 + ‒ ‒ + + + ‒ ‒ C 

CBS 346.49 + ‒ + + + + ‒ ‒ E 

CBS 357.92 + ‒ + + + + ‒ ‒ E 

CBS 357.93 + ‒ + + ‒ + ‒ ‒ E 

CBS 388.34 + ‒ + + + + ‒ ‒ D 

CBS 394.34 + ‒ ‒ + + + ‒ ‒ B 

CBS 536.80 + ‒ + ‒ ‒ + ‒ ‒ B 

CBS 537.80 + ‒ ‒ + + + ‒ ‒ E 

CBS 607.73 + ‒ w + + + ‒ ‒ B 

CBS 608.81 + ‒ + + + + ‒ ‒ C 

CBS 609.81 + ‒ + + ‒ + ‒ ‒ C 

CBS 610.81 + ‒ + + + + ‒ ‒ E 

CBS 631.82 + ‒ ‒ + ‒ + ‒ ‒ D 

CBS 699.68 w ‒ + ‒ + + ‒ ‒ E 

CBS 700.68 + ‒ + + + + ‒ ‒ E 

CBS 712.73 + ‒ ‒ + + + ‒ ‒ B 

 
Table 3: Physiological tests and different ranges of sporulation. w stands for weak. Sporulation after 3 d 
categorized in five levels; see text. 
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Figure 3: Colony diameters (mm) after 30h measured at various temperatures ranging from 30°C to 55°C, on 5%. 
MEA media for different varieties. 
 
 
MALDI-TOF MS 
All strains were analyzed by MALDI-TOF MS. Strains were tested in duplicate. 
Profiles with more than 80 peaks were considered as reliable results and were 
considered for further analysis. A maximum of 150 mass peaks were detected in 
the set of spectra under study. The mass detection range was between 2000 and 
20,000 Da with an error below 0.08 %. An UPGMA dendrogram was made on the 
basis of protein spectra (data not shown). The maximum deviation between 
averaged spectra between strains was 80 %. The averaged profiles per strain were 
relatively similar (data not shown). The range of variability between duplicates of 
the same strain was often larger than between strains. Small deviations between 
groups of isolates did not correspond with any other parameter investigated. The 
data were compared with other results from phenotypic and molecular tests. When 
these parameters, sources of isolation or geography were plotted on the 
dendrogram, no consistent pattern became apparent. There was no separation 
according to different ecological categories. 
 
Mating experiments 
Mating results are summarized in Table 1. The mating tester strains chosen were 
CBS 699.68(+) and CBS 700.68(‒), which were located in an external position in 
MLST. Most of the strains were found to produce zygospores (83.33 %) with either 
one of the tester strains. Positive mating results could be observed under the light 
microscope by an abundance of reddish brown, stellate zygospores produced after 
3 days at 30 °C on MEA plates. Zygospores were held between two unequal 
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suspensors (Fig. 1), as verified in crossing of the tester strains. Even vigorous 
mating invariably led to fusion and production of two more or less equal 
suspensors with one of these shriveling after formation of the zygospore (Fig. 1); 
permanently equal suspensors were never seen. A straight line of zygospores at the 
interface between the two compatible strains was formed in most cases. Strains 
CBS 113206, CBS 228.95, CBS 112589, CBS 112587, and CBS 308.87 did not 
produce zygospores with any of the testers. In agreement with results of Schipper 
& Stalpers (1984) no positive mating was observed in CBS 346.49 and CBS 
337.62. In contrast, in strains CBS 338.62 and CBS 339.62, which Schipper & 
Stalpers (1984) were found not able to mate; we observed very poor, small-sized 
zygospores in crossings with CBS 700.68(‒). A similar result was achieved with 
CBS 130970 when crossed with CBS 700.68(‒). CBS 344.29 produced 
azygospores when it was cultured next to CBS 700.68(‒). Azygospores, the 
zygospore-like spores produced by a single hypha, are much smaller, light orange, 
and slower in development. Azygospores from CBS 344.29 after 10 days 
incubation at 30 °C are shown in Fig. 1 (B1_B3). 

The geographic distribution of (+/‒) mating types over different continents 
was unequal. Of the total of 40 strains where the mating types could be established, 
all 17 European strains were (+) mating type, whereas the 15 Asian strains were 
attributed both (+) and (−) mating type (ratio 2:1). The latter condition was similar 
to that in strains from the U.S.A, Australia and Africa, where only a small number 
of isolates was available. The difference between Europe and remaining continents 
was significant (P = 0.05). In contrast, there was no significant difference between 
strains from food sources versus clinical sources, food versus environmental or 
non-clinical versus clinical sources.  
 
Morphology  
Sporangiospore ornamentations of strains analyzed were listed in three categories: 
with ridges, with spines, or with irregular warts. Categories were plotted on TEF 
and ITS trees obtained by different methods of tree making (data not shown). No 
correlation of molecular and morphological data was found.  

Five distinguishable levels of sporulation (arbitrary categories A−E; Fig. 4) 
were visible between strains. On average, plates that were cultured with 3-day-old 
spore suspensions were stronger in sporulation than when mycelial inocula were 
used, but after a week no differences in sporulation could be observed, and the 
same ranges of variability were visible in both set of cultures. The results of day 3 
are listed in Table 3 in the last column. These levels were constant even after 
prolonged incubation times. There was no significant difference in sporulation 
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between food and clinical strains, neither in clinical versus non clinical strains (Chi 
square= 0.006, 0.31 respectively). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Macroscopic and microscopic morphology of Rhizopus microsporus CBS 700.68. A. Colony on MEA 
after 2 days incubation at 30 °C; B. Zygospores with unequal suspensors; B1-B3. Azygospore from CBS 344.29. C. 
Columella; D. Sporangia; E. Rhizoids; F. Columella with collar. Scale bar = 10 µm. 
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Taxonomy 
 
Rhizopus microsporus Tiegh., Annls Sci. Nat., Bot., Sér. 6, 1: 
83. 1875. Ex-neotype strain: CBS 699.68, indicated by Zheng 
et al. (2007). Fig. 1: CBS 700.68. MB 177331. 
 

= Mucor rhizopodiformis Cohn, in Schröter, Z. Klin. Med. 7: 
140. 1884 ≡ Rhizopus cohnii Berlese & De Toni, in Berlese, De Toni 
& Fischer, Syll. Fung.7: 213. 1888 (name change) ≡ Rhizopus 
rhizopodiformis (Cohn) Zopf, in Schenk, Handb. Bot. 4: 587. 1890 ≡ 
Rhizopus microsporus Tiegh. var. rhizopodiformis (Cohn) Schipper 
& Stalpers, Stud. Mycol. 25: 30. 1984. Ex-neotype strain: CBS 
536.80, indicated by Zheng et al. (2007). 

= Rhizopus chinensis Saito, Zentbl. Bakt. ParasitKde, Abt. 2, 13: 
156. 1904 ≡ Rhizopus microsporus Tiegh. var. chinensis (Saito) 
Schipper & Stalpers, Stud. Mycol. 25: 31. 1984. Ex-type strain: CBS 
631.82. 

= Rhizopus oligosporus Saito, Zentbl. Bakt. ParasitKde, Abt. 2, 
14: 626. 1905; emend. Hesseltine, Mycologia 57: 157. 1965 ≡ 
Rhizopus microsporus Tiegh. var. oligosporus (Saito) Schipper & 
Stalpers, Stud. Mycol. 25: 31. 1984. Ex-neotype strain: CBS 337.62, 
indicated by Zheng et al. (2007). 

= Rhizopus bovinus van Beyma, Verh. K. Ned. Akad. Wet., Ser. C, 29: 38. 1931. Ex-
type strain: CBS 294.31. 

= Rhizopus pusillus Naumov, Opred. Mucor. 2: 74, 1935 (nom. inval., ICBN Art. 36). 
Ex-type strain: CBS 343.29. 

= Rhizopus chinensis Saito var. liquefaciens Takeda, J. Agric. Chem. Soc. Japan. 11: 
845. 1935 (nom. inval., ICBN Art. 36). Ex-type strain: CBS 388.34. 

= Rhizopus pseudochinensis Yamazaki var. thermosus Takeda, J. Agric. Chem. Soc. 
Japan 11: 845. 1935 (nom. inval., ICBN Art. 36). Ex-type strain: CBS 394.34. 

Figure 4: Strains graded according to different levels (A−E) of 
sporulation. 

http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=177331
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= Rhizopus pygmaeus Naumov, Opred. Mucor. p. 74, 1935 (nom. inval., ICBN Art. 36). 
Ex-type strain: CBS 344.29. 

= Rhizopus microsporus Tiegh. var. azygosporus Schwertz, Villaume, Decaris, 
Percebois & Mejean, in Zheng, Chen, Huang & Liu, Can. J. Microbiol. 43: 972. 1997 (nom. 
inval., IC 

BN Art. 33.2) ≡ Rhizopus azygosporus G.F. Yuan & S.C. Jong, Mycotaxon 20: 398. 
1984. Ex-type strain: CBS 357.93. 

= Rhizopus microsporus Tiegh. var. tuberosus R.Y. Zheng & G.Q. Chen, Mycotaxon 
69: 183. 1998. Type HMAS 73698 and HMAS 73699 (dried culture isotypes of AS 3.1145 
= CBS 113206, ex-type culture). 
Description of the species based on CBS 699.68: Colonies woolly and initially 
white on MEA at 30 °C, quickly becoming pale (brownish) grey and then 
developing small grey patches in the mycelium of mature sporangia. Colony very 
high, fibrous, rapidly filling the petri dish. Hyphae hyaline, broad (5–15 µm), 
ribbon-like, irregularly branched and aseptate to sparsely septate. Rhizoids simple, 
hyaline to pale brown, occurring at the junctions of the stolons and 
sporangiophores (nodal). Sporangiophores borne on stolons opposite rhizoids. 
Sporangiophores up to 400 µm in length, 10 µm wide, mostly unbranched, brown 
to dark brown, often in pairs, bearing small, greyish-black sporangia up to 80 µm 
in diameter with subglobose to conical columellae with or without a collar. 
Sporangiospores angular to broadly ellipsoidal, up to 6.5–7.5 µm and distinctly 
striate. The species is heterothallic, requiring compatible mating strains for the 
production of zygospores. Zygospores reddish brown, held between unequal 
suspensors. Optimum temperature for growth 36‒40 °C, maximum growth 
temperature 52 °C. 

Several varieties and records have been mentioned in previous studies as 
being identical to R. microsporus, but in absence of type material they are here 
considered as of doubtful identity: 

= ?Rhizopus oligosporus Saito var. glaber Nakazawa, Ber. Versuchsstat. Naturwissensch. 
Formosa 2: 46. 1913. 

= ?Rhizopus alpines Peyronel, I Germi Astmosferici dei Fungi con Micelio, Diss. (Padova): 
17. 1913. 

= ?Rhizopus chinensis Saito var. rugulosus Hanzawa, Rep. Govt. Res. Inst. Dep. Agric., 
Formosa 6: 37. 1913.  

http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=506189
http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=107231
http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=107231
http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=447066
http://www.indexfungorum.org/names/Names.asp?strGenus=Rhizopus
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= ?Rhizopus chinensis Saito var. rugosporus Nakazawa, Ber. Versuchsstat. Naturwissensch. 
Formosa 2: 46. 1913. 

= ?Rhizopus oligosporus Saito var. glaber Yamazaki, J. Agric. Soc. Japan 193: 1014. 1918.  
 
 
Discussion 
Numerous attempts have been made in the literature to acknowledge observed 
variability of Rhizopus microsporus with the introduction of taxonomic entities at 
various levels. Scholer and co-workers (Scholer 1970, Scholer & Müller 1971) 
introduced a section ‘micro-Rhizopus’ containing R. microsporus, R. 
rhizopodiformis and R. oligosporus, which all had relatively small sporangiospores 
and a maximum temperature of growth of 45 °C or above. According to Schipper 
et al. (1985) R. microsporus var. microsporus was unable to grow at 50 °C, 
whereas R. microsporus var. rhizopodiformis had a growth maximum of 55 °C. In 
our results all strains previously identified as R. microsporus var. rhizopodiformis 
indeed proved to be more thermotolerant than the remaining strains, which mostly 
had a maximum around 52 °C (Fig. 3). Other criteria for distinction of taxa were 
morphological. Schipper & Stalpers (1984), for example, used size, shape and 
surface structure of the sporangiospores, established by SEM, for the recognition of 
varieties. Our isolates were scrutinized for this criterion. Neither with Schipper & 
Stalpers (1984), nor with the combined data, correlation with any of the remaining 
parameters investigated could be found, and strains were randomly distributed over 
the phylogenetic trees.  

Recent molecular investigations of the genus Rhizopus (Liu et al. 2007, 
2008; Abe et al. 2006, 2010, Walther et al. 2013) failed to find differences between 
varieties of R. microsporus. In the present study, the taxonomic status of these six 
varieties, all represented by ex-(neo)type strains, was investigated using ITS, ACT, 
and TEF markers in combination with mating tests, morphology, physiology, 
ecology, geography, and MALDI-TOF MS data in order to recognize phylogenetic 
and biological species boundaries. In total 48 strains from different continents and 
sources including clinical samples and food stuffs were studied.  

In the single-locus trees based on ITS, ACT and TEF only a limited number 
of branches was sufficiently supported (>80 % bootstrap support for ML or a 
posteriori probabilities for the Bayesian analysis). In order to increase the 
robustness of trees, concatenated sequences of all three loci were analysed with 
different algorithms, including UPGMA, Ward’s averaging, NJ, ML and Bayesian. 
Clade B was differentially positioned in Maximum Likelihood and Bayesian 
compared to remaining trees. Clade C was found to be robust in all trees. Whether 

http://www.indexfungorum.org/names/Names.asp?strGenus=Rhizopus
http://www.indexfungorum.org/names/Names.asp?strGenus=Rhizopus
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or not different forms of sporangiosphores corresponded with molecular data was 
therefore a question. Main types of spore ornamentations (ridges, spines or 
irregular warts) were defined on the basis of light microscopy by Ellis (1981) and 
confirmed by Schipper & Stalpers (1984) using SEM. When plotted on any of the 
trees generated by ITS and TEF data no correlation could be found. This suggests 
that differences in spore ornamentation are at least partly due to differences in 
maturation. Sporangiospores are mitotic, and hence a wide range of variation can 
be expected. Young spores are smooth and nearly globose, while ridges are found 
on mature spores (Schipper & Stalpers 1984). We conclude that spore 
ornamentation cannot be used as a taxonomic parameter, but rather is linked to 
differences between individual strains. 

Applying the criteria of genealogical concordance phylogenetic species 
recognition (GCPSR) the strains of clades A and B clearly belong to a single 
phylogenetic species (Taylor et al. 2000, Dettmann et al. 2003). The strains of 
Clade C in TEF meet the criteria of a phylogenetic species because this clade is 
present in all three genealogies with a high support in two of them. However, for 
practical reasons Dettmann et al. (2003) extended the criteria: (1). the species 
boundaries have to be selected in a way that no strain is left out, and (2) only 
relatively distinct lineages should be accepted as phylogenetic species, because 
otherwise every tip clade would deserve a phylogenetic species status. Including 
these criteria in our decision on species boundaries we judge that clade C does not 
deserves the rank of phylogenetic species, because it is not sufficiently distinct (7 
informative mutations in ITS-2 between clade C and its nearest neighbor strain 
CBS 112285). The strains of clade B, dispersed in trees of other markers, possibly 
are recombinants, underlining the close affinity between groups. 

Foodborne strains have often been treated in a variety R. oligosporus (= R. 
microsporus var. oligosporus), supposed to contain domesticated strains of R. 
microsporus with reduced sporulation. Similarly, Amylomyces rouxii had been 
considered (Liou et al. 2007) as a domesticated form of Rhizopus arrhizus used for 
ragi production. Five different levels of sporulation between strains were observed 
in the analyzed strains (A−E; Fig. 4). Many of the R. microsporus strains isolated 
from human-made environments and during food fermentation processes were 
named R. oligosporus because of their origin, but in our study the source of 
isolation was not significantly associated with molecular differences or with 
reduced sporulation abilities (Table 3). The widely held suggestion that the strains 
with the morphology of R. oligosporus represent a separate species that can be 
found just in fermented food sources should thus be rejected. However, it is a fact 
that the strains that are used for a longer period as starter cultures of tempe 
generally exhibit an oligosporus morphology, i.e. having spores with ridges and 
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irregular warts, and strains with this morphology are rarely found in the 
environment.  

Positive mating results have been found between all clades (Fig. 2). Clade 
C contains the two tester strains leading to positive mating with the majority of 
strains of Clades A and B (Fig. 1, Table1). The maximum ITS distance between 
groups is 2.8 %, which is well below intraspecific variance observed in some other 
members of Mucorales (Lutzoni et al. 2004). On the basis of GCPSR and mating 
results we conclude that all strains should be considered to belong to a single 
species, Rhizopus microsporus. 

 
 

Underlying 
disease 

Clinical 
features 

Type of 
infection 

Age/ 
Gender 

Method  Geogra
phy 

References 

Type II diabetes 
mellitus 

Right facial 
necrosis 

Rhinocerebral  52 / male Microscopy Brazil Ribeiro et 
al. 2012 

Type II diabetes 
mellitus, renal 
transplant  

Prolonged 
azathioprine, 
corticosteroids 

Rhinocerebral  57 / 
female 

Microscopy Brazil Ribeiro et 
al. 2012 

Acute myeloid 
leukemia (allo-
HSCT) 

no systemic 
antifungal 
therapy 

Disseminated  46 / 
female 

Microscopy Switzer
land 

Lebeau et 
al. 2010 

Crohn’s disease  Necrosis, colon 
perforation  

Gastrointestin
al 

52 / 
female 

Microscopy
, ITS 

France Hyvernat et 
al. 2010 

Hemoglobin SC, 
asthma, acidosis, 
relative 
leucopenia 

β2-mimetics, 
inhaled 
corticosteroids 

Fatal 
pulmonary  

29 / 
female 

Microscopy France Enache-
Angoulvant 
et al. 2006 

Allogeneic stem 
cell transplant 
(MUD allo-
HCT) 

Refractory 
follicular 
lymphoma 

Fatal 
pulmonary 

63 / male Microscopy Greece Lekakis et 
al. 2009 

Allogeneic stem 
cell transplant 
(MUD allo-
HCT)  

Multiple post-
transplant 
infections 

Fatal 
pulmonary 

63 / male Microscopy Greece Lekakis et 
al. 2009 

Liver disease, 
multi-organ 
failure  

Pregnancy Rhinoorbital 20 / 
female 

Microscopy India Goel et al. 
2011 

Allogeneic blood 
stem cell 
transplant  

Graft versus 
host disease 

Rhinoorbital 42 / male Microscopy
, ITS  

Austral
ia 

Stark et al. 
2007 

None  Rhinoorbital 40 / 
female 

Microscopy
, ITS  

India  Nawange et 
al. 2012 

Type II diabetes 
mellitus, renal 
transplant 

Triple-drug 
immunosuppres
sion 

Pulmonary  47 / male Microscopy
, ITS  

India Chakrabarti 
et al. 2010 

Recurrent 
hemoptysis, 
glossitis, 

Respiratory 
problems 

Pulmonary  70 / male Microscopy
, ITS  

India Chakrabarti 
et al. 2010 
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stomatitis 

Mild steroid-
induced 
hyperglycaemia 

Oral 
corticosteroids  

Disseminated  71 / male Post-
mortem 
histology  

Netherl
ands 

de Mol & 
Meis 2009 

Allogeneic 
transplant 

 Gastrointestin
al  

54 / male Microscopy Portug
al 

Pinto-
Marques et 
al. 2003 

Acute 
promyelocytic 
leukemia 

Cytopenia, 
sepsis 

Liver 
infection 

14 mo / 
male 

Specific 
nested PCR 

Czech 
Republ
ic 

Sedlacek et 
al. 2008 

Kidney 
transplant 

Peritoneal 
dialysis 

Peritonitis 62 / 
female 

PCR, DNA 
microarray 
hybridizatio
n 

Germa
ny 

Monecke et 
al. 2005 

Acute myeloid 
leukemia (AML) 

Fournier’s 
gangrene 

Fatal 
cutaneous  

53 / male Microscopy
, ITS  

U.S.A  Durand et 
al. 2011 

Diabetic 
ketoacidosis, 
renal 
insufficiency 

Local injury, 
antimicrobial 
therapy  

Cellulitis 42 / male Microscopy U.S.A West et al. 
1995 

Idiopathic 
thrombopenic 
purpura 

Interstitial 
pneumonia 

Cutaneous  69 / male Microscopy  Japan Kobayashi 
et al. 2001 

 
Table 4: Overview of confirmed cases of mucormycosis by Rhizopus microsporus. 

 
 
The suspensors in R. microsporus are consistently unequal, also in the 

mating product between tester strains. Similar anisogamy is common in Mucorales 
(e.g. Schell et al. 2011). Ellis (1965) noted that Absidia species often develop more 
appendages on the suspensor of one of the mating types. In contrast, in most 
mucoralean species, for example Siepmannia pineti (Kwasna & Nirenberg 2008) or 
Mucor hiemalis (Schipper 1976) the suspensors remain more or less equal.  

Most of the strains of R. microsporus were able to produce zygospores (40 
out of 48 strains, 83.3 %), a rate much higher than in e.g. Mucor irregularis (Schell 
et al. 2011) or R. arrhizus (Gryganskyi et al. 2010). In R. arrhizus a +/− mating 
ratio of 1:1 was reported (Gryganskyi et al. 2010), while in R. microsporus this 
ratio is about 4:1 [32 (+)/8 (−)]. Seven strains did not respond with either mating 
type (Table 1). They were almost all isolated from food material and from Asian 
countries, except CBS 308.87 that was isolated from human. Two further strains 
(CBS 338.62, CBS 339.62) that were negative in Schipper’s (1984) mating study 
originated from Asian food. In Europe, where Mucorales are rarely used in food 
industry, just the (+) mating type was seen. Having small, airborne spores, the 
fungus would be expected to spread widely by air, but the significant 
preponderance of the (+) mating type in Europe suggests that air-dispersal is less 



Diversity and delimitation of Rhizopus microsporus 
 

 
46 

 

efficient than e.g. with the strongly hygrophobic conidia of Aspergillus fumigatus. 
Lu et al. (2013) observed similar geographic structuring in Mucor irregularis.  

Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass 
Spectrometry (MALDI-TOF MS) is a method to distinguish fungal species by their 
peptide fingerprint profiles, compounds being separated by weight (Marklein et al. 
2009). Once established for a particular group of organisms, the method mostly 
does not require confirmation by other methods (Benagli et al. 2011, Sauer et al. 
2008). Profiles of strains analyzed in the present study did not show any grouping. 
Differences between replicates of the same strain were small, but sometimes larger 
than differences between approximate clusters, and no support for any of the 
varieties described in the literature was obtained. 

In conclusion, despite the relative heterogeneity of the species in all 
parameters, no consistent taxonomic groups were distinguishable. The observed 
differences between entities are considered to be differences at the strain level 
rather than at the level of variety or species, whereby the local adaptation to a 
particular environment remains an option. Along with the recognition that strains 
involved in at first sight such different environments as food industry and in human 
infection may belong to a single species, understanding of their natural ecology 
may reveal common factors between these habitats. Mucoralean species have been 
categorized as ‘ruderal’ organisms or ‘microbial weeds’ (Frisvad et al. 2008), 
implying that they rapidly colonize and digest virgin substrates as pioneer 
organisms and complete their life cycle with abundant airborne sporulation before 
competing microbes arrive. In this sense human tissue lacking immunity, and 
foodstuffs have some similarities, and it explains that the infections are highly 
destructive in susceptible patients. Most of the samples in this study (48 %) are 
from food sources, followed by 21 % from clinical origins, 19 % environmental 
and 12 % from unknown sources. The category environmental (particularly soil) in 
most markers is somewhat distant to the remaining of the 69 % human-associated 
strains, suggesting that these strains are ancestral. The possibility remains that soil 
is an under-sampled habitat, and that soilborne strains tend to deviate from the 
human-associated strains. Based on the data presented in this paper we believe that 
selection of strains with particular properties is concerned, rather than a taxonomic 
difference. 

Rhizopus microsporus is an important etiologic agent of mucormycosis of 
severely debilitated human hosts. Two cases of rhinocerebral infection caused by 
R. microsporus were reported from patients with type II diabetes mellitus from 
Brazil (Ribeiro et al. 2012), and two cases of fatal pulmonary zygomycosis caused 
in immunocompromised patients from Greece (Lekakis et al. 2009). Another 
gastrointestinal report concerned a 52-year-old female with a 2-year history of 
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Crohn’s disease (Hyvernat et al. 2010) and 29-year-old female with fatal 
pulmonary infection from France with a history of hemoglobin SC disease, asthma, 
acidosis and a relative leucopenia treated with β2-mimetics and inhaled 
corticosteroids (Enache-Angoulvant et al. 2006). During a six month study, 12 
cases of gastrointestinal infection in China in patients of 6–73 years old with 
hematological malignancies were reported (Cheng et al. 2009). A case of sino-
orbital infection in a patient with graft versus host disease following allogeneic 
blood stem cell transplantation was reported by Stark et al. (2007). Commercially 
available pea straw compost used for gardening was suspected to be the source of 
the infection (Stark et al. 2007). The clinical cases by R. microsporus are 
summarized in Table 4. 

Mucormycosis generally is acute and highly devastating, but usually does 
not occur outside the context of severely compromised hosts. Only the rare species 
Mucor irregularis is exceptional in infecting patients with no known immune 
deficiency, causing chronic cutaneous disease (Lu et al. 2013). One case of rhino-
maxillary-orbital R. microsporus mucormycosis was reported in an apparently 
healthy individual from India (Nawange et al. 2012), and another one reported by 
Goel et al. (2011) from a 20-year-old non-diabetic female, but she was pregnant 
with liver disease and multi-organ failure (Table 4). 

Humanity has been surrounded with members of Mucorales including R. 
microsporus since millennia, but human infection by such organisms is extremely 
rare compared to the abundance of these species in our daily life. The recent 
increase in the frequency of human infections can directly be linked to the growing 
population of patients with severe (immune) disorders or uncontrolled metabolic 
diseases. With the exception of Mucor irregularis (Lu et al. 2013) the natural 
behavior of mucoralean fungi does not involve infection of otherwise healthy 
humans, and hence the chance of becoming infected is extremely low. We 
therefore are convinced that health risks with these fungi are low and despite 
airborne dispersal no laboratory containment is necessary. De Hoog et al. (2009) 
classified the species as Risk Group RG-1 and BioSafety Level BSL-1. 

Rhizopus microsporus strains exude a phytotoxin, rhizoxin, and the highly 
toxic cyclopeptides rhizonin A and B. None of these metabolites should be 
permitted to occur in foods, even at pico- or fentogram amounts, as they are toxic 
for human consumption (Rohm et al. 2010). The compounds are however not 
produced by the fungus itself, but by symbiotic bacteria (Burkholderia rhizoxinica) 
that reside within the fungal cytosol (Lackner et al. 2009). Burkholderia is a gram-
negative, rod-shaped endosymbiotic bacterium (Partida-Martinez et al. 2007). The 
bacterium was found in strain CBS 111563, that was originally isolated from sufu 
starter. The strain is widely used for fermentation of sufu and tempe, and produces 
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considerable amounts of rhizoxins that can be detected during final steps of the 
production process (Rohm et al. 2010). Absence of the toxic bacteria would make 
R. microsporus safe for usage in food production. Jennessen et al. (2005) reported 
that R. microsporus do not produce rhizonins if they do not harbor the 
Burkholderia endosymbiont. The rhizonins A and B were identified from strain 
CBS 112285 on Mozambican groundnuts (Jennessen et al. 2005). 

The rich physiological profile of Rhizopus species is important in 
biotechnology, especially in combination with the ease to cultivate these fungi. 
Rhizopus species are known and applied for their ability to produce large amounts 
of different kinds of extracellular enzymes such as endoglucanases, lipases, 
proteases, phytases, carbohydrases, pectinases, alkaline and acid phosphatases, and 
amylases (Guimarães 2006), secondary metabolites such as fumarate, malate, lactic 
acid, and vitamins (Nout & Rombouts 1990). Polygalacturonase is a major enzyme 
of R. microsporus (Manachini et al. 1987, Hornewer et al. 1987) and R. arrhizus 
(Sachde et al. 1987). Other major carbohydrases of R. microsporus significant in 
food production include endocellulase, xylanase, arabinanase and small quantities 
of α-D-galactosidase, β-galactosidase, α-xylosidase, α-1-arabinofuranosidase, and 
α-D-glucosidase (Krisch et al. 2012). Lipase activity has been also detected in R. 
microsporus (Souser & Miller 1977). Strain R. microsporus NRRL 2710 (= CBS 
338.62) produces intracellular phytase in addition to extracellular phytase when 
grown in rice medium (Sutard & Buckle 1988, Nout & Rombouts 1990). Amylases 
are extensively applied in food industries to produce sweeteners and to obtain 
glucose, to manufacture glucose syrup for the pharmaceutical and beer industries. 
Since starch processing takes place at high temperatures, it is necessary to use 
thermostable amylases, preferentially those produced by thermophilic or 
thermotolerant microorganisms (Peixoto et al. 2003). Considering high 
thermotolerance of Rhizopus microsporus, the species is a good candidate for 
production of such enzymes. The high level of thermostable amylase production 
(Peixoto et al. 2003) in Rhizopus microsporus also makes the species a good 
candidate for solid state fermentation using agricultural wastes as a substrate 
(Vijayaraghavan et al. 2011). Treatment of starch processing wastewater was 
enhanced by glucoamylases extracted from R. microsporus (Jin et al. 1999).  

Table 3 shows the results of physiological tests that are significant as 
potential virulence factors to animal hosts (Rogers 2008), including presence of 
gelatinase, laccase, tyrosinase and urease, and the presence of extracellular 
siderophores. All strains were negative for laccase, tyrosinase, and cellulase, while 
the differences with urease and gelatinase were not significantly associated with 
any parameter and were therefore regarded as strain-differences. The general 
enzyme profile of R. microsporus suggests that strains are more suited to degrade 
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plant material, as seen e.g. with lipase and amylase, and they have less factors 
suitable to degrade animal tissue, such as low presence of urease and siderophores.  

Thermotolerance of Mucorales has classically been considered as a prime 
virulence factor in human infection (Scholer 1970). All strains of Rhizopus 
microsporus are highly thermotolerant, some being able to grow up to 55 °C, 
although with much variability in the higher temperature ranges. It may be 
expected that the most thermotolerant strains and isolates with smallest spores able 
to penetrate deep into the respiratory tract are prone to infection, but differences in 
temperature relations could not be related to sources of infection or positions in 
phylogenetic trees.  
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Abstract 
Rhizopus arrhizus (Mucorales, Mucoromycotina) is the prevalent opportunist 
worldwide among the mucoralean species causing human infections. On the other 
hand the species has been used since ancient times to ferment African and Asian 
traditional foods and condiments based on ground soybeans. As producer of 
organic acids and hydrolytic enzymes it is widely applied in food industry and 
biotechnology. Using a set of 82 strains we studied phylogenetic and biological 
species boundaries within Rhizopus arrhizus s.l. to test the taxonomic status of R. 
delemar that was recently separated from R. arrhizus. Sequence analyses based on 
the internal transcribed spacer region, the gene of the largest subunit of the RNA 
polymerase II, a part of the actin gene, and the translation elongation factor 1-α as 
well as AFLP analysis were performed. Phenotypic characters such as enzyme 
profiles and growth kinetics were examined and the mating behavior was tested. 
Molecular analyses supported the existence of two phylogenetic species. However, 
the results of the mating test suggest that the mating barrier is still not complete. 
No physiological, ecological or epidemiological distinction could be found beside 
the difference in the production of organic acids. Consequently the status of 
varieties is proposed for the two phylogenetic species. Because the description of 
the first described R. arrhizus is considered to be conclusive we recommend the 
use of Rhizopus arrhizus var. arrhizus and var. delemar. 

 
 

Keywords 
Rhizopus arrhizus var. arrhizus, Rhizopus arrhizus var. delemar, AFLP, 
Phylogeny, Physiology, MLST, Taxonomy, Foodborne fungi, Biotechnology, 
Mating. 

 
 

Introduction 
Among the mucoralean species that cause human infections (mucormycoses) 
Rhizopus arrhizus (syn. R. oryzae) sensu lato is the prevalent opportunist 
worldwide (Roden et al. 2005, Skiada et al. 2011, Ibrahim et al. 2012, Laternier 
et al. 2012, Roilides et al. 2012). On the other hand, Rhizopus species are 
economically very important. Since ancient times they are used in the preparation 
of African and Asian traditional foods and condiments. Rhizopus species are 
included in the dry inoculum that is used as starter culture for the fermentation of 
soybeans and rice, which are subjected to microbial pre-digestion as for example 
the Indonesian tempe (Nout & Rombouts 1990) and ragi (Hesseltine 1965), the 
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Korean meju (Hong et al. 2012), and different kinds of the Chinese sufu 
(Hesseltine 1983). Strains of Rhizopus arrhizus are widely applied in food industry 
and biotechnology (Hesseltine 1983, Jennwsswn et al. 2005) for the production of 
organic acids (Hesseltine 1965), ethanol, biodiesel and hydrolytic enzymes (Gosh 
et al. 2011). Lipases produced by Rhizopus arrhizus are applied in the dairy 
industry as well as in oil processing, the production of surfactants and the 
preparation of pure pharmaceuticals (Khare et al. 2000). Strains of R. arrhizus 
have received much attention in connection with the decomposition of 
biodegradable plastics (Oda et al. 2000). 

Since the description of Rhizopus arrhizus by Fischer in 1892 (Fischer 
1892) numerous species have been described in Rhizopus differing slightly in 
morphology, intensity of sporulation, temperature tolerance, or substrate choice 
(Schipper 1984). After a comprehensive study of morphological features, 
temperature tolerance and mating, Schipper 1984 synonymized 29 species with 
Rhizopus arrhizus (as R. oryzae). Nearly at the same time Ellis (1985) concluded 
conspecifity of R. arrhizus, Amylomyces rouxii and R. delemar based on DNA 
renaturation experiments and proposed to accommodate them in three varieties. In 
their monograph on the genus Rhizopus Zheng et al. (2007) maintained the 
varieties arrhizus and delemar and introduced the new variety tonkinensis. In a 
molecular phylogenetic study linked to this monograph, Liu et al. (Liu et al. 2007) 
used ITS and the pyrG gene encoding the orotidine 5′-monophosphate 
decarboxylase. Their data supported only the var. arrhizus and var. delemar, while 
strains of the var. tonkinensis were not included in the trees. In the same year Abe 
et al. (2007) showed by multi-locus studies of four different markers that the 
varieties arrhizus and delemar represent two phylogenetic species differing in their 
production of organic acids. As consequence the authors treated the fumaric-malic 
acid producing R. delemar as a separate species from the lactic acid producing R. 
arrhizus (as R. oryzae). var. tonkinensis was individualized in the molecular 
phylogenetic analyses of Abe et al. (2007) and as a consequence it was 
synonymized with R. arrhizus (as R. oryzae).  

Gryganskyi et al. (2010) analyzed the two species distinguished by Abe et 
al. (2007) by molecular phylogeny based on additional markers including mating 
type genes. It was noted that ITS distances between R. arrhizus and R. delemar 
were very small compared to the remaining Rhizopus species, and there were no 
compensatory base changes (CBC) in the ITS region as indication of separate 
species (Gryganskyi et al. 2010). In addition, zygospore formation between strains 
of R. arrhizus and R. delemar as observed by Schipper (1984) was confirmed. 
There are no significant morphological, ecological or epidemiological differences 
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known between the two species. Therefore the aim of the present study was to 
evaluate phylogenetic and biological species boundaries in R. arrhizus and close 
relatives, based on an extended set of strains. For that purpose mating tests, multi-
locus studies, AFLP profiling and analyses of physiological parameters such as 
cardinal growth temperatures and enzyme spectra were performed. The results of 
Abe et al. (2007) and Gryganskyi et al. (2010) show clearly that R. arrhizus and R. 
delemar represent taxonomic entities that either deserves the rank of varieties or 
species. For convenience the taxonomic entities are designated simply as delemar 
and arrhizus in the following text until a decision on their taxonomic status is 
made.  

Independent from the taxonomic status of arrhizus and delemar there is 
also a nomenclatural issue with arrhizus. Rhizopus arrhizus (Fischer 1892) was 
described first, but R. oryzae (Went & Prinsen Geerligs 1895) has been used by 
most authors (e.g. Schipper 1984, Abe et al. 2006). This changed in 2007 when 
Zheng et al. (2007) in their monograph on Rhizopus preferred R. arrhizus over R. 
oryzae. Since that time there is uncertainty regarding the correct name. A further 
aim of this study was therefore to reconsider the nomenclatural history of arrhizus 
based on original descriptions in order to provide nomenclatural stability.  

 
 

Material and methods 
 

Strains and culture conditions 
In total 82 strains of Rhizopus arrhizus s.l. (49 of arrhizus and 33 of delemar) 
deposited in reference collection of the Centraalbureau voor Schimmelcultures 
(CBS-KNAW Fungal Biodiversity Centre) were chosen for phylogenetic studies 
and AFLP. Physiological tests were performed on 40 representative strains. A list 
of all strains included in this study is given in Table 1. Names of the strains in the 
table correspond to the results of this study. For preservation, serial transfer, DNA 
isolation, 5% malt extract agar (MEA, Oxoid, Basingstoke, U.K.) in 8 cm culture 
plates was used. Incubation was done at 30°C. 

 



Chapter 3 
 

 
59 

 

 



Taxonomy of Rhizopus arrhizus 
 

 
60 

 

 



Chapter 3 
 

 
61 

 

 



Taxonomy of Rhizopus arrhizus 
 

 
62 

 

 



Chapter 3 
 

 
63 

 

 



Taxonomy of Rhizopus arrhizus 
 

 
64 

 



Chapter 3 
 

 
65 

 

 
Figure 1: Macroscopic and microscopic morphology of Rhizopus arrhizus var. arrhizus CBS 330.53. A. Colony 
on MEA after 3 days incubation at 30 °C; B. Columella and clamydospore; C. Sporangia; D & E. Columella; F. 
Rhizoids; Scale bar B,C= 50 µm; D, E, F= 10 µm.  

 
 

Morphology 
Subcultures from lyophilized strains were cultured on 5 % MEA (Oxoid, 
Basingstoke, U.K.) at 30 °C for 2 days. The abundantly sporulating strains CBS 
330.53 (arrhizus) and CBS 390.34 (delemar) were used for illustrations. 
Observations were done using both light microscope Nikon Eclipse 80i, equipped 
with differential interference contrast (DIC). Branching patterns were observed 
with a Nikon SMZ1500 stereomicroscope. The fungal material for microscopic 
slide preparation was mounted in water. Photos were made by means of a Nikon 
camera (Digital Sight 5M114780). 
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Figure 2: Macroscopic and microscopic morphology of Rhizopus arrhizus var. delemar CBS 390.34. A. Colony 
on MEA after 3 days incubation at 30 °C; B, C, E & F. Columella; D. Sporangia; Scale bar B, C, E, F = 10 µm; 
D=50 µm. 

 
 

Physiology 
Fourty strains (Table 1) representing both varieties equally were selected to test 
their enzymatic activities. Tests for gelatin liquefaction and the presence of urease, 
siderophores, lipase, amylase, cellulase, laccase, and tyrosinase were performed. A 
detailed description of these tests is given in Dolatabadi et al. (2014). Briefly, all 
strains were incubated at 30°C, with incubation times varying with the test. The 
basal medium described by Maas et al. (Maas et al. 2008) was used for lipase, 
amylase, cellulase test and as negative control for these test. To test the presence of 
lipase, 0.1 g CaCl2 and 1% olive oil were added to the basal medium ( Maas et al. 
2008). Colony diameters were measured after 2 and 3 days. For the amylase test, 
the basal medium was amended with 1% starch. Hydrolysis was detected by using 
iodine (10%). The diameter of the hydrolytic zone determined the level of activity. 
For the detection of cellulase (endoglucanase or CMCase) the basal medium was 
supplemented with carboxy-methylcellulose (1% CMC, Sigma, Zwijndrecht, The 
Netherlands) (Caldwell et al. 2000). Plates were incubated for 10 days. An 
aqueous solution of Congo red was used for 15 min to visualize the zone of 
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hydrolysis. Then the plate was flooded 15 min with 1 M NaCl, followed by 
stabilization with 1 M HCl (Theater & wood 1982). For the tyrosinase (cresolase) 
spot test, the indicator p-cresol (0.1 M) was used (Gramss et al. 1998). For this test 
the fungal isolates were grown on 2.5% MEA for 2 days. The laccase test was 
based on the green halo around the colony in reaction on 0.3% 2-2’-azino-di-3-
ethylbenzthiazolinsulfonate (ABTS). Gelatin liquefaction was tested using 
indicator solution described in Dolatabadi et al. (2014). Positive result was reported 
by presence of a halo after 10 minutes. For siderophores, the strains were grown on 
siderophore medium (Schwyn & Neilands 1987) and a red color change of the 
colony after 2 days was measured. The presence of urease was performed on 
Christensen´s agar (1 g peptone, 1 g glucose, 5 g NaCl, 2 g KH2PO4, 0.012 g 
phenol red as indicator in 1 L distilled water, pH = 6.8, 20 % urea; filter-sterilized) 
that shows a pink to red color change after 3 days incubation in case of a positive 
reaction. With incubation longer than 3 days color changes were due to oxidation 
and were discarded as false results. Cryptococcus neoformans CBS 7926 and 
uninoculated medium were used as positive and negative controls (Dolatabadi et al. 
2014).  

Temperature requirements of the 40 selected strains (20 strains of arrhizus, 
20 of delemar) were determined on MEA plates (5 %, Oxoid, Basingstoke, U.K.) 
inoculated with small blocks of mycelium taken from the edge of 3-day-old pre-
grown colonies. Plates were incubated at the following temperatures: 15 °C, 21 °C, 
27 °C, 30 °C, 36 °C, 40 °C, and 45 °C in the dark. Diameters were measured twice 
a day for 3 days. The growth rate, measured in millimeters per hour, was calculated 
for each strain and each temperature.  

 
Statistics 
In order to test a possible connection between the identified taxon and its ecology 
and geographic distribution our results were evaluated by a Chi-square test 
available online (http://math.hws.edu/javamath/ryan/ChiSquare.html) with one 
degree freedom (df = 1). Alpha level of significance was considered as 0.05 from 
2×2 contingency table. Values higher than p < 0.05 were considered statistically 
significant and the null hypotheses were rejected.  

 
 

Mating 
Strains CBS 346.36 (+; arrhizus) and CBS 127.08 (−; arrhizus) according to 
Schipper (15) and CBS 128.08 (+; arrhizus), CBS 372.63 (−; arrhizus), CBS 
111718 (+; arrhizus) and CBS 389.34 (+; delemar) were chosen as tester strains. 
Each of these tester strains was contrasted with a high number of strains (CBS 

http://math.hws.edu/javamath/ryan/ChiSquare.html
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127.08 with 48 strains, CBS 128.08 with 12 strains, CBS 346.36 with 48 strains, 
CBS 372.63 with 42 strains, CBS 389.34 with 16 strains, and CBS 111718 with 12 
strains) belonging to arrhizus (28 strains in total) and delemar (23 strains in total) 
and including the ex-type of R. delemar CBS 120.12. Numerous conditions were 
tried to obtain zygospores: (1) contrasts were inoculated with small blocks of 
mycelium in about 5 mm distance on MEA and yeast extract medium (YEA) 
according to Schipper (1984), i.e. containing 4 g yeast extract (Bacto, Le Pont de 
Claix, France), 10 g malt extract (Oxoid, Basingstoke, U.K.), 4 g glucose (Merck, 
Darmstadt, Germany), and 15 g agar (Bacto, Le Pont de Claix, France) per litre 
(pH = 7.3). Cultures were incubated at 30 °C and checked for zygospores after 3 
and 10 days. (2) Contrasts were incubated on the same medium and at the same 
temperature but in 12 hours light / 12 hours darkness intervals for 10 days. (3) Pre-
cultures were grown on synthetic nutrient agar (SNA, Nirenberg 1981) in culture 
plates at room temperature. Sporangiospore suspensions were prepared from these 
cultures by adding roughly 2 mL of sterile distilled water and by sucking the water 
several times into a pipette. One or 2 drops of the suspension were placed at a 
distance of approximately 1 to 2 cm from the drop(s) of the second strain on YEA 
media and incubated at 30 °C in the dark for 3 weeks. (4) Sporangiospores were 
collected from stripes of sterile filter paper and kept in the fridge for one week. 
Then the spores were suspended in 2 mL of sterile distilled water and the spore 
suspension was used to inoculated the contrasts on YEA that were kept at 30 °C in 
the dark for 3 weeks. 

A total number of 193 contrasts were tested two times, including 63 
contrasts within arrhizus, 27 contrasts within delemar, and 103 contrasts between 
delemar and arrhizus. 

 
DNA extraction  
Strains were cultivated for 2 days on 5 % MEA (Oxoid, Basingstoke, U.K.) at 30 
°C. About 1 to 10 mm3 of fungal material was placed into a tube containing 400 µl 
2× CTAB-buffer (cetyl-trimethyl ammonium bromide) and 6‒10 acid-washed glass 
beads (1.5‒2 mm). After adding 100 μL of 10 % polyvinylpyrrolidone the tubes 
were mixed thoroughly on a MoBio vortex for 10 min. Following an incubation at 
60 °C for 1 h, 500 μL chloroform: isoamylalcohol (24:1) were added. The mixtures 
was shaken for 2 min and centrifuged at 20,817 g for 10 min. The aqueous layer 
was transferred to a new tube andtwo-third vol of ice-cold iso‐propanol were 
added, mixed and centrifuged at 20,817 g for 10 min to pellet the DNA. The 
supernatant was removed, and a washing step followed using 1 mL ice‐cold 70 % 
ethanol. Samples were air-dried or by using a Speed Vac. DNA pellets were 
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resuspended in 50 μL TE‐buffer and stored at -20 °C. DNA quality was verified by 
electrophoresis on 1 % agarose. 

 
 

Region PCR amplification Sequencing References 

ACT Act-1, 
TGGGACGATATGGAIAAIATCTGGC
A 
Act-4ra, 
TCITCGTATTCTTGCTTIGAIATCCAC
AT 

Act-1, 
TGGGACGATATGGAIAAIATCTGG
CA 
Act-4ra, 
TCITCGTATTCTTGCTTIGAIATCCA
CAT 

Voigt et al. 
2000 

ITS V9G,  
TTACGTCCCTGCCCTTTGTA  
LS266, 
GCATTCCCAAACAACTCGACTC  

ITS1,  
TCCGTAGGTGAACCTGCGG 
ITS4,  
TCCTCCGCTTATTGATATGC  

de Hoog et al. 
1998, 
Vilgalys et al. 
1990 

TEF MEF-4, 
ATGACACCRACAGCGACGGTTTG 
MEF-10, 
GTTGTCATCGGTCACGTCGATTC  

MEF-10, 
GTTGTCATCGGTCACGTCGATTC  
MEF-20, 
GGATACCACCAAGTGGTCCG  
MEF-30, 
GTCGAAATGCACCACGAAAC  
MEF-50, 
GGGTTTCGTGGTGCATTTCG  
MEF-60, 
CGGACCACTTGGTGGTATCC  
MEF-4, 
ATGACACCRACAGCGACGGTTTG  

O’Donnell et 
al. 2001 

RPB1 RPB1-Af, 
GARTGYCCDGGDCAYTTYGG  
RPB1-Cr, 
CCNGCDATNTCRTTRTCCATRTA 

RPB1-Af, 
GARTGYCCDGGDCAYTTYGG  
RPB1-Cr, 
CCNGCDATNTCRTTRTCCATRTA 

Stiller & Hall 
1997 

 
Table 2: PCR primers for amplification and sequencing. 

 
 

Amplification and sequencing  
Four gene regions were chosen for the multilocus sequencing: the rDNA internal 
transcribed spacer (ITS) region, the partial gene of actin (ACT), the largest subunit 
of RNA polymerase II (RPB1) and the translation elongation factor 1-α (TEF) 
gene. PCR amplification was performed in 12.5 µL reaction mixture containing 7 
µL ddH2O, 0.5 µL bovine serum albumin (biolabs, New England, UK), 0.5 µL of 
10 pmol of each primer, 1.25 µL PCR buffer (Bioline, Eersel, the Netherlands), 
1.25 µL 5 mM deoxynucleotide triphosphate, 0.5 µL MgCl2 solution (25 mM), 0.5 
µL of 5 U bioTaq polymerase (GC Biotech, Leiden, The Netherlands) and 1 µL 
template DNA. The primers used for PCR and sequencing reaction are listed in 
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Table 2. The PCR reaction conditions for ACT, ITS and TEF were the same as 
described in Dolatabadi et al. (2014). The cycling conditions for the RPB1 included 
one initial cycle at 94 °C for 5 min, followed by 38 cycles of 1 min at 94 °C, 2 min 
at 60 °C, and 1 min at 72 °C. The final cycle lasted 7 min at 72 °C. Amplification 
was performed in a 9700 Thermal Cycler (Applied Biosystems, Foster City, 
U.S.A.). The concentrations of the amplicons were estimated on 1.2 % agarose gel 
that was analysed and photographed by a Gel Doc XR system (Biorad, Veenendaal, 
The Netherlands), with Smart Ladder (Eurogentec, Seraing, Belgium) as size and 
concentration marker. Sequencing reactions were performed with a BigDyeTM 

Terminator Cycle Sequence Ready Reaction Kit (Applied Biosystems) and 
analyzed on an ABI Prism 3730XL Sequencer.  
 
Alignment, distance matrix and phylogenetic reconstruction 
Consensus sequences were constructed by means of SeqMan program v. 9.0.4 
(DNASTAR, Wisconsin, U.S.A.). All sequences that were newly generated for this 
study were deposited in GenBank. The GenBank accession numbers are listed in 
Table 1. Sequences of each marker were aligned in the program MEGA5 of the 
Laser gene software (DNASTAR) using the ClustalW method. Manual corrections 
were made by means of the program Se-Al v. 2.0a11 (Rambaut 2002; 
http://tree.bio.ed.ac.uk/software/seal/). 

In order to compare intra- and interspecific distances in the entire genus 
Rhizopus a distance matrix based on uncorrected distances was calculated in PAUP 
v. 4.0b10 (Swofford 2002) including reliable ITS sequences downloaded from 
GenBank of the currently accepted species. Depending on the availability of ITS 
sequences in GenBank the species are represented by sequences as follows: R. 
americanus (1 sequence), R. arrhizus (arrhizus and delemar, 31 sequences), R. 
caespitosus (1), R. homothallicus (2), R. lyococcus (7), R. microsporus (14), R. 
schipperae (2), R. sexualis (1), and R. stolonifer (9). Molecular phylogenetic 
analyses were conducted in MEGA5 (DNASTAR) using a maximum likelihood 
(ML) approach. The four markers were analyzed separately and concatenated in 
single alignment. All calculations were done without an out-group because 
monophyly of the R. arrhizus group has been shown previously (Abe et al. 2006, 
Walther et al. 2013) and inclusion of an out-group resulted in very short branch 
lengths within the ingroup. The best fitting substitution model (T92 + G +I, 
Tamura 3) was selected by MEGA5. Robustness of the tree topology was estimated 
by bootstrapping with 1000 replicates.  

In addition, phylogenetic relationships based on the ITS only were 
estimated by maximum parsimony analysis performed in PAUP v. 4.0b10. 
Heuristic search was performed with 100 replicates and tree-bisection-reconnection 
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(TBR) as the branch-swapping algorithm. Gaps were treated as 5th character. 
Robustness of the tree topology was estimated by bootstrapping with 1000 
replicates.  

 
AFLP fingerprinting 
Amplified Fragment Length Polymorphism (AFLP) analyses were performed for 
82 isolates (Table 1). Approximately 50 ng of genomic DNA was subjected to a 
combined restriction ligation procedure containing 50 pmol of rareMSPadapt and 
MseIadapt each as adapters (New England Biolabs, Beverly, MA, U.S.A.). The 
master mix was prepared containing 7.07 µL aqua dest., 2 µL restriction buffer 
10×, 0.2 µL BSA 100×, 2 µL ligase buffer 10×, 0.33 µ× T4 DNA ligase (Promega, 
Leiden, The Netherlands), 1 µL RNAse 0.1 mg/mL, 5 µL sample DNA (20−30 
ng/µL), 0.2 µl MspI 10 U/µL and 0.2 µL MseI 10 U/µL as restriction enzymes and 
1 µL of each adapter. The plate was incubated at 20 °C for 1 h. Subsequently, the 
mixture was diluted five times with 10 mM Tris-HCl (pH 8.3) buffer. Preselective 
and selective PCR reactions were done with MspI A Flu-rare and MseI-TGAG as 
primers. One microliter of the diluted restriction-ligation mixture was used for 
amplification in a volume of 25 μL contained 2.5 µL of each primer, 0.2 µL Taq-
polymerase, 1 µL DNA, 2 µL dNTP, 2.5 µL Taq-buffer 10×, 14.3 µL aqua dest. 
Amplification was done as follows. After initial denaturation for 4 min at 94 °C in 
the first 20 cycles, a touchdown procedure was applied: 15 s of denaturation at 94 
°C, 15 s of annealing at 66 °C, with the temperature for each successive cycle 
lowered by 0.5 °C, and 1 min of extension at 72 °C. Cycling was then continued 
for a further 30 cycles with an annealing temperature of 56 °C. After completion of 
the cycles, incubation at 72 °C for 10 min was performed before the reaction 
mixtures were cooled to room temperature. 

Samples were resolved by capillary electrophoresis in an ABI Prism 3130 
genetic analyser (Applied Biosystems). Fluorescent dye FAM (6-carboxy 
fluorescein) and ROX were applied. The amplicons were combined with the 
ET400-R size standard (GE Healthcare, Diegem, Belgium) and analysed on a 
Mega BACE 500 automated DNA platform (GE Healthcare) according to the 
manufacturer’s instructions. Data were inspected visually and were also imported 
in BioNumerics v. 4.61 software (Applied Maths, Sint-Martens-Latem, Belgium) 
and analysed by UPGMA clustering using the Pearson correlation coefficient. 
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Results 
 

Diversity 
The most variable locus sequenced in this study was RPB1 with 38 parsimony 
informative sites on a length of 778 base pairs. The RPB1 locus unambiguously 
outperformed the ITS region with only 5 parsimony informative sites on a length of 
577 base pairs. The ACT alignment contained 746 base pairs with 17 parsimony 
informative sites. The TEF alignment included 979 base pairs but only 4 were 
parsimony informative. The TEF sequences contained numerous polymorphisms 
exclusively in the third position of the triplet codon that are probably due to 
deviating copies of this gene. The polymorphic sites were excluded from the 
phylogenetic sequence analyses. The concatenated multi-locus alignment was 
composed of 3123 base pairs and contained 64 parsimony informative sites.  

Maximum parsimony analysis of the ITS locus resulted in 450 most 
parsimonious trees (tree length [TL] 9 steps). In all four maximum likelihood (ML) 
trees based on the single loci ACT, ITS, RPB1, and TEF (data not shown) arrhizus 
and delemar formed two well-supported groups. There were no conflicts in gene 
genealogies of different loci. Given the similarities in topologies of single-locus 
trees, only the multi-locus tree based on a concatenated alignment of all four loci is 
depicted (Fig. 3). The ITS sequence types A and B of arrhizus and C and D of 
delemar as defined by Abe et al. (2007) and illustrated in the Maximum parsimony 
tree based on the ITS region (Fig. 4) are mixed in the ACT, TEF and RPB1 trees 
(data not shown) as well as in the multi-locus tree (Fig. 3) within arrhizus and 
delemar, respectively. The variety tonkinensis was represented in our study by 4 
strains, which were all morphologically assigned to this variety by Zheng et al. 
(2007): CBS 257.28, CBS 330.53, CBS 399.95 and the ex-type strain of var. 
tonkinensis, CBS 400.95. The variety was neither detected in the single locus trees 
using the ML approach nor in the ITS tree using the maximum parsimony approach 
(Figs 3, 4). 
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Figure 3: Maximum likelihood tree based on the combined data of ITS, TEF, ACT, RPB1 genes, made in 
MEGA5. A: var. arrhizus B: var. delemar. Branches with a Bootstrap support of 80 and higher are printed in 
boldface. Clinical, environmental and food samples are in red, blue and green colors, respectively. T - ex-type 
strain, NT – neotype strain, AUTH – authentic strain. 
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Figure 4: Maximum parsimony tree based on the ITS region. Branches with bootstrap values of 80 or higher are 
printed in bold. Bootstrap proportions are indicated near the branches. The clusters marked as A, B, C and D 
correspond to the ITS types defined by Abe at al. (2007). Strains morphologically identified as var. tonkinensis by 
Zheng et al. (2007) are highlighted in red. Zygospore formation is indicated by ‘x’ followed by the tester strain 
number. Tester strain numbers in bold mark the positive matings observed in this study. The remaining matings 
were observed by Schipper (15) or Gryganskyi et al. (20). T - ex-type strain, NT – neotype strain, the name giving 
ex-types strains are printed in bold. 

 
 



Chapter 3 
 

 
75 

 

Fig. 5 illustrates schematically the maximum intra- and interspecific 
distances within the Rhizopus arrhizus / R. delemar complex for both possible 
scenarios: (a). Lineages arrhizus and delemar belong to a single variable species 
and represent varieties, or (b). Lineages arrhizus and delemar represent separate 
species. In the latter scenario (Fig. 5b) the intraspecific variability of arrhizus and 
delemar, and especially the distance between both entities, is very small compared 
to distances to other species. 

 
 

Figure 5: Maximal intra- and interspecific distance of ITS sequences within the genus Rhizopus of the two 
possible scenarios for R. arrhizus s.l.: a. single species and b. two species. Intraspecific distances are represented 
by the diameter of the circles, interspecific distances by the length of the lines between the circles. Blue circle(s) – 
R. arrhizus, Ra – R. americanus, Rc – R. caespitosus, Rh – R. homothallicus, Rl – R. lyococcus, Rm – R. 
microsporus, Rs – R. schipperae, Rx – R. sexualis, Rt – R. stolonifer. Dark grey circles with a dashed line indicate 
that the intraspecific distance is based only on sequences of two strains. Light grey circles with dashed lines 
belong to species represented by 1 or 2 strains with a calculated distance of 0 that are illustrated with a 
intraspecific distance of 1.2 (mean distance in Rhizopus is 1.5). 
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Var. delemar         

CBS 120.12 - + + - + - - - 

CBS 120807 - + + + w - - + 

CBS 259.28 - + + - w - - + 

CBS 278.38 - + + - + - - - 

CBS 279.38 - + + - + - - - 

CBS 285.55 - + + - w - - + 

CBS 295.31 - + + - + - - + 

CBS 324.35 - + + + + - - - 

CBS 348.49 - + + + + - - - 

CBS 372.63 - + + - w - - + 

CBS 385.34 - + + - + - - + 

CBS 386.34 - + + - + - - + 

CBS 390.34 - + w - + - - + 

CBS 391.34 - + + + + - - + 

CBS 392.95 - + w - - - - + 

CBS 395.54 - + + + + - - + 

CBS 401.51 - + + + + - - + 

CBS 402.51 - + w + + - - - 

Var. arrhizus         

CBS 109939 - + w - + - - + 

CBS 110.17 - + + - + - - + 

CBS 112.07 - + + - + - - + 

CBS 118614 - + + - w - - + 

CBS 120589 - + - - + - - + 

CBS 120590 - + + - + - - + 

CBS 120592 - + - - + - - + 

CBS 120806 - + + - - - - + 

CBS 128.08 - + + - + - - + 
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Table 3: Physiological tests. w stands for weak. 

 
 
In accordance with single-gene and multi-gene genealogies, the AFLP 

banding patterns, when clustered with UPGMA in BioNumerics v. 4.61, clearly 
revealed two different groups for arrhizus and delemar (Fig. 7). 

Forty-eight strains of arrhizus and 34 strains of delemar were analyzed 
statistically in order to establish whether the entities differ significantly in ecology, 
geographic distribution or clinical relevance. The proportions were as follows 
(illustrated with colored squares in Fig. 3): 14 clinical strains, 8 food strains and 2 
environmental strains in arrhizus and 4 clinical and 8 food strains but no 
environmental strain in delemar. Remaining strains originated from unknown 
sources. No significant difference was found between sources and clusters (chi 
square = 2.86, P = 0.091, critical level = 0.05), and no difference in geographic 
distributions between arrhizus and delemar was detected.  

No physiological difference was detected between arrhizus and delemar 
(Table 3). All tested strains were negative for laccase, cellulose, and tyrosinase and 
positive for lipase and amylase. The majority of strains were positive for gelatin 
liquefaction and siderophore production, but no significant correlation was 
observed between negative strains and taxonomic entities or source of isolation. A 
few strains showed urease activity, while the activity of this enzyme could not be 
related to taxonomy or ecology.  

All tested strains (20 of arrhizus and 20 of delemar) grew well (average 64 
mm / d) with 30−36 °C as optimum temperature range. At 40 °C strains were 

CBS 146.90 - + + - - - - + 

CBS 257.28 - + + - + - - + 

CBS 258.28 - + + - + - - + 

CBS 260.28 - + + - + - - + 

CBS 264.28 - + - + + - - + 

CBS 264.60 - + + - + - - + 

CBS 266.30 - + w - + - - + 

CBS 286.55 - + + - + - - + 

CBS 330.53 - + + - + - - + 

CBS 387.34 - + + - + - - - 

CBS 395.95 - + + - + - - - 

CBS 515.94 - + + - - - - + 

CBS 539.80 - + - - + - - + 
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inhibited for about 50 %. According to our experimental design, the maximum 
growth temperature was 45 °C with reduced growth for all strains tested. The 
average growth velocity of strains of delemar was slightly lower than that of 
arrhizus, but differences were not statistically significant.  

General morphology of representative strains of each of the lineages 
(arrhizus = CBS 330.53, delemar = CBS 390.34) is depicted in Figs 1 and 2. In 
main traits the varieties have closely similar features. One of the measurable 
variables was spore size, but frequently variability of this parameter was large even 
in a single strain. 
 
 
Mating 
Zygospores were observed only in three out of 166 contrasts. Two out of the three 
successful matings were obtained at condition (3) using SNA for precultivation and 
spores suspensions as inoculum. The third successful mating was obtained at 
condition (1) using MEA media. One of these strain pairs (CBS 148.22 × CBS 
346.36) represents positive mating within arrhizus, while two pairings (CBS 
372.63 × CBS 346.36 and CBS 131498 × CBS 346.36) represented positive mating 
between arrhizus (CBS 346.36) and strains belonging to the basal ITS type C 
cluster (Abe et al. 2007) of delemar. CBS 346.36 is a sexually highly competent 
strain, crossing with representatives of both lineages. The number of zygospores 
produced in the three contrasts was very low and zygospore formation was 
restricted to a small area that was not positioned in the contact zone of the two 
strains. In all cases the number of zygospores that did not complete their 
development distinctly exceeded the number of mature zygospores. In the intra-
arrhizus contrast (CBS 148.22 × CBS 346.36) several preliminary stages and two 
mature orange brown zygospores were produced (Fig. 6) that were crushed during 
slide preparation (size of the crushed zygospores including warts: (1). 156 (172) 
µm in diam, (2). 140 (152) × 132 (148) µm. The contrast CBS 131498 × CBS 
346.36 resulted in several (approx. 20) zygospores in different developmental 
stages, most of them remaining orange and small while two became mature 
reflected by a larger size [104 (116) × 92 (104) µm and 116 (136) × 108 (128) µm] 
and a deeper color (Fig. 6f). The zygospores formed in the second arrhizus-
delemar mating (CBS 346.36 × CBS 372.63) stayed small and less intensively 
colored.  
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Figure 6: Zygospores of Rhizopus arrhizus. A to C. Zygospores within arrhizus, CBS 148.22 x CBS 346.36; A 
and B. preliminary states. C. Mature zygospores, squashed during preparation. D to F. Zygospores between 
arrhizus and delemar. D and E preliminary states. F. Mature zygospore. Scale bar, 50 µm. 

 
 

Taxonomy 
In agreement with Abe et al. (2007) our multi-locus study recognized the arrhizus 
and delemar lineages as two phylogenetically separate entities. The distinction 
matched with differences in the production of organic acids: arrhizus possesses 
two genes for lactate dehydrogenase, ldhA and ldhB, which are responsible for the 
production of lactic acid. Strains of delemar lack the ldhA gene resulting in the 
production of fumaric and malic acid (Abe et al. 2007, Saito et al. 2004). We were 
unable to detect any additional phenotypic difference between arrhizus and 
delemar. The two entities are very close to each other in ITS sequence data, and 
each show further intra-group differentiation matching with subtypes A−D of Abe 
et al. (2007). No differences in their ecology, distribution and pathogenicity could 
be detected in our data. On the contrary, we found zygospore formation in two 
crossings between arrhizus and delemar suggesting that they are able to mate in 
vitro. Although viability of progeny and effective recombination could not be 
established, it may be hypothesized that arrhizus and delemar represent a single 
biological species. The apparent phylogenetic and physiological separation of the 
lineages then would deserve the status of varieties at most. The varieties are similar 
in ecology and pathogenicity. 
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Figure 7: Amplified fragment length polymorphism (AFLP) analysis by UPGMA clustering using the Pearson 
correlation coefficient. 2 main clades representing 2 varieties. 

 
 

Nomenclature  
The species Rhizopus arrhizus (Fischer 1892) was described 3 years prior to R. 
oryzae (Went & Prinsen Geerligs 1895). Fischer’s description is short, lacks 
figures, and no type material is known to exist. In contrast, the description of R. 
oryzae by Went & Prinsen Geerligs (1895) is comprehensive, includes figures, and 
the strain CBS 112.07 was deposited in the CBS reference collection by Went in 
1907 as type strain of Rhizopus oryzae. Consequently, the name R. oryzae was 
preferred over R. arrhizus by numerous authors (Schipper 1984, Schipper & 
Samson 1994, de Hoog et al. 2000). A further reason of the unpopularity of the 
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name arrhizus was that Fischer (1892) described the columella of R. arrhizus as 
subglobose to applanate, which was considered to be unusual for this species 
(Schipper 1984). For the combined reasons mentioned above, Schipper (1984) 
treated R. arrhizus as a doubtful species. Ellis et al. (1985) took up the name R. 
arrhizus again by designating NRRL 1469 as ex-neotype strain of R. arrhizus. This 
action is as legitimate as Schipper’s (1984) decision, so that the species today has 
two nomenclaturally valid names, sanctioned by different interpretations of the 
protologues. In their comprehensive morphological study on the genus Rhizopus, 
Zheng et al. (2007) preferred the name R. arrhizus.  

In our opinion the description of R. arrhizus by Fischer (1892) is 
conclusive. It contains all features that need to be known for a correct identification 
of the species whereby it may be noted that mucoralean fungi are more remote 
from each other than e.g. highly evolved ascomycetes, and generally allow 
morphological recognition at the species level by a limited number of key features. 
Sporangiophores were described as 0.5−2 mm long, sporangia 120−250 µm in 
diameter and rhizoids (designated in German as ‘Haftfüsschen’) short and less 
branched, a feature that the author expressed in the name. Subglobose to applanate 
columellae were also described to be present in R. arrhizus by Hagem (1907, as 
Mucor arrhizus), Hanzawa (1912, for R. delemar), and Zheng et al. (2007). We 
agree with Ellis et al. (1985) that the protologue is sufficiently clear to allow 
unambiguous indication of a neotype, NRRL 1469 and therefore favor the use of 
the name Rhizopus arrhizus over R. oryzae. 

 
Rhizopus arrhizus A. Fisch., in Rabenh. Krypt.-Fl., Ed. 2 (Leipzig) 1(4): 233. 

1892 var. arrhizus, MB416882 
 
≡ Mucor arrhizus (A. Fisch.) Hagem, Neue Untersuchungen über Norwegische 

Mucorineen. p. 37. 1907/08. 
= Rhizopus oryzae Went & Prinsen Geerl., Verh. Kon. Ned. Akad. Wet., Amsterdam, 

Sect. 2, 4: 16. 1895.  
= Chlamydomucor oryzae Went & Prinsen Geerl., Verh. Kon. Ned. Akad. Wet., 

Amsterdam, Sect. 2, 4: 14. 1895.  
= Rhizopus tonkinensis Vuill., Revue Mycol. 24: 53. 1902 ≡ Rhizopus arrhizus var. 

tonkinensis (Vuill.) R.Y. Zheng & X.Y. Liu, in Zheng, Chen, Huang & Liu, Sydowia 59: 
316. 2007. 

= Rhizopus tritici Saito, Zentralbl. Bakt. ParasitKde, Abt. 2, 13: 157. 1904. 
= Rhizopus nodosus Namyslowski, Bull. Acad. Sci. Cracovie 1906: 682. 1906.  
= Mucor norvegicus Hagem, Unters. Norw. Mucorin. p. 39. 1907/08.  
= Rhizopus batatas Nakazawa, Zentralbl. Bakt. ParasitKde, Abt. 2, 24: 482. 1909. 
= Rhizopus kasanensis Hanzawa, Mykol. Centralbl. 1: 407. 1912. 
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= Rhizopus formosaensis Nakazawa, Rep. Gov. Res. Inst., Formosa 2: 46. 1913.  
= Rhizopus maydis Bruderlein, Contrib. Étud. Panif. Mycol. Mais p. 77. 1917.  
= Rhizopus liquefaciens M. Yamazaki, J. Sci. Agric. Soc., Tokyo 185: 153. 1918.  
= Rhizopus hangchao M. Yamazaki, J. Sci. Agric. Soc., Tokyo 193: 8. 1918.  
= Rhizopus pseudochinensis M. Yamazaki, J. Sci. Agric. Soc., Tokyo 193: 996. 1918.  
= Rhizopus boreas Yamamoto, J. Soc. Agric. For., Sapporo 17: 493. 1925.  
= Rhizopus fusiformis Dawson & Povah, Science, N.Y. 68: 112. 1928.  
 
Neotype: NRRL 1469. 
 
Rhizopus arrhizus A. Fish. var. delemar (Wehmer & Hanzawa) J.J. Ellis, 

Mycologia 77: 247. 1985. MB116703  
 
≡ Mucor delemar Boidin, Rev. Gén. Sci. Pures Appl. 1901 ≡ Rhizopus delemar (Boidin) 

Wehmer & Hanzawa, in Hanzawa, Mykol. Zentralbl. 1: 77. 1912. 
= Rhizopus usamii Hanzawa, Mycol. Zentralbl. 1: 408. 1912.  
= Rhizopus chungkuoensis M. Yamazaki, J. Sci. Agric. Soc., Tokyo 193: 990. 1918.  
= Rhizopus shanghaiensis M. Yamazaki, J. Sci. Agric. Soc., Tokyo 202: 598. 1919.  
= Rhizopus peka Takeda, Rep. Dep. Indus. Gov. Res. Inst., Formosa 5: 48. 1924. 
= Rhizopus acidus Yosh. Yamam., J. Soc. Agr. Forest., Sapporo 17: 97. 1925. 
= Rhizopus thermosus Yosh. Yamam., J. Soc. Agric. For., Sapporo 17: 481. 1925.  
= Rhizopus suinus Nielsen, Virchow´s Arch. Path. Anat. 273: 859. 1929.  
= Rhizopus achlamydosporus Takeda, J. Agric. Chem. Soc. Japan 11: 905. 1935.  
= Rhizopus bahrnensis Takeda, J. Agric. Chem. Soc. Japan 11: 908. 1935.  
= Rhizopus delemar (Boidin) Wehmer & Hanzawa var. minimus Takeda, J. Agric. 

Chem. Soc. Japan 11: 910. 1935.  
= Rhizopus javanicus Takeda, J. Agric. Chem. Soc. Japan 11: 909. 1935.  
= Rhizopus semarangensis Takeda, J. Agric. Chem. Soc. Japan 11: 907. 1935. 
= Rhizopus sontii Reddi & Subrahmanyam, Trans. Natn. Inst. Sci. India 1. 1937 (nomen 

provisorium). 
= Rhizopus javanicus Takeda var. kawasakiensis Takeda & Takamatsu, J. Agric. Chem. 

Soc. Japan 28: 74. 1949.  
 
Type: CBS 120.12. 
Note: Liu et al. (2007, p. 238) accidentally listed CBS 328.47 (= NRRL 1472) 

as ex-type strain of R. delemar, which was adopted by Walther et al. (2013). 
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Discussion 
Zygospore formation for the establishment of a biological species concept in 
Rhizopus arrhizus is difficult to achieve and may be arbitrary (Zheng et al. 2007, 
Gryganskyi et al. 2010). The low and reluctant in vitro mating activity of R. 
arrhizus may imply a prevalently asexual mode of reproduction, but sequence 
variation in multiple loci including mating type genes and an almost 1:1 ratio of + 
and − mating types support a sexual mode of recombination in nature (Gryganskyi 
et al. 2010). Strain CBS 346.36 yielded low numbers of zygospores with members 
of both varieties; zygospore production between members of the varieties arrhizus 
and delemar have been described previously (Schipper 1984, Gryganskyi et al. 
2010). Using the arrhizus tester strain CBS 346.36 contrasts with the following 
delemar strains were positive: CBS 285.55 (Schipper 1984), CBS 329.47 (Schipper 
1984, Abe et al. 2007), NRRL 1548, and NRRL 1550 (Gryganskyi et al. 2010). 
All strains belong to the basal ITS type C of Abe et al. (2007), which also holds 
true for the two positive delemar strains in the present study (CBS 372.63 and CBS 
131498) (Fig. 4). Thus far no positive mating has been reported within the variety 
delemar, which can perhaps be explained by the exclusive use of arrhizus tester 
strains in previous studies (Schipper 1984, Gryganskyi et al. 2010); all mating in 
R. arrhizus is dependent on the highly competent strain CBS 346.36. The absence 
of matings between variety arrhizus and the ITS type D of var. delemar might be 
interpreted as a partial mating barrier between var. arrhizus and type D of var. 
delemar, while var. arrhizus and delemar type C are still compatible.  

To our knowledge, germination of zygospores has never been shown in 
Rhizopus arrhizus. Therefore biological species boundaries of the species are based 
only on the presence of zygospores as an indication of the absence of a mating 
barrier; this is an established method for species recognition in the Mucorales 
(Schipper 1984). Gryganskyi et al. (2010) argued against this method because 
Schipper et al. (1985) claimed to have observed zygospore production between 
different Rhizopus species. However, the two species studied by these authors, R. 
microsporus and R. rhizopodiformis are now synonymized in R. microsporus (Abe 
et al. 2006).  

Recent studies on species recognition in other members of the Mucorales 
(Alastruey-Izquierdo et al. 2010, Schell et al. 2011) have demonstrated that 
interspecific zygospores can be differentiated from their intraspecific counterparts 
by their size, color, ornamentation and number. However, the low numbers of 
mature zygospores obtained in our study did not allow such a differentiation. In 
one of the positive matings between var. arrhizus and var. delemar small, pale 
colored zygospores were formed. The zygospores of the other two matings are in 
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the range of 120 to 140 (180) µm as given by other authors (Schipper 1984, 
Namyslowski 1906). However, the two zygospores formed within the var. 
arrhizus were larger. Schipper (1984) did not mention any differences in the 
number and the characters of the zygospores produced between the varieties. In a 
study on the mating locus of R. arrhizus Gryganskyi et al. (2010) observed a lower 
number of zygospores in matings between var. arrhizus and var. delemar than in 
matings within var. arrhizus. The percentage of fully developed zygospores was 
higher in mating within var. arrhizus (A. Gryganskyi, pers. comm.). A 
hybridization depression between the two varieties seems to exist, but as yet the 
number of crossings is too low to establish the significance of this feature. 

The variety arrhizus possesses two slightly differing copies of the lactate 
dehydrogenase gene while the var. delemar contains only a single copy, resulting 
in the production of lactic acid by var. arrhizus and of fumaric-malic acid by var. 
delemar (Abe et al. 2007). Genome sequencing of Rhizopus arrhizus var. delemar 
revealed a dynamic organization of the genome (Ma et al. 2009). There is evidence 
for ancestral whole-genome duplication and numerous recent gene duplications 
suggesting duplications of genes to be a frequent event (Ma et al. 2009). Studies by 
Min et al. (1982) revealed different haploid chromosome numbers for strains now 
assigned to the same species, (e.g. for R. oligosporus and R. microsporus or R. 
arrhizus and R. niveus) that could be explained by duplication events as well. It is 
also known for other species such as Aspergillus fumigatus that genomes of 
different individuals of the same species may differ in gene numbers because of 
duplications and losses (Fedorova et al. 2008). Genomes of two strains of A. 
fumigatus included 2 % of genes that were unique for one of the two strains 
(Fedorova et al. 2008). Although this result has to be interpreted with care 
because genome sequence quality is still not high enough to detect all genes, it 
shows that the absence of genes is not a priori a basis for separating species. 

The enzyme assays did not reveal any additional physiological difference 
between var. arrhizus and var. delemar and there is no indication for differences in 
virulence. In general Rhizopus arrhizus is more frequently involved in human 
infection than R. microsporus. Compared to R. microsporus, R. arrhizus strains 
were more often positive for siderophore production and they possessed a higher 
activity for amylases and lipases (Dolatabadi et al. 2014). Judging from its enzyme 
profile, R. arrhizus has a high potential to degrade both plant as well as animal 
material. 

Morphologically the varieties have been distinguished on the basis of the 
position of swellings of the sporangiophore, the length of the sporangiospores, the 
structure of the rhizoids and the shape of the columella (Zheng et al. 2007). 
However, Gryganskyi et al. (2010) showed that spore size measurements were 
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insufficient to distinguish var. arrhizus from var. delemar. Sporangiospores of 
strains of a single variety may differ strongly in their size, while also intra-strain 
variability can be high. In addition, sporangiospore size is strongly influenced by 
temperature and medium (Ellis 1981) and is consequently not considered 
appropriate to distinguish taxonomic entities. In the literature the var. delemar has 
mostly been used for strains involved in food production and the var. arrhizus was 
more often known as an opportunistic human pathogen. Our statistical analyses 
were based on a relatively small number of strains because 50% of the arrhizus 
strains and 65% of the delemar strains lack information on the source of isolation. 
Nevertheless, clinical strains as well as strains used in fermentation processes are 
present in both varieties at nearly the same frequency and consequently our statistic 
data did not support this former classification. Both varieties seem to have a 
worldwide distribution. There is no dominance of a variety on certain continents. In 
addition a recent Indian study of invasive R. arrhizus isolates demonstrated an 
equal distribution among the two varieties (Chawdhary et al. 2014). 

In conclusion, multi-locus studies as well as AFLPs recognized var. 
arrhizus and var. delemar as different phylogenetic species which is in agreement 
with previous publications (Abe et al. 2007, Gryganskyi et al. 2010). However, 
there is still zygospore formation between members of both varieties, although 
their number is reduced suggesting that the mating barrier is not complete yet. No 
differences in ecology, epidemiology and distribution could be detected between 
the varieties. Morphological differences described by Zheng et al. (2007) such as 
the predominant position of swellings of the sporangiophore or the main origin of 
the sporangiophores (aerial hyphae or stolons) are small and quantitative and do 
not justify the separation of two species. Considering the dynamics of genomes in 
R. arrhizus, the absence of lactase dehydrogenase A in var. delemar causing the 
accumulation of different organic acids in the medium is not regarded as sufficient 
for the species rank. No additional physiological differences have been detected. In 
addition, no compensatory base change was detected between the varieties 
(Gryganskyi et al. 2010) and the ITS distances within and between Rhizopus 
species suggest a single species. Consequently we propose to treat the two 
phylogenetic species as varieties of the same biological species. Because we 
consider the protologue of the first described Rhizopus arrhizus as conclusive we 
suggest naming them R. arrhizus var. arrhizus and R. arrhizus var. delemar.  
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Abstract 
Mucormycosis has emerged as a relatively common severe mycosis in patients 
with hematological and allogeneic stem cell transplantation. Source of transmission 
is from unidentified sources in the environment. Early diagnosis of infection and its 
source of contamination are paramount for rapid and appropriate therapy. In this 
study, Rolling Circle Amplification (RCA) is introduced as a sensitive, specific and 
reproducible isothermal DNA amplification technique for rapid molecular 
identification of six of the most virulent species (Rhizopus microsporus, R. 
arrhizus var. arrhizus, R. arrhizus var. delemar, Mucor irregularis, Mucor 
circinelloides, Lichtheimia ramosa, Lichtheimia corymbifera). DNAs of target 
species were successfully amplified, with no cross reactivity between species. RCA 
can be considered as a rapid detection method with high specificity and sensitivity, 
suitable for large screening. 
 
 
Keywords 
Mucorales, mucormycosis, environmental screening, rolling circle amplification 
 
 
Introduction 
Most members of Mucorales are fast-growing saprotrophic fungi that are found as 
first colonizers of organic materials in soil, dung and dead plant material. Several 
species are used for the fermentation of soya-based foodstuffs such as ragi, tempe, 
or peka because of their production of hydrolytic enzymes (Hesseltine 1983, 
Jennessen et al. 2005, Skiada et al. 2011).The same or similar species are prevalent 
as etiologic agents of infections in patients with severe immune or metabolic 
impairments (Hesseltine 1983). Patients with diabetic ketoacidosis, hematologic 
malignancies, stem cell or solid organ transplantation, neutropenia, increased 
serum levels of available iron, or birth prematurity are at risk. Clinically the 
infection presents as rhinocerebral, pulmonary, gastrointestinal, renal or 
disseminated disease, and is life-threatening in susceptible patient populations. 
Usually extended necrosis is observed within days because of significant angio-
invasion. Rhizopus arrhizus is the most common infectious agent, being 
responsible for 70% of all cases of mucormycosis and 90% of all rhinocerebral 
cases (Skiada et al. 2011, Ibrahim et al. 2012, Walsh et al. 2012, Roilides et al. 
2012). Incidence of Rhizopus arrhizus is followed by that of Mucor and 
Lichtheimia species (formerly known as Absidia), and Rhizopus microsporus 
(Rammaert et al. 2012). In another study, the dominant species was Rhizopus 
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arrhizus (85% of rhinocerebral forms, and 32% of all mucormycoses), followed by 
Lichtheimia (approximately 29% of all mucormycoses), and R. microsporus 
(Lanternier et al. 2012). Mucor irregularis is special in causing chronic cutaneous 
infections in immunocompetent humans, ultimately leading to severe morbidity if 
left untreated (Lu et al. 2013). The genus Lichtheimia contains four species, of 
which L. corymbifera and L. ramosa have been reported from human infections 
(Alastruey-Izquierdo et al. 2010). Reviews describing the less common members of 
Mucorales causing the remaining 20 to 30% of mucormycosis cases mostly include 
Actinomucor, Apophysomyces, Cokeromyces, Cunninghamella, Rhizomucor, 
Saksenaea, and Syncephalastrum (Skiada et al. 2011, Walther et al. 2013). 
The prognosis of invasive mucormycosis remains poor, with recently reported 
mortality rates varying between 45 and 64%, and in some report 85%, depending 
on the underlying disease (Shoham et al. 2010, Neofytos et al. 2009). Early 
recognition of the source of infection is among the key elements in successful 
management of infection (Gomes et al. 2011). Conventional diagnosis is difficult 
because symptoms, signs, radiographic manifestations, and histopathology of 
mucormycosis are nonspecific (Walsh et al. 2012), and culture of sputum, 
paranasal sinus secretions, or bronchoalveolar lavage fluid is frequently 
unsuccessful. In general conventional diagnostics are slow, unsuited for screening 
purposes, and may have limited specificity. 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). The most 
common molecular method in clinics so far is sequencing of the ITS and D1/D2 
ribosomal DNA (rDNA) regions and Blast comparison in available databases. 
Rolling circle amplification (RCA) is an isothermal amplification method which 
has been proved to be rapid, cost-effective and specific for molecular identification 
of pathogenic fungi (Najafzadeh et al. 2013, Sun et al. 2010, Lackner et al. 2012). 
In this paper, we propose seven padlock probes on the basis of the rDNA ITS 
region to identify the most clinical relevant taxa of Mucorales, viz. R. microsporus, 
R. arrhizus var. arrhizus, R. arrhizus var. delemar, M. irregularis (formerly 
Rhizomucor variabilis), M. circinelloides, L. ramosa, and L. corymbifera. 
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Number Name  Source Geography  

CBS 120.12 R. arrhizus var. delemar NA Japan  

CBS 120593 R. arrhizus var. delemar Human: lung France  

CBS 285.55 R. arrhizus var. delemar Tempe Netherlands  

CBS 324.35 R. arrhizus var. delemar Cocos cake Indonesia  

CBS 395.54 (R) R. arrhizus var. delemar Human: diabetic Georgia 

CBS 404.51 R. arrhizus var. delemar NA China  

CBS 102659 R. arrhizus var. arrhizus Human: skin  France  

CBS 109939 (R) R. arrhizus var. arrhizus Human: skin of back Canada  

CBS 120589 R. arrhizus var. arrhizus Human: lung  France  

CBS 120590 R. arrhizus var. arrhizus Human: skin  France  

CBS 120806 R. arrhizus var. arrhizus  Human: rhino-cerebral France  

CBS 146.90 R. arrhizus var. arrhizus Human: palatum molle Netherlands  

CBS 700.68 (R) R. microsporus Forest soil Georgia 

CBS 308.87 R. microsporus Human  Australia 

CBS 631.82 R. microsporus Bread  China 

CBS 112587 R. microsporus Tempe  Indonesia 

CBS 102277  R. microsporus Rhinocerebral 
infection  

NA 

CBS 112586  R. microsporus Tempe  Indonesia 

CBS 102.48 L. corymbifera Moldy shoe India 

CBS 115811 L. corymbifera Indoor air Germany 

CBS 429.75 L. corymbifera Soil Afghanistan  

CBS 100.31 L. corymbifera Aborted cow NA 

CBS 101040 L. corymbifera Human: keratomycosis France 

CBS 109940 (R) L. corymbifera Human: finger tissue Norway 

CBS 112528 L. ramosa Human Germany 

CBS 649.78 L. ramosa Cultivated field soil India 

CBS 582.65 L. ramosa Theobroma cacao Ghana 

CBS 223.78 L. ramosa Cocoa soil NA 

CBS 124198 L. ramosa Culture contaminant Netherlands 

CBS 103.35 (R) L. ramosa Musa sapientum NA 

CBS 480.70F (R) M. circinelloides  Garden soil India 

CBS 479.70 M. circinelloides  Soil Finland 

http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=261&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
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CBS 416.77 M. circinelloides  Chinese yeast NA 

CBS 394.68 M. circinelloides  Thawing beef meat Netherlands  

CBS 384.95 M. circinelloides  Human: face China 

CBS 111560 M. circinelloides  Sufu Vietnam 

CBS 100164 M. irregularis Human China 

CBS 103.93 M. irregularis Human: hand China 

CBS 609.78 M. irregularis Garden soil Nigeria 

CBS 654.78 M. irregularis Owl pellet India 

CBS 700.71 (R) M. irregularis Soil India 

CBS 977.68 M. irregularis NA India 

 
Table 1: Strains analyzed. Abbreviations used: CBS = Centraalbureau voor Schimmelcultures, Utrecht, The 
Netherlands, R = Controls for cross reactivity. 

 
 
Materials and methods 
 
Fungal strains 
In total 42 strains from reference collection of the Centraalbureau voor 
Schimmelcultures (CBS-KNAW Fungal Biodiversity Centre, Utrecht, The 
Netherlands), were used in this study and are listed in supplementary Table 1. The 
set included 6 strains each of R. microsporus, R. arrhizus var. arrhizus, R. arrhizus 
var. delemar, M. irregularis, M. circinelloides, L. ramosa, and L. corymbifera, 
including strains tested as negative controls. Isolates were identified with different 
genetic markers prior this study and there is no conflict about their taxonomic 
identification (Lu et al. 2013, Walther et al. 2013, Dolatabadi et al. 2014). 
Lyophilized strains were grown on 5% Malt Extract Agar (MEA; Oxoid, 
Basingstoke, U.K.) in 8 cm culture plates incubated at 30 °C for 3 days.  
 
DNA extraction and amplification 
DNA was extracted using a CTAB method as described previously (Dolatabadi et 
al. 2014b). ITS amplicons were generated with primers V9G and LS266. The ITS 
amplicons were used as targets for RCA reactions. 
 
Padlock probe design and RCA reactions 
ITS sequences of all strains were aligned and adjusted manually using 
BioNumerics v. 4.61 (Applied Maths, St-Martens-Latem, Belgium) to identify 
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informative nucleotide polymorphisms. Padlock probes targeting the ITS region 
were designed and were ordered from Invitrogen Inc. (Breda, The Netherlands). In 
order to optimize binding efficiency to target DNAs, the padlock probes were 
designed with minimum secondary structure and with Tm of the 5’ end probe 
binding arm close to or above ligation temperature (63 ℃, see below). To increase 
its discriminative specificity, the 3’ end binding arm was designed with a Tm 10–15 
℃ below ligation temperature. Linker regions of species-specific probes were taken 
from Zhou et al. (2008) and 5’ and 3’ binding arms were designed in this article 
(Table 2). Oligonucleotide probes (Table 2) consisted of two adjacent 
complementary target sequences (12–26 bp) with a spacer region (63 bp) to 
facilitate loop formation and to provide a template for RCA primer binding. All 
primers and probes were synthesized by a commercial manufacturer (Invitrogen, 
Carlsbad, CA, U.S.A.). 
 
 
Organism Padlock 

probe 
names 

Species-specific site of padlock probe (length) 

Site X at 5´ end (23-26 nt) Site Y at 3´end (12-14 nt) 

Rhizopus 
microsporus 

Rm 5´ P CTAGGTAGTTCGTAATTTAATGAAAA AAGCACGATGG 3´ 

Rhizopus arrhizus 
var arrhizus 

Ra 5´ P ACCACATAAACAAATGTTATGTGTG ATGCGACCCATC 3´ 

Rhizopus arrhizus 
var delemar 

Rd 5´ P AAAAAGATCCTGAGACCAGCGTAA GGGCGAACCAAAG 3´ 

Mucor irregularis Mi 5´ P AATCCCTCAAAACGCTAAACAGTA ATAATCTTTAGGC 3´ 

Mucor circinelloides Mc 5´ P CGTGCTCATTGGAATACCAATGA GATACTGAAACAGG 3´ 

Lichthemia 
corymbifera 

Lc 5´ P AGAAGCCTTCAAGTTAACAAATAAC GACTCTTTTTAC 3´ 

Lichthemia ramosa Lr 5´ P GTTTACACGAGAAGAATAAACACC TTCGTACATCATG 3´ 

RCA1 primer 
sequence 

 5´-ATGGGCACCGAAGAAGCA-3´  

RCA2 primer 
sequence 

 5´-CGCGCAGACACGATA-3´  

Padlock probe core: 
X- 

 gatcaTGCTTCTTCGGTGCCCATtaccggtgcggat
agctacCGCGCAGACACGATAgtcta-Y 

 

 
P at the 5′end of the probe indicates 5′-phosphorylation. 
The padlock probe core consists of the linker region (lowercase bold letters) and the RCA primer binding sites 
(capital letters). The padlock probe core comprises 63 nt and represents the backbone of the probe that inhibits 
interlooping of DNA. 
Table 2: Rolling circle amplification padlock probes and padlock probe-specific primers used in this study. 

 
 



Chapter 4 
 

 
95 

 

One microlitre of ITS amplicon was mixed with 0.1 μl of ampligase (5 U / μl), 2 
nmol of padlock probe, 1 μl of 10× ligation buffer, 4.9 μl of water with a total 
reaction volume of 10 μl. Padlock probe ligation was conducted with one cycle of 
denaturation for 5 min at 95 ℃, followed by seven cycles of 95 ℃ for 30 s and 4 
min ligation at 63 ℃. 
Exonucleolysis is required to remove unligated padlock probe and template PCR 
product and thus reduce subsequent ligation-independent amplification events. This 
step seems optional in previous works (Sun et al. 2010), and we decided to delete 
this step without jeopardizing speed and reliability of the method. 
Three microlitre of ligation product was used as template for RCA. The total 
volume was 46 μl containing 1 μl Bst DNA polymerase LF (New England 
Biolabs), 1 μl deoxynucleoside triphosphate mix (5 Mm), 1.5 μl of 10 pmol of 
RCA primer each, 5 μl RCA buffer 10×, 36 μl water. Probe signals were amplified 
by incubation at 65 ℃ for 60 min, and accumulation of double stranded DNA 
products was visualized on a 1% agarose gel to verify the specificity of probe-
template binding. Positive reactions showed a ladder-like pattern, whereas negative 
reactions showed a clean background. Smart DNA ladder (0.2–10 kb; Eurogentec, 
Seraing, Belgium) was used as molecular weight standard. 
 
Sensitivity 
To evaluate the detection limit of the RCA assay, two microlitres of each 10-fold 
serial dilution was used in each RCA reaction. ITS amplicons of R. arrhizus var. 
delemar CBS 395.54 was used (Fig. 2). 
 
 
Results 
The ITS alignment revealed suitable positions for the development of padlock 
probes distinguishing between six taxa tested in this study. All tested strains 
generated positive results with respective padlock probes. The duration of the RCA 
assay was 2 h. Positive responses proved to be 100% specific for all strains, 
species-specific probes correctly identifying all six species and varieties analyzed. 
No cross reaction was observed between these taxa (Fig. 1). CBS 395.54, CBS 
109939, CBS 109940, CBS 103.35, CBS 480.70F, CBS 700.71, and CBS 700.68 
were used as negative controls in tests with non-orthologous taxa. The concordance 
of RCA results and identification by multilocus sequencing was 100%. Products of 
the RCA reaction were visualized by electrophoresis on 1% agarose gels. With 
exonucleolysis, positive responses showed ladder-like patterns after RCA, whereas 
with negative results the background remained clean. When exonucleolysis was 
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omitted, a single, weak or strong band was visible on negative lanes, representing a 
non-specific band that did not interfere with the RCA reaction. Sensitivity testing 
showed that RCA yields positive results in wide ranges of amplicon concentrations 
down to 3.2 × 105 copies of amplicon (Fig. 2). 
 
 

 
 
Figure 1: Gel representation of specificity of rolling circle amplification probes. Amplification of probe signals 
was seen only with matched template–probe mixtures (empty lanes denote absence of signals with unmatched 
template–probe mixtures). The taxon-specific probes are labeled as shown at the top of the figure. Lane M is 200-
bp DNA MW marker (Eurogentec, The Netherlands); lane 1, R. microsporus (CBS 700.68); lane 2, R. arrhizus 
var. arrhizus (CBS 109939); lane 3, R. arrhizus var. delemar (CBS 395.54); lane 4, M. irregularis (CBS 700.71); 
lane 5, M. circinelloides (CBS 480.70F); lane 6, L. ramosa (CBS 103.35); lane 7, L. corymbifera (CBS 109940). 
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Figure 2: Analytical sensitivity of Rolling Circle Amplification (RCA) in detecting artificial template of the ITS1-
5.8S-ITS2 rDNA region. ITS amplicons of R. arrhizus var. delemar CBS 395.54 was used as a sample. Left to 
right: Lane M, 200-bp DNA MW marker (Eurogentec, The Netherlands); lanes 1 to 10: 3.2 × 1013, 3.2 × 1012, 3.2 
× 1011, 3.2 × 1010, 3.2 × 109, 3.2 × 108, 3.2 × 107, 3.2 × 106, 3.2 × 105 and 3.2 × 104 copies per tube, respectively.  

 
 
Discussion 
rDNA ITS is a sufficient barcoding marker in Mucorales, because interspecific 
distances tend to be relatively large compared to e.g. more recently evolved 
ascomycetes (Walther et al. 2013). In addition, the majority of clinically relevant 
taxa are located in distantly related clades. The main exception is with R. arrhizus 
var. arrhizus and R. arrhizus var. delemar which differ in 3 bp in ITS, show 
occasional interbreeding and have been considered to be varieties of a single 
species rather than separate species (Dolatabadi et al. 2014a). RCA reportedly has a 
specific detection limit of single nucleotide (Sun et al. 2010) and thus should be 
able to differentiate between these groups. Our results showed that this was indeed 
the case (Fig. 1).  
The purpose of the present study was to establish a screening method based on 
RCA enabling rapid detection, with specificity down to few nucleotide differences 
and assess the limits of this molecular method. We found specificity of 100%, and 
high sensitivity. RCA is a robust and simple isothermal DNA amplification 
technique allowing rapid detection of specific nucleic-acid sequences with no need 
of sequencing and can be performed within 2 h, and is therefore applicable for 
rapid and economic screening purposes (Najafzadeh et al. 2013, Sun et al. 2010). 
Specially designed padlock probes hybridize to a target DNA or RNA and permit 
the detection of single nucleotide mismatch and prevent non-specific amplification, 
a common risk factor in conventional PCR. To date, RCA has been used for 
different fungi, such as Cryptococcus, Trichophyton, Candida, Aspergillus, 
Talaromyces marneffei, Scedosporium, and black yeasts (Sun et al. 2010).  
In Mucorales no cross reactivity was observed within tested strains. RCA is 
particularly suited for high throughput applications. Wide ranges of amplicon 
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concentrations yield positive results. The amplification product can be visualized 
by agarose gel electrophoresis, but also in gel-free systems using fluorescence 
staining of amplified product by SYBR Green in combination with UV-
transillumination, and this can add to the speed and ease of the test. RCA is 
practical for detection of low copy number DNA. The method can be performed 
with a variety of DNA polymerases compared to direct PCR (Sun et al. 2010). 
RCA represents a tool for screening in view of hospital hygiene, and for 
understanding pathogen population dynamics (Baner et al. 2003). 
The continued development of reliable diagnostic tools for the early detection and 
identification of fungi remains a priority for improving patient outcomes. Judging 
from these results and given the simplicity of the method, RCA can become a 
routine test in hospital hygiene where large numbers of samples are to be screened. 
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Abstract 
This study presents species recognition by Matrix-Assisted Laser Desorption 
Ionization–Time of Flight Mass Spectrometry (MALDI-TOF MS) to distinguish 
between two of most frequent clinical species of Rhizopus (R. microsporus and R. 
arrhizus with its varieties arrhizus and delemar) and to compare these species with 
other clinically relevant members of Mucorales. 

Using the MALDI Biotyper v. 3.0 (Bruker Daltonics), an in-house library 
of main spectra (MSPs) was created for 38 strains of two Rhizopus species. The 
database was tested for accuracy using clinical and environmental isolates. Data 
demonstrate that MALDI-TOF MS can be used to recognize these species even at 
the level of varieties. The MALDI-TOF MS-based method reported here was found 
to be reproducible and accurate, with low consumable costs and minimal 
preparation time. The results of protein profiles (MSPs) were comparable with 
MLST results and may be used in future diagnostics. 
 
 
Keywords 
MALDI-TOF MS, MLST, Rhizopus, Identification  
 
 
Introduction 

Rhizopus is a genus of Mucorales comprising etiologic agents of 
mucormycosis, an acute fungal infection with high morbidity and mortality in 
patients with severe underlying metabolic or immune disorders. The disease is 
angioinvasive, leading to thrombosis and extended necrosis and is rapidly 
progressive with a high rates of mortality (>50%), approaching 100% among 
patients with disseminated disease or those with persistent neutropenia. Clinical 
manifestation of this disease occurs as rhinocerebral, pulmonary, gastrointestinal, 
renal or disseminated infection (Ibrahim et al. 2012). The number of cases is 
increasing due to growing patient populations with impaired immunity due to e.g. 
organ transplant. Rhizopus arrhizus is the prime species responsible for 70% of all 
cases of mucormycosis and 90% of all rhinocerebral cases, while R. microsporus is 
the third most frequent opportunist in the Mucorales; thus, the genus Rhizopus is by 
far the most important clinical entity in mucoralean infection (Skiada et al. 2011, 
Lanternier et al. 2012, Roilides et al. 2012, Walsh et al. 2012, Rammaert et al. 
2012). 

Rhizopus species are commonly present in indoor environments where they 
occupy habitats in early stages of decay. Several species are spoilage agents of 
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fresh and manufactured food (Hesseltine et al. 1983, Jennessen et al. 2005), but are 
also commonly applied in food fermentation of oriental foods such as tempe, sufu, 
koji, and ragi (Nout & Rombouts 1990). Rhizopus species have also numerous 
biotechnological applications in the production of enzymes (e.g. lipases, amylases) 
and secondary metabolites (e.g. fumarate, malate and lactic acid) (Gosh et al. 2011, 
Abe et al. 2007). 

Treatment of mucormycosis is based on antifungal therapy combined with 
surgery. The choice of antifungal agents used, differs between various mucoralean 
fungi (Vitale et al. 2012), and this makes the correct identification at the species 
level crucial. At this moment, most routine laboratories are unable to provide 
reliable identification of clinical isolates down to the species level, thus the choice 
of optimal treatment is challenging (Ibrahim et al. 2008, Lamaris et al. 2009, Lass-
Florl et al. 2009). Isolation of mucoralean species in culture from patient material 
may also be difficult because of lack of sporulation in tissue while the non-
compartmented nature of hyphal elements interferes with germination. 
Histopathological observation does not allow specific or even generic 
identification, which is essential for selecting optimal antifungal therapy (Griffin et 
al. 2014). DNA-based methods, such as sequencing are time-consuming and 
require several preparatory steps (e.g. DNA extraction, PCR amplification). 
Machouart et al. (2001) introduced a rapid restricted fragment length 
polymorphism (RFLP) method for the main species, but this technique requires 
availability of a set of specific primers. No serological indicator for mucormycosis 
is available at this moment (Lass-Florl et al. 2009). Considering the difficulties in 
early diagnostics, acute invasive infection type, and a steady increasing in the 
number of cases, availability of reproducible and rapid species recognition are 
essential to decrease mortality rates resulting from this infection. 

Here we present application of MALDI-TOF MS identification for the two 
most important clinical species of Rhizopus, viz. R. microsporus and R. arrhizus, 
the latter compromising two varieties (var. arrhizus, var. delemar (Dolatabadi et al. 
2014a)). MALDI-TOF MS primarily has been used for identification of bacteria 
and yeasts, and is increasingly applied in identification of filamentous fungi such 
as Aspergillus and Penicillium (Alanio et al. 2011, Bader et al. 2010, Hettick et al. 
2008). In the basal lineages of the fungal kingdom so far only a single report has 
appeared on MALDI-TOF MS identification of Lichtheimia species, the second 
important clinical group in the Mucorales (Schrödl et al. 2011). As a measure of 
correctness, the results of our MALDI-TOF MS study were calibrated by multi-
locus sequence typing (MLST), which presently is the most accurate method for 
species differentiation. MALDI-TOF MS results from Rhizopus were combined 
and compared with other clinically relevant genera of Mucorales. 
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Materials and methods 
 
Strains and cultivation 
Thirty nine reference and type strains (Table 1) from Centraalbureau voor 
Schimmelcultures (CBS-KNAW Fungal Biodiversity Centre, Utrecht, the 
Netherlands) were used in this study. These included 26 strains of R. arrhizus with 
13 strains of var. arrhizus and 13 strains of var. delemar, and 13 strains of R. 
microsporus. For preservation, serial transfer and DNA isolation, strains were 
cultured on 5% malt extract agar (MEA, Oxoid, Basingstoke, U.K.) in 8 cm culture 
plates and incubated for 72 hours at 30 °C.  
 
 
CBS number Name  Country Source Based on Abe 

et al. 2007 
CBS 102277  R. microsporus NA Human, 

rhinocerebral  
 

CBS 112586  R. microsporus Indonesia Tempe   

CBS 112588  R. microsporus Indonesia Tempe   

CBS 124669  R. microsporus Greece Human, soft palate  

CBS 699.68 NT R. microsporus Ukraine Soil  

CBS 700.68 R. microsporus Georgia Forest soil  

CBS 289.71  R. microsporus Italy Starch-containing 
material 

 

CBS 294.31 T R. microsporus France Cow foetus  

CBS 608.81 R. microsporus Denmark NA  

CBS 357.93 T R. microsporus Indonesia Tempe   

CBS 258.79 R. microsporus Sweden Saw mill dust   

CBS 338.62 R. microsporus Indonesia Tempe  

CBS 388.34 T R. microsporus Japan Ragi   

CBS 102660 var. arrhizus NA  NA  AB 

CBS 120591 var. arrhizus France Sinus AB 

CBS 120596 var. arrhizus France NA AA 

CBS 127.08 Auth? var. arrhizus NA NA AA 

CBS 148.22  var. arrhizus NA NA AA 

CBS 264.28 T var. arrhizus China  Chinese yeast AA 

CBS 286.55 var. arrhizus NA Rabbit brain AA 

CBS 387.34 T var. arrhizus Japan NA AA 

http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=41628&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=28&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=59227&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=28&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=8345&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=8629&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=9218&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=15093&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=144&Fields=All
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CBS 395.95 var. arrhizus NA NA AA 

CBS 400.95 var. arrhizus NA NA AB 

CBS 515.94 var. arrhizus Singapore Tempe AA 

CBS112.07 T var. arrhizus Netherlands NA AA 

CBS 118614 var. arrhizus Turkey Palate  AA 

CBS 120.12 T var. delemar Japan NA DD 

CBS 126971 var. delemar NA  NA DD 

CBS 279.38 T var. delemar India NA DD 

CBS 385.34 T var. delemar Japan NA DD 

CBS 386.34 T var. delemar Japan NA DD 

CBS 389.34 var. delemar Japan NA DD 

CBS 391.34 T var. delemar Japan NA DD 

CBS 393.34 T var. delemar Japan NA DD 

CBS 401.51 var. delemar Japan NA DD 

CBS 402.51 T var. delemar Japan NA DD 

CBS 406.51 T? var. delemar Japan NA DD 

CBS 295.31 Auth var. delemar Germany Pig  DD 

CBS 395.54 var. delemar Georgia Diabetic patient DC 

 
Table 1: Isolates studied, with origin and substrates. NA = not availabale, CBS = Centraalbureau voor 

Schimmelcultures Fungal Biodiversity Centre, Utrecht, The Netherlands, T; type strain, Auth; authentic type 

strain. 

 
 
MLST  
DNA extraction and PCR conditions were according to methods described 
previously (Dolatabadi et al. 2014b). Markers included the rDNA internal 
transcribed spacer (ITS) region, parts of the actin (ACT), and translation elongation 
factor 1-α (TEF) gene were investigated. Consensus sequences were constructed by 
means of SeqMan v. 9.0.4 (DNASTAR, WI, U.S.A.). Sequences of each marker 
were aligned in MEGA5 of the Laser gene software package (DNASTAR) using 
ClustalW. Concatenated sequences were imported to MEGA5 for the construction 
of a final MLST tree using Maximum Likelihood (ML). The optimal substitution 
model (T92 + G +I, Tamura 3) was selected by MEGA5. Robustness of tree 

http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=37156&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=37161&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=36718&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=163&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=45&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=170&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=8399&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=144&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=65522&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=11614&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=139&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=10631&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=144&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=10632&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=144&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=10635&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=144&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=10637&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=144&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=10638&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=144&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=13990&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=144&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=13991&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=144&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=13995&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=144&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=29&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=261&Fields=All
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topology was estimated by bootstrapping with 1000 replicates. The final tree was 
drawn in Adobe Illustrator Artwork 15.1. 
 
MALDI-TOF MS  
Sample preparation 
A protocol of standardized liquid cultivation with constant rotation was followed, 
developed for cultivation of filamentous fungi and the construction of the 
Filamentous fungi v. 1 Library by Bruker Daltonics (Bremen, Germany) with a few 
modifications. Falcon tubes (15 mL) containing 7 mL of Sabouraud dextrose broth 
(Difco, REF 238230) were inoculated and incubated on a tube rotator SB2 (Stuart) 
(20 r.p.m.) at room temperature for 24–72h. Cultivation tubes removed from the 
rotator were centrifuged (1 min, 3 000 r.p.m.) and 1.5 mL of the fungal biomass 
sediment was collected into Eppendorf tubes and 1 mL of sterile Milli-Q water was 
added to the pellet followed by vortexing. This washing step was performed three 
times. The final supernatant was removed and 1.2 mL of 70% ethanol was added.  

A crude protein extraction protocol using the Formic Acid / Ethanol 
sample preparation method (Bruker Daltonics, Germany) was followed with a few 
modifications (Marklein et al. 2009, Kolecka et al. 2013). The samples were 
centrifuged (3 min, 14 000 r.p.m.), the supernatant was removed and the pellets 
were air-dried in a laminar flow cabinet for 30 min. The pellets were first dissolved 
in 25–40 µL of 70% formic acid (FA) (Sigma-Aldrich, Zwijndrecht, Netherlands), 
depending on the pellet size, and after vortexing an equal volume of 100% 
acetonitrile (ACN) (Fluka) was added and mixed. Samples were then centrifuged 
(14 000 r.p.m., 2 min) and supernatants were immediately used to generate mass 
spectra.  
 
MALDI-TOF MS in-house library and identification 
Mass spectra were generated with a MALDI Biotyper 3.0 Microflex LT (Bruker 
Daltonics, Germany) mass spectrometer. A Rhizopus in-house library was created 
with 38 strains of which 26 strains represented R. arrhizus and 13 R. microsporus. 
For each strain, 1 µL of crude protein extract was deposited on eight spots of a 96-
spot polished steel target plate (Bruker Daltonics), air-dried, and covered with 1 μl 
of HCCA matrix solution (Bruker Daltonics) (Kolecka et al. 2013). To generate a 
Main Spectrum (MSP), 24 individual spectra were acquired per isolate using the 
MALDI Biotyper automated FlexControl software v. 3.0 (Bruker Daltonics) and a 
minimum of 20 high-quality spectra were selected with Flex analysis v. 3.3 (Bruker 
Daltonics) to create the respective MSP entry to be stored as in-house CBS 
“Rhizopus library”. Comparison of the MSPs was performed by Principal 
Component Analysis (PCA) resulting in a distance score-oriented dendrogram (Fig. 
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1). The identification of the isolates, each represented by an MSP, was tested in 
silico using MALDI Biotyper 3.0 RTC software (Bruker Daltonics) with the in-
house Rhizopus library and the two Bruker Daltonics commercial databases 
simultaneously, namely BDAL database v. 3.0 together with the filamentous fungi 
v. 1 Library.  
 
 
Results 
 
MLST 
The set of 39 strains studied included type strains of currently accepted and 
synonymous species and represented isolates from clinical, environmental, and 
food-associated sources of R. microsporus and the two varieties of R. arrhizus from 
a diverse geographical origin. Sequences were generated targeting three gene 
markers (ITS, ACT, TEF). 

The ITS region had five parsimony-informative sites among 577 base 
pairs. The ACT alignment contained 746 base pairs with 17 parsimony-informative 
sites and the TEF alignment included 979 base pairs but only four were parsimony-
informative. Concatenated sequences were used to generate the MLST tree. A 
Maximum Likelihood (ML) phylogenetic tree was constructed to confirm concepts 
of Rhizopus species separation in accordance with literature data (Fig. 1). The 
MLST tree showed separation in two main clades, supported with bootstrap values 
of 99% for R. microsporus and R. arrhizus. In R. arrhizus a clear separation of two 
varieties was observed supported by bootstrap values of 47%.  

Phylogenetic results proved monophyly for each species, which was 
concordant with data shown previously (Dolatabadi et al. 2014a, b) and was 
considered as proof of correct identification of strains for the MALDI-TOF MS 
experiment. Sequences generated for the analysis are deposited in GenBank 
(Dolatabadi et al. 2014a, b). 
 
MALDI-TOF MS 
The MSPs were automatically classified and identified using the experimental 
Fungal Library MALDI Biotyper 3.0 software. The CBS in-house Rhizopus library 
was created with 38 MSPs out of 39 Rhizopus strains, as presented in Table 1. 
Although the robust growth on solid media of strain CBS 264.28 was observed, 
this isolate did not show sufficient growth in liquid media and therefore it was not 
possible to obtain sufficient quality MSPs. After two unsuccessful attempts, this 
strain was excluded from the further MALDI-TOF MS analyses (Fig. 1). 
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The spectra of relevant type strains of investigated taxa (CBS 699.68, CBS 
120.12, and CBS 112.07) at the expected taxonomic levels were different for the 
two species and two varieties (data not shown). Identification results with the 
current test set confirmed correct identity for all MSPs (100%) and no false 
positive results were observed. Discrimination of Rhizopus species and relatedness 
at the variety level were confirmed as shown on the MSP dendrogram (Fig. 1) 
generated using the MALDI Biotyper 3.0 software. 

Results of the above set of 38 strains was supplemented with further MSPs 
from the Bruker database including the four mucoralean genera Rhizopus, Mucor, 
Rhizomucor and Lichtheimia to show unambiguous separation of all species (Fig. 
2). As an out-group, 35 MSPs from these four clinically relevant genera from the 
Bruker filamentous fungi v. 1 Library, viz. Rhizopus (16 MSPs), Mucor (6 MSPs), 
Rhizomucor (2 MSPs), and Lichtheimia (11 MSPs) were added (Fig. 2). The 
distance level is a relative measure of the differences among the spectra and clear 
separation of R. arrhizus and R. microsporus was observed (Figs 1, 2). 
Additionally, the PCA dendogram topology showed a broadly similar topology to 
the MLST phylogeny and supported separation of the varieties arrhizus and 
delemar of R. arrhizus. 
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Figure 1: Cluster analysis of 38 MALDI-TOF Main mass Spectra’s (MSPs) of strains belonging to Rhizopus 
species that were used to create the CBS-KNAW in-house database. Distance level of subdivision is displayed in 
relative units. These strains were validated by sequencing of the ITS, Act, TEF gene markers presented on MLST 
tree. T= Type strain, NT= neotype, Auth= authentic strain.  

 = R. microsporus,  = R. arrhizus var. arrhizus,  = R. arrhizus var. delemar 
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Discussion 
With MALDI-TOF MS all species analyzed in this study, including mucoralean 
reference strains represented in the database, were unambiguously identified. At 
the species level the MLST and MALDI-TOF MS trees were congruent. Within 
both Rhizopus species studied in this paper, several varieties have been described 
in older literature, but recent molecular studies considered R. microsporus to be 
monophyletic and within R. arrhizus only varieties were reduced maintained 
(Dolatabadi et al. 2014a, b). Type strains of vars. microsporus, azygosporus, and 
chinensis were included in the set of analyzed strains. They could not be 
distinguished using MLST data (Dolatabadi et al. 2014b) were randomly 
distributed within the R. microsporus cluster in the MALDI-TOF MS tree (Fig. 1). 
Two strains of R. microsporus, CBS 700.68 and CBS 699.68, both isolated from 
soil, were found in an external position with MLST (Dolatabadi et al. 2014a) and 
also were among the deviating strains in the MALDI-TOF MS dendrogram (Fig. 
1). The two varieties of Rhizopus arrhizus can be identified by ITS sequence data 
(Dolatabadi et al. 2014a), having a maximum of 5 bp difference, and 
phenotypically they can be distinguished by either fumaric-malic acid (var. 
delemar) or lactic acid (var. arrhizus) production (Abe et al. 2007). Single-locus 
trees based on ITS, TEF and ACT were strictly concordant (Dolatabadi et al. 
2014b). The differences were maintained with AFLP profiling (Dolatabadi et al. 
2014b, Chowdhary et al. 2014). With MALDI-TOF MS the two groups could be 
discerned and the result was in accordance with the MLST tree (Fig. 1).  

Rhizopus microsporus and R. arrhizus strains (including both varieties) do 
not show significant differences in their physiological profiles of growth 
temperature, nitrogen and carbon assimilation, and different enzyme production 
(Dolatabadi et al. 2014a, b) except for the physiological difference between the 
varieties of R. arrhizus above (Abe et al. 2007). Size, shape, and ornamentation of 
spores which have been used in the past for species and variety distinction, proved 
inadequate for differentiation of taxa (Dolatabadi et al. 2014a, b).  
Both species are active enzyme producers, are thermophilic and grow rapidly in 
culture. These properties make them good candidates for production of fermented 
foods and for biotechnological applications. On the other hand they are spoilage 
organisms of fruits and vegetables. The same species are however also involved in 
clinical manifestations causing acute mucormycoses in severely debilitated 
patients.  Virulence of Rhizopus strains was shown to be independent from the 
source of isolation of the respective strains (Kaerger et al. 2014). There are 
significant differences in antifungal susceptibility within Mucorales and between 
Rhizopus species (Vitale et al. 2012). Therefore, identification down to the species 
level is helpful to determine antifungal therapy based on susceptibility profiles of 
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the individual pathogen. Considering the increasing number of infections, MALDI-
TOF MS is well-suited as identification method in the routine clinical laboratory. 
With most methods interspecies distances in Mucorales tends to be quite high 
compared to intraspecific variations, leading to considerable barcoding gaps, which 
enhances reliable species differentiation (Walther et al. 2013), as is visible in 
MALDI-TOF MS and MLST results.  
 
 

 
 
 

Figure 2: Cluster analysis of MALDI-TOF Main mass Spectra’s (MSPs) of strains belonging to four different 

clinical genera of Mucorales. Distance level of subdivision is displayed in relative units. 
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MALDI-TOF MS has been implemented as a rapid, simple, and cost-
effective high-throughput proteomic technique and yielded 100% accurate 
identification on the genus and varieties level for 38 strains of Rhizopus. Addition 
of further clinical and environmental strains from 4 other genera from the Bruker 
database proved that identification potential of MALDI-TOF MS in Mucorales can 
be extended. However, the availability of a reliable database is needed to allow 
correct identification of isolates, as was considered exemplarily in our study. 
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Abstract 
Fungal infections caused by the ancient Mucorales (mucormycosis) are still rare, 
but are increasingly reported. Predisposing conditions supporting and favouring 
mucormycoses in humans and animals include diabetic ketoacidosis, 
immunosuppression, and haematological malignancies. However, comprehensive 
surveys to elucidate fungal virulence factors in ancient fungi are limited and so far 
focused on Lichtheimia and Mucor. Since causative agents of mucormycoses 
belong to different genera which are distantly related, differences in virulence 
factors could be assumed and should be studied for each genus. The presented 
study focused on a third important causative agent of mucormycoses, the genus 
Rhizopus, located in the family Rhizopodaceae. The study revealed variable 
virulence potential for distinct evolutionary clades, with adaptation to elevated 
temperatures being viewed as an important criterion for the development of human 
mucormycoses, although the virulence of thermotolerant vs. mesophilic species 
was similar in chicken egg and wax moth models. This comparability clearly 
revealed the existence of additional factors relevant to infection. However, neither 
specific adaptation to nutritional requirements nor stress resistance correlated with 
virulence, supporting the idea that Mucorales are predominantly saprotrophs 
without a specific adaptation to warm blooded hosts. 
 
 
Keywords 
Virulence, Rhizopodaceae, Rhizopus, Syzygites, Sporodiniella, infection model, 
embryonated chicken egg, Galleria, wax moth, carbon source assimilation, growth 
kinetics, thermotolerance 
 
 
Introduction 
Zygomycetes belong to one of the oldest fungal groups on earth, with known 
fossils from the Middle Triassic of Antarctica (Krings et al. 2012) and a diverging 
time calculated for their origin of around 600 mya years (Berbee et al. 2001). 
Contemporary descendants of these early ancestors can be found all over the world 
colonizing a wide range of ecological habitats, and are currently classified in 
several subphyla, namely Mucoromycotina, Kickxellomycotina, Zoopagomycotina, 
Mortierellomycotina (Hibbett et al. 2007, Hoffmann et al. 2011), and the phylum 
Entomophthoromycota (Humber et al. 2012). Within the Mucoromycotina, the 
largest order Mucorales comprises predominantly saprotrophic inhabitants of soil 
and organic decaying matter. Some species are also able to parasitize on plants, 
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insects and fungi, or they can be found as opportunistic pathogens of man and 
animals. 

The mucoralean family Rhizopodaceae K. Schum. today encompasses 
three genera, namely Sporodiniella, Syzygites and Rhizopus. Although the family 
comprises only eleven species, saprotrophic, parasitic and pathogenic life-styles are 
represented within the Rhizopodaceae in a species-specific manner. 

While Sporodiniella umbellata, sole species of its genus, is a facultative 
parasite of insect larvae (Evans et al. 1977, Chien et al. 1997), Syzygites 
megalocarpus, also sole species of its genus, is parasitic on members of the 
Dikarya (Kovacs et al. 1999). In contrast, Rhizopus species display a high 
variability of lifestyles and habitats. Being primarily saprotrophic fungi, several 
species are important plant-pathogens or spoilage agents of fresh and manufactured 
food e.g. soft rot caused by R. stolonifer, R. arrhizus (syn. R. oryzae) or R. 
microsporus (Fajola 1979, Shtienberg 1997, Lackner et al. 2009, Kwon et al. 
2011). Yet, Rhizopus plays also an important role in industrial biotransformations 
or food processing through fermentation, especially in Asia and Africa (Nout et al. 
2004 & 2009, Choudhary et al. 2013). 

The most important impact on human is the pathogenic potential of 
some Rhizopus species causing life-threatening infections (Ribes et al. 2000, Roden 
et al. 2005, Skiada et al. 2011). These infections often develop rapidly, 
predominantly as rhinocerebral and pulmonary manifestations; and are often 
associated with dissemination and high mortality rates. Although mucormycoses 
are uncommon fungal infections compared to aspergillosis or candidiasis, their 
incidence is increasing in clinical settings (Ribes et al. 2000, Roden et al. 2005, 
Skiada et al. 2011, Gomes et al. 2011). Major risk factors for mucormycoses are 
diabetic ketoacidosis, immunosuppression and malignancies. In addition, infections 
have been found to be associated with administration of certain antifungals such as 
voriconazole or iron chelators like desferoxamine (Roden et al. 2005, Skiada et al. 
2011, Lamaris et al. 2009). 

In addition to human predispositions, fungal prerequisites are also 
required for infection. Such virulence factors include pathways that facilitate 
adaptation to the host environment, e.g. to elevated temperatures, unfavourable pH, 
unbalanced osmotic conditions and nutrient limitation (Cooney et al. 2008). 
Furthermore, some morphological features are linked to virulence: e.g. fungal 
spore size is known to be related to fungal pathogenesis in Mucor circinelloides 
(Lee et al. 2013, Li et al. 2011). Finally, the relative burden of asexual spores in the 
environment might contribute to the establishment of mucormycoses. In Rhizopus 
the amount of spores produced differs between species and is known to be reduced 
for R. schipperae, a rare causative agent of mucormycosis (Ribes et al. 2000). 
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Although mucormycoses are seen as emerging serious fungal infections, 
with a large number of case reports and studies concentrating on susceptibility to 
antifungal drugs (Alastruey-Izquierdo et al. 2009), comprehensive evaluations of 
the pathogenic potential at genus- or family-level so far only exist for the 
Lichtheimiaceae (Schwartze et al. 2012). In addition to evaluating fungal traits 
potentially involved in virulence we investigated the pathogenic abilities of the 
Rhizopodaceae applying the embryonated chicken egg model, a model with proven 
suitability to assess the virulence potential of fungi, and Galleria mellonella as a 
second alternative infection model (Schwartze et al. 2012, Jacobsen et al. 2010). 
 
 
Material and Methods 
 
Ethics statement  
All experiments were performed in compliance with the European and German 
animal protection law. According to this, no specific approval is needed for work 
performed in avian embryos before the time of hatching. The experimental 
protocols were reviewed and approved in regard to ethical and welfare issues by 
the responsible animal welfare officer. Experiments were terminated latest on 
developmental day 18, three days before hatching, by chilling the eggs on ice for 
30-60 min. 
 
Fungal isolates 
A total of 34 isolates of the family Rhizopodaceae were included in this study 
(Tables 1 & 2). Strains were obtained from the Jena Microbial Resource Collection 
and from the Centraalbureau voor Schimmelcultures (CBS). Isolates were 
identified by standard microbiological procedures and by sequencing of 18S 
rDNA, 28S rDNA, and ITS regions. For DNA isolation strains were grown for 5-
10 days on medium KK1, especially composed for Mucorales (1 % glucose, 0.44 
% NaCl, 0.3 % KH2PO4, 0.125 % K2HPO4, 0.2 % yeast extract, 0.1 % KNO3, 0.05 
% MgSO4*7H2O, 0.05 % KCl (all Carl Roth)) at room temperature. DNA 
isolation, PCR and sequencing were conducted as described previously (Hoffmann 
et al. 2013). Primers used for amplification were: NL1 and NL4 (for 28S rDNA) 
(O’Donnell et al. 1993), NS1 and NS4 (for 18S rDNA) and ITS1 and ITS4 (for 
ITS) (White et al. 1990). Sequences generated in this study are given in Table 1. 

 
Embryonated chicken egg model  
Infections at developmental day 10 was done via the chorio-allantoic membrane as 
described previously (Jacobsen et al. 2010) with 105 and 106 spores/egg. Twenty 
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eggs were used for each strain. Considering ethical issues to reduce the amount of 
eggs needed to an inevitable number, experiments were repeated once, using 
FSU10059 as positive control strain and PBS as negative control. To process all 
strains, several individual runs were necessary, each time including positive and 
negative controls. Since no significant differences could be observed between three 
repetitions of the positive and negative controls (PBS P= 0.5629; FSU 10059 105 

spores/egg P= 0.2845; 106 spores/egg P= 0.3398), one repetition for all 
thermotolerant strains was sufficient. Strains unable to grow at 37 °C were tested 
only once, with no significant differences between isolates of the same species 
(data not shown). Survival was assessed daily by candling and is summarized in 
Fig. 1. To assess strain dependent differences, R. microsporus was checked for 19 
additional isolates. Due to reduced amount of spores, R. homothallicus was only 
tested with 105 spores. Syzygites and Sporodiniella were not tested because they do 
not grow at elevated temperatures and did not produce that high amount of spores. 
Statistical analysis was performed with GraphPad Prism v5.03 using combined 
data from all individual runs. 

 
Galleria mellonella infection model 
In order to test whether the virulence data observed in the chicken eggs correlate to 
the elevated temperature used for incubation and the different abilities of the strains 
to grow at this temperature, a second, widely accepted, infection model was 
applied. Rhizopus lyococcus and R. stolonifer were chosen as representatives of the 
mesophilic group, R. arrhizus and R. microsporus for the thermotolerant group. 

Sixth-instar larvae of Galleria mellonella (Kurt Pechmann, 
Langenzersdorf, Austria) were stored in the dark at 18 °C prior to use. Larvae 
weighing between 0.3 and 0.4 g were used, each (n=20) infected with 1×106 
spores. Inocula were diluted in insect physiological saline (IPS) and a volume of 20 
µl was injected into the hemocoel via the hind pro-leg. Untouched larvae and 
larvae injected with 20 µl of IPS served as control. Larvae were incubated at 30 °C, 
respectively, in the dark and monitored daily up to 6 days. Significance of 
mortality rates was evaluated by using Kaplan-Meier survival curves with the 
PRISM statistics software (Mantel-Cox log rank test) using pooled data. All 
experiments were performed three times, each time with duplicates. Survival rates 
are displayed in Fig. 2. Syzygites and Sporodiniella were not tested because they 
did not produce enough spores. 

 
Relation of growth and temperature  
Petridishes with medium KK1 were inoculated with 10 µl spore suspension 
containing 1000 spores. In cases of growth, the initial colony was 6 mm in 
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diameter. Sporodiniella umbellata and Syzygites megalocarpus were inoculated as 
agar slants with 6×6 mm. Plates were incubated at different temperatures. The 
diameter was measured two times a day across three defined lines at the bottom of 
the petridish (Rosenberg et al. 1975) for three technical replicates. The mean 
diameters of three biological replicates at 24 h and 48 h. Maximum diameter 
possible is 90.00 mm, equal to the size of the petridish. 
 
Relation of growth and stress conditions 
Petridishes with medium KK1 were supplemented with 1 M NaCl, 1.5 M NaCl, 30 
µg/ml SDS, 7.5 mM caffeine, 100 µg/ml CongoRed (all Carl Roth). Petridishes 
were inoculated with 1000 spores in 10 µl. Plates were incubated at 30 °C (25 °C 
for Sporodiniella umbellata, Syzygites megalocarpus, Rhizopus sexualis). The 
relative growth [%] compared to medium without stress inducers of three replicates 
at 24 h (48 h for Sporodiniella umbellata, Syzygites megalocarpus) is given in 
Table 3. 
 
Carbon and nitrogen assimilation profiles 
Agar plates with medium MM (0.5 % (NH4)2SO4, 0.05 % MgSO4, 0.1 % 
KH2PO4, 2 % agar), supplemented with 0.2 % carbon source were inoculated with 
2×105 spores in 20 µl and incubated at 30 °C (25 °C for Sporodiniella umbellata, 
Syzygites megalocarpus, Rhizopus sexualis) for 3-4 days. Evaluation of growth was 
performed visually and categorized in: inhibition (-), growth arrest after 
germination (0/-), no growth (0, but this includes ´background` growth due to 
carbon traces contained in the agar), slight or no growth (0/+, difficult to 
distinguish from the ´background` growth), weak growth (+), normal growth (++), 
strong growth (+++, similar to the glucose containing media), stronger growth 
(++++). Since Syzygites and Sporodiniella did not grow in appropriate time on this 
medium, a different medium (10 mM KH2PO4/K2HPO4 (pH 6.6), 1.25 mM 
MgSO4*7H2O, 0.3 mM ZnSO4*7H2O, 0.09 mM FeCl3*6H2O, 0.03 mM 
CuSO4*5H2O (all Carl Roth)) was used to analyse a reduced second set of carbon 
sources. This time, liquid media was used in 96-well plates. Each well was 
supplemented with a carbon source and 500 spores. Plates were incubated for up to 
6 days at optimal temperatures (37 °C, 30 °C, and room temperature). Experiment 
was done up to three times, each time with triplicates; except for species where no 
differences between isolates were observed. In those cases only two repetitions 
were performed. After incubation the plates were analysed visually for growth (p) 
or lack of growth (0). Weak growth was considered negative because of the 
difficulty in differentiation from background growth. Additionally chitin, pectin, 
citric acid and cellulose were tested as carbon sources.  
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The liquid medium was also used to analyse the nitrogen utilization 
profile. Growth was evaluated after 70-88h at appropriate growth temperatures.  
 
Size of sporangiospores and amount of spores 
The size of the spores for each species was determined according to standard rules 
after harvest from KK1 medium cultivated for 5 days under optimal growth 
conditions (Table 1). 

Rhizopus schipperae is known to produce fewer spores on artificial 
media. To assess the relative amount of spores produced in a specific period of 
time R. schipperae was cultivated on KK1 medium (petridish with 5.5 cm diam.) 
for 3 days, at appropriate temperatures (room temperature, 30 °C or 37 °C). Spores 
were harvested by extensive washing with PBS and counted in a haemocytometer.  
 
 
Results 
 
Phylogeny and clinical relevance  
The family Rhizopodaceae comprises the genera Rhizopus, Syzygites and 
Sporodiniella with few, closely related species. Only species of the genus Rhizopus 
have clinical relevance, with R. arrhizus and R. microsporus predominantly 
described as potential agents of severe mucormycoses (Ribes et al. 2000, Roden et 
al. 2005). The species R. schipperae, R. caespitosus and R. homothallicus are less 
frequently observed in human infections (Chakrabarti et al. 2010, Weitzman et al. 
1996). 

The virulence potential of the different Rhizopus species was 
determined in chicken embryos. The strain R. microsporus FSU10059 was used to 
establish the model and to show the reproducibility of the experiments. Eggs were 
infected with 105 or 106 spores per egg. Mortality of the chicken embryos was 
dependent on the concentration of spores (Fig. 1) and highly reproducible in three 
independent experiments (105 spores/egg P= 0.2845; 106 spores/egg P= 0.3398). 
The non-clinically species R. lyococcus was found to be less virulent with survival 
rates between 75-90 % even at high infection doses (106 spores/egg) (Fig. 1). 
Infections with Rhizopus stolonifer led to 80-85 % survival of the embryos at the 
low infection dose (105 spores/egg) and 60-70 % survival at the high infection 
dose. 

In contrast, mortality was higher in chicken embryos infected with the 
two most-common pathogenic species, R. arrhizus (42.5-52.5 % survival) and R. 
microsporus (<40 % survival), at both infection doses. Whereas R. microsporus 
could be considered moderately to highly virulent, R. arrhizus together with  
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CBS number Mating 
type 

Geography Source 

CBS 339.62 Plus Indonesia Tempe  

CBS 337.62 NA Indonesia Tempe ? 

CBS 130971 Plus Netherlands Wood chips 
pile 

CBS 699.68 Plus Ukraine Soil 

CBS 130967 NA Indonesia Tempe  

CBS 130968 NA Indonesia Tempe  

CBS 700.68 Minus  Georgia Forest soil 

CBS 289.71  Plus Italy Starch-
containing 
material 

CBS 112588  Plus Indonesia Tempe 

CBS 112586  Plus Indonesia Tempe 

CBS 346.49 NA NA Eleusine 
coracana 

CBS 631.82 Minus  China Bread  

CBS  537.80  Plus South Africa Sorghum malt 

CBS357.93  Plus Java, Indonesia Tempe  

CBS 124669  Plus Greece Human  

CBS 536.80 Plus South Africa Sorghum malt 

CBS 359.92  Minus  Australia Human  

CBS 228.95 NA Java Tempe  

CBS 343.29 Plus USSR Air 

 
Table 2: List of isolates of R. microsporus used for extension of the virulence test in chicken eggs to survey 
isolate specificity. NA= not available. 

 
 
R. homothallicus (mortality rate 65 %) and R. caespitosus (mortality rate dose-
dependent 40-70 %) were moderately virulent. The most virulent strain tested here 
was R. schipperae with 97.5-100 % mortality as early as three days after infection. 

To assess the variability of the virulence potential within a species, 19 
additional strains of R. microsporus isolated from the environment, food and 
human patients (Table 2) were tested in chicken embryos. No significant difference 
was found regarding their origin and their potential to cause lethal infections. 
While some clinical isolates showed higher virulence than food isolates (e.g. CBS 
124669 [human] vs. CBS 228.95 [tempeh] P= 0.5721), there were also isolates 
from tempeh with higher virulence compared to clinical isolates (e.g. CBS 339.62 
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[tempeh] vs. CBS 124669 [human] P=0.0428). Overall mortalities range between 
60 to 100 % (average 80 %) for all strains. 
 
 
  Relative growth [%] 

Species Strain SDS 1M NaCl 1.5M NaCl Caffeine  Congo Red 

R. microsporus FSU10049 53.6 0.0 0.0 5.0 35.6 

R. microsporus FSU10059 51.9 4.3 0.0 5.9 56.7 

R. microsporus FSU9932 62.5 5.7 0.0 7.9 36.1 

R. caespitosus FSU11356 49.4 10.4 0.0 10.7 70.9 

R. homothallicus FSU2530 51.3 5.5 0.0 12.2 90.1 

R. schipperae FSU10234 15.3 2.0 0.0 6.0 80.3 

R. arrhizus FSU8743 26.6 7.7 0.0 9.4 65.7 

R. arrhizus FSU5857 18.9 4.6 0.0 12.9 83.3 

R. lyococcus FSU9996 9.8 10.3 0.0 3.0 64.4 

R. stolonifer FSU9872 37.2 22.7 2.2 17.6 73.2 

R. lyococcus FSU10053 1.1 15.8 1.9 0.0 58.2 

R. sexualis** FSU11355 37.7 0.0 0.0 0.0 47.4 

Syzygites megalocarpus FSU728 40.8 15.5 0.0 23.3 111.3 

Sporodiniella umbellata* FSU11407 55.2 8.1 0.0 27.4 73.2 

 
Table 3: Comparison of relative growth [%] under stress conditions compared to 100% growth without stressor. 
Cultures were incubated at 30 °C (*, **25 °C) and analyzed after 24 h (*48 h) after inoculation. 
* temperature for growth was 25 °C. Time-point for measurement was 48 h because of the delayed growth at 24 h. 
**… temperature for growth was 25 °C. 

 
 
Role of temperature adaptation 
Growth at elevated temperatures is known to be an important virulence factor in 
several fungal pathogens. To investigate if thermotolerance of the different species 
correlated with virulence in the embryonated egg model, growth at different 
temperatures was determined. A clear shift in the temperature profiles between the 
virulent and attenuated species was found. While the attenuated species grew well 
between 25 °C and 30 °C, the growth optimum for the virulent clade including R. 
microsporus, R. arrhizus, R. caespitosus, R. homothallicus and R. schipperae was 
37 °C or higher. The mesophilic R. stolonifer and R. lyococcus were able to 
germinate at 37 °C, but did not grow well. 
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While thermotolerance is a prerequisite for a pathogen to cause 
infections in warm-blooded animals, additional virulence factors have been found 
to be involved in the infection process of fungal pathogens. To investigate whether 
the observed reduced virulence of the mesophilic Rhizopus species was caused 
only by their reduced thermotolerance, infection experiments were carried out 
using wax moth larvae. In contrast to the chicken embryos the larvae could be 
incubated at 30 °C, a temperature at which the growth rate of the mesophilic 
species was comparable to or even higher than for the thermotolerant species. 
Rhizopus arrhizus and R. microsporus as representatives of the thermotolerant 
species induced high mortality rates in Galleria (86-100 %) with R. arrhizus being 
significantly more virulent than R. microsporus (P<0.0001; Fig. 2). Yet, R. 
arrhizus was faster growing at this temperature than R. microsporus, eventually 
supporting faster spreading within the larvae. The tested isolates of R. stolonifer 
and R. lyococcus were significantly less virulent than R. arrhizus and R. 
microsporus (P<0.0001; Fig. 2). Despite the lower incubation temperature, the 
results from the Galleria experiments resemble those from the chicken model (Fig. 
1), indicating additional adaptations supporting virulence of the thermotolerant 
Rhizopus species. 
 
Stress resistance and metabolic flexibility 
In addition to adaptation to temperature, coping with arising stress conditions in the 
changing host environment is an important feature affecting virulence in fungal 
pathogens. Therefore, resistance towards osmotic stress and cell wall stress was 
tested. Thermotolerant and mesophilic species showed comparable susceptibility to 
the different stressors and no correlation was found between stress resistance and 
virulence of the species. 

In order to survive in the host, pathogens have to be able to acquire 
nutrients from the resources within the host. Thus, metabolic flexibility might 
influence virulence. Therefore, we analyzed the utilization of different carbon- and 
nitrogen sources by Rhizopus species. As primary soil inhabiting fungi, all species 
tested were able to utilize carbon sources originating from living or decaying plant 
material like xylose, xylitol, pectin, cellobiose and common sugars or sugar 
alcohols like glucose, fructose, galactose, mannose, mannitol and sorbitol. Maltose 
and starch could not be utilized by R. stolonifer, R. sexualis and Syzygites. 
Sporodiniella was unable to use soluble starch. None of the tested species could 
use the complex polysaccharides xylan or cellulose. Rhizopus caespitosus and 
Syzygites are the only fungal species tested capable to utilize citric acid, a common 
organic acid in mushrooms (Valentao et al. 2005). 
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Within animal hosts fermentable sugars like glucose, fructose or 
galactose have often limited availability. All of them can be assimilated by all 
Rhizopus species. For alternative carbon sources only the amino acids arginine, 
tyrosine and partially phenylalanine were exclusively metabolized by the virulent 
species. Most of the other amino acids could not be metabolized by any Rhizopus 
species. 

A similar effect was observed when amino acids were used as sole 
nitrogen source. Thermotolerant species were generally able to utilize all 20 tested 
amino acids while mesophilic Rhizopus species lacked the ability to grow on 
several amino acids, including lysine, cysteine, histidine, isoleucine, threonine and 
valine. All other nitrogen sources tested revealed no obvious differences. 
 
Infection-related morphological features 
Since infections with Rhizopus species occur mainly in the respiratory tract, the 
small size of fungal spores may contribute to the success of fungal infections. In 
addition, fungal spore size is known to be related to fungal pathogenesis in Mucor 
circinelloides with larger spores being more virulent (Li et al. 2011). For the genus 
Rhizopus, spore size differs largely between species ranging from average volume 
of 28 µm3 to 555 µm3. Spores from thermotolerant species were in general smaller 
compared to spores from mesophilic species (Table 1). However, there was no 
correlation between spore size and virulence in the thermotolerant species. 

In addition to spore size, the burden of fungal spores in the environment 
can be important for the development of mucormycoses as a high spore burden 
increases the likelihood that spores are inhaled in sufficient numbers to establish 
infection. In our artificial setting the relative amount of spores produced in a 
specific period of time differed considerably between Rhizopus species. Within the 
thermotolerant species R. schipperae and the homothallic R. homothallicus 
produced the lowest number of spores. Generally, homothallic species (also R. 
sexualis) produced less asexual spores than heterothallic species. 
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Figure 1: Virulence of different Rhizopus species in embryoated eggs. Chicken eggs were infected at 
developmental day 10 with 105 (A) and 106 (B) spores (n=20) of thermotolerant species (left) and mesophilic 
species (right). Survival was assessed daily over a period of six days post infection. Pooled results are shown as 
Kaplan-Meier-curves. 
 
 

 
 
Figure 2: Kaplan-Meier-curves of age dependent survival of Galleria mellonella larvae infected with different 
Rhizopus spp.. 20 sixth-instar larvae per group were infected each with 106 spores of thermotolerant species (left 
panel) and mesophilic species (right panel).  



Adaptation to thermotolerance in Rhizopus  
 

 
128 

 

Discussion 
All recent phylogenetic analyses strongly support separation of mesophilic and 
thermotolerant species of the Rhizopodaceae, although the relationship between the 
species in each supported group is not finally solved (Abe et al. 2006, Hoffmann et 
al. 2013, Walther et al. 2013). The mesophilic group contains species able to grow 
around 25 °C to 30 °C but displaying reduced growth rates at higher temperatures. 
However, the ability to grow at elevated temperatures of 37 °C or above, as seen 
for the thermotolerant Rhizopus species, is a prerequisite for colonization of warm-
blooded hosts.  

The genus Rhizopus exhibits the largest impact on mankind, being 
important in agriculture and industry and is furthermore the main causing agent of 
mucormycoses, followed by Lichtheimia and Mucor. The three genera are 
responsible for 70 to 80 % of the reported infections, predominantly as 
rhinocerebral, pulmonary or disseminated manifestations, and associated with high 
mortality rates (Skiada et al. 2011, Gomes et al. 2011). From the mesophilic 
species of the genus Rhizopus, only R. stolonifer can be found in clinical settings, 
but is seen rarely; mostly as agents of allergic alveolitis or superficial infections but 
being predominantly non-invasive (Ribes et al. 2000). The thermotolerant species 
R. arrhizus and R. microsporus are reported more frequently in severe infections 
than any other species from the Rhizopodaceae (Wimander et al. 1980, Scholer et 
al. 1983). In our study, R. schipperae, R. caespitosus and R. homothallicus displays 
a virulence potential comparable to that of R. arrhizus and R. microsporus (Fig. 1), 
yet they were only isolated rarely from human infections (Chakrabarti et al. 2010, 
Weitzman et al. 1996). This suggests that additional factors might be required for 
infection of humans. One of those aspects could be the abundance of species and 
the burden of fungal spores in the human environment. Although all species of 
Rhizopus are distributed worldwide, and the natural habitats are similar for nearly 
all species, like soil, or decaying organic matter including wood, and especially 
sugar-rich fruits, they are isolated from environmental samples with different 
frequencies. Rhizopus arrhizus is found most frequently, followed by R. stolonifer 
and less frequently by R. microsporus (Ribes et al. 2000). While R. arrhizus and R. 
stolonifer are found to similar extends, the majority of infections is caused by R. 
arrhizus (50 %) and R. microsporus (15-25 %) (Roden et al. 2005, Alvarez et al. 
2009). This could be explained by the lower virulence potential of R. stolonifer 
observed in this study. In contrast, R. schipperae, R. caespitosus and R. 
homothallicus appear to be less abundant in the environment, judging from the few 
available specimens from public culture collections, or from the fact that R. 
schipperae is only known from two reported cases with no obvious natural 
substrate presented (Weitzman et al. 1996). Furthermore, R. schipperae fails to 
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sporulate on most artificial media, which was confirmed in this study. If 
sporulation is also low in natural habitats, this could explain the few known 
isolates. Furthermore, low numbers of spores in the environment would likely 
result in very limited exposure of humans to R. schipperae, thereby explaining the 
limited number of reported human infections despite the significant virulence 
potential. 

No clear correlation between virulence and special nutritional 
requirements or differences in the ability to cope with stress was observed in our 
study. Whether the observed small differences in the profiles of C- and N-sources 
contribute to virulence remains to be determined. A recent study of pathogenic 
Lichtheimia species likewise identified only few differences in nutritional 
requirements between strains (Schwartze et al. 2012). For Lichtheimia and 
Rhizopus the carbon utilization profiles differ for raffinose, lactose, melibiose, 
inosine, glycine and pyruvate which could be utilized by Lichtheimia spp. but not 
by any Rhizopus species. On the other hand, Rhizopus species are able to use 
glycerol and ethanol, whereas species of Lichtheimia do not. Yet there are few 
amino acids which were exclusively used by thermotolerant Rhizopus species, a 
feature which could contribute to the survival within the host, but needs further 
studies. 

Beside adaption to temperature or available nutrients, coping with 
arising stress conditions in the changing host environment affects virulence, as 
demonstrated for e.g. Candida albicans and Aspergillus fumigatus (Bates et al. 
2005, Nakagawa et al. 2003, Duran et al. 2010). In our study, mesophilic species 
showed a trend towards higher tolerance to osmotic stress due to excess of sodium 
chloride, but without species-specific differences (Table 3). A similar concordance 
was observed between virulent and attenuated species of Lichtheimia (Schwartze et 
al. 2012). No obvious differences could be observed for cell wall stresses, although 
the applied stress conditions generally led to reduced growth compared to normal 
conditions in Rhizopus. Yet, this is less pronounced than in other mucoralean 
pathogens (Table 3). Nevertheless, no correlation between tolerance to stress and 
the observed virulence could be made, in contrast to virulence of evolutionary 
derived fungi like Candida (Bates et al. 2005, Nakagawa et al. 2003, Duran et al. 
2010).  Yet, pathogens of the derived fungi are often adapted to their hosts, whereas 
mucoralean fungi seem to be not, which could explain why there is not obvious 
difference in stress tolerance between potential pathogenic and non-pathogenic 
species. 

An additional factor that could affect virulence of fungi is the ability to 
produce hydrolytic enzymes aiding in the degradation of host tissue, such as 
glycosidases, lipases and proteases. Previous comprehensive tests for the presence 
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of gelatinase, urease, lipase, amylase, cellulase, laccase and tyrosinase within 
different isolates of R. microsporus sampled from various substrates (environment, 
food, clinical) revealed no differences in hydrolytic activity. In contrast, significant 
difference was observed in the production of the iron chelating compounds, the 
siderophores, by strains of food and clinical origin (Dolatabadi et al. 2014). As 
siderophores are important for iron acquisition of some pathogens within the host 
(Symeonidis et al. 2009), this observation suggests a link between siderophore 
production and clinical relevance of strains. However, no correlation between the 
presence of siderophores or the origin of the isolate and the observed virulence of 
R. microsporus strains was observed in this study (Dolatabadi et al. 2014). 

Another interesting observation in recent studies on the virulence of 
Mucorales is the relation between differences in spore size and virulence, where 
larger spores produced by the minus mating type of Mucor circinelloides are more 
virulent than smaller spores produced by the plus mating type (Lee et al. 2013, Li 
et al. 2011). A second observation is that hyphal-stage of a fungus is more virulent 
than yeast-stage. Lee et al. (2013) demonstrated for the first time, that 
morphogenesis is also linked to virulence in zygomycetes. Comparing spore size 
with the genus Rhizopus, no correlation to virulence could be made. Further studies 
on species level will reveal if spore size in mucoralean fungi is related to virulence 
as demonstrated for Mucor circinelloides. Avian infection model-mediated 
virulence analysis yields objective results that overcome the disadvantages of 
mammalian infection models being time consuming, laborious and conflicting with 
ethic aspects. Therefore, it can be expected that the assessment of virulence of 
Rhizopus spp. applied to the embryonated chicken egg infection model will play a 
crucial role in future investigations of host-pathogen interactions by the utilization 
of knock-out mutant-based identification of virulence factors. Future experiments 
should also include various, distinctly related zygomycetes to elucidate 
comparability of virulence factors with the background of long time speciation of 
microorganisms not specifically adapted to warm blooded hosts. 
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Abstract 
Virulence potentials of Rhizopus arrhizus and R. microsporus were tested in 
embroynated chicken eggs and Galleria mellonella larvae, using strains from a 
wide selection of clinical and environmental sources. Virulence was reproducibly 
strain-specific and source-independent in both models, but was variable within 
each species. High levels of mortality were obtained with R. microsporus in 
embryonated chicken egg, but in R. arrhizus with the Galleria model. Differences 
in response between the models correlated with different incubation temperatures. 
Toxin production by bacterial endosymbionts in some R. microsporus strains was 
not reflected in virulence.  
 
 
Keywords 
Rhizopus arrhizus, Rhizopus microsporus, embroynated chicken egg, Galleria 
mellonella larvae 

 
 

Introduction 
Fungi of the order Mucorales are ubiquitously distributed saprobic fungi, which 
however may cause life-threatening infections in hospitalized patients with severe 
immune or metabolic disorders. Clinically mucormycosis presents as highly acute, 
rhinocerebral, pulmonary, gastrointestinal, renal or disseminated disease. Usually 
extended necrosis is observed within days because of significant angio-invasion. 
Rhizopus arrhizus is the most common infectious agent, being responsible for 70% 
of all cases of mucormycosis and 90% of all rhinocerebral cases (Skiada et al. 
2011, Ibrahim et al. 2012). In a 3-year study done in France, Rhizopus arrhizus 
dominated with 85% of rhinocerebral forms, and 32% of all mucormycosis 
(Rammaert et al. 2012). Incidence of Rhizopus arrhizus is followed by that of 
Mucor and Lichtheimia species in second place (formerly known as Absidia), and 
by Rhizopus microsporus (Roilides et al. 2012). Lichtheimia species concerned 
approximately 29% of all cases of mucormycosis, and R. microsporus 15−25% 
(Ribes et al. 2000, Roden et al. 2005, Alvarez et al. 2009). These data suggest that 
R. arrhizus is the most virulent species among common mucoralean hospital 
infections. 

Rhizopus microsporus is less common, ranking third in species causing 
mucormycosis in susceptible patients (Laternier et al. 2012). Within the genus 
Rhizopus, R. arrhizus and R. microsporus are reported more frequently in 
infections than any other species of the mucoralean family Rhizopodaceae (Scholer 
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et al. 1983, Laternier et al. 2012). Recent molecular studies proved that Rhizopus 
arrhizus comprises two varieties (var. arrhizus and var. delemar), while R. 
microsporus was shown to be monophyletic with a low degree of variability 
(Dolatabadi et al. 2014a, b, Walther et al. 2013). 

Mammalian infection models, in particular mouse models, are in use as 
a gold standard in studies of host-pathogen interactions of human pathogens and 
opportunists. Different kind of immunocompromised murine models are available 
for testing efficacy of antifungal drugs and for pathogenesis of agents of 
mucormycosis in Rhizopus (Ibrahim et al. 2008b, Odds et al. 1998). However, the 
use of mammalian models is limited by several factors, including ethical 
considerations, costs and the requirement of specialized facilities. Under these 
conditions, alternative models of hosts at a lower phylogenetic status, like avian 
embryos or invertebrates, provide an important alternative tool to study virulence 
(Jacobsen et al. 2011). Embryonated chicken eggs have been used in infection 
studies of bacteria, viruses and yeasts, bridging the gap between insect and 
mammal infection models. They provide a warm-blooded animal system and have 
proven usefulness in assays of virulence potentials in Aspergillus fumigatus, 
Candida albicans and Lichtheimia species, with good correlation of the virulence 
of strains between chicken embryo and murine model (Jacobsen et al. 2010, 2011). 

Additionally to the chicken egg model, we used the insect model, 
Galleria mellonella as an alternative system. The larvae are simple to maintain, 
inexpensive, do not require feeding, and are amenable to bio-containment. Insect 
larvae have the advantage that they possess specialized phagocytic cells, termed 
haemocytes (Bergin et al. 2005, Mylonakis et al. 2007). The haemocytes perform 
many of the functions of phagocytic cells in mammals, and are capable of ingesting 
bacterial pathogens such as Francisella tularensis (Aperis et al. 2007), 
Burkholderia mallei (Schell et al. 2008), and Pseudomonas aeruginosa (Jander et 
al. 2000). They generate bactericidal compounds such as superoxide via a 
respiratory burst (Bergin et al. 2005). The innate immune system of insects shares a 
high degree of structural and functional homology with the innate immune system 
of mammals (Lavine & Strand 2002).  

In an attempt to determine the virulence potential of the two clinically 
most relevant Rhizopus species, and to verify whether clinical strains behave 
differently from strains used in food preparation, we used chicken embryos and 
Galleria mellonella larvae as an inexpensive and easy-to-handle infection models. 
We also verified the impact of toxin production by endosymbiontic Burkholderia 
bacteria on virulence of these fungi (Jennessen et al. 2005). 
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Materials and methods 
 
Ethics statement 
All experiments were performed in compliance with European and German animal 
protection laws. According to this, no specific approval is needed for work 
performed in avian embryos before the time of hatching. The experimental 
protocols were reviewed and approved with regard to ethical and welfare issues by 
the responsible animal welfare officer. Experiments were terminated ultimately on 
developmental day 18, three days before hatching, by chilling the eggs on ice for 
30–60 min. No ethic statement is necessary for insect models. 
 
Strains and spore suspensions 
A total of 41 isolates, including 22 strains of Rhizopus microsporus and 19 of R. 
arrhizus available from the reference collection of the Centraalbureau voor 
Schimmelcultures (CBS-KNAW Fungal Biodiversity Centre) were included (Table 
1). Lyophilized strains were inoculated into Malt Pepton broth (MP, Oxoid, 
Basingstoke, U.K.) for 2 days and then transferred to 5% Malt Extract Agar (MEA; 
Oxoid) in 8 cm culture plates incubated at 30 °C for 3 days. For further studies the 
same medium was used. When sufficient sporulation was obtained, spores were 
suspended in sterile phosphate-buffered saline (PBS) and filtered through a 
syringe. Spores were counted on neobar slides, and suspensions were diluted with 
PBS to obtain desired concentrations of 106 spores / egg or larvae, and applied in 
the egg model. For infection studies of G. mellonella larvae, IPS (Insect Phosphate 
Saline; 8.76 g NaCl, 0.35 g KCl, 15.76 g Tris-HCl, 3.72 g EDTA, 4.72 g Na-
Citrate per litre, pH = 6.9, either autoclaved or filter-sterilized) was used to prepare 
spore suspensions. PBS alone was used as a negative control in the egg model and 
IPS in the G. mellonella model. Strain R. microsporus CBS102277 was used as 
positive control and Dichotomocladium hesseltinei CBS 164.61 as a negative 
fungal control in the egg model. Aspergillus fumigatus ATCC 466453 was used as 
positive control and avirulent strain A. fumigatus ΔsidA (Hubertus Haas lab) was 
used as a negative control in G. mellonella larvae model. 

 
Preparation of eggs and infection of the CAM  
Fertilized “weiße Leghorn” chicken eggs were obtained from a local producer and 
stored at 8 °C for a maximum of 7 days prior to incubation. Incubation was 
performed at 37.6 °C and 60% relative humidity in a specialized incubator (BSS 
300; Grumbach, Germany). From the third day of incubation onward, eggs were 
turned four times a day until they were infected. Vitality was assessed daily by 
candling. 
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Infection of the chorio-allantoic membrane (CAM) was performed as 
described by Hartl et al. (1995). Briefly, after the shell was wiped with a 
disinfectant (Braunol; Braun, Melsungen, Germany), it was perforated at the blunt 
end and on the side using a dentist’s drill. An artificial air chamber on the side was 
then formed by applying negative pressure at the hole in the blunt end. In order to 
achieve the final concentration of 106 spores, 0.1 ml inoculum was applied via the 
artificial air chamber to the CAM using a sterile 1 ml syringe. The holes were then 
sealed with paraffin. Survival was monitored for up to 7 days by candling. Unless 
indicated otherwise, eggs were infected on day 10 of incubation (developmental 
day 10; DD=10). Twenty eggs were infected for each strain. Survival data were 
plotted as Kaplan-Meyer curves and were analyzed statistically by a log rank test 
using Graph Pad Prism version 5.00 for Windows (GraphPad Software, San Diego, 
CA, U.S.A.). 

 
Galleria mellonella infection model 
Sixth-instar larvae of G. mellonella (Kurt Pechmann, Langenzersdorf, Austria) 
were stored in the dark at 18 °C prior to use. Larvae weighing between 0.3 and 0.4 
g were used, each (n=20) infected with 1 × 106 spores. Inocula were diluted in 
insect physiological saline (IPS) and a volume of 20 µl was injected into the 
hemocoel via the hind pro-leg. Untouched larvae and larvae injected with 20 µl of 
IPS served as control. Larvae were incubated at 30 °C in the dark and monitored 
daily up to 6 days. All experiments were performed at least twice. 

 
Statistics 
Survival curves for eggs and larvae following infection were plotted using Kaplan-
Meier analysis, and significance of mortality rates between groups were evaluated 
with the PRISM statistics software (Mantel-Cox log rank test). Calculations were 
performed using the InStat software program (GraphPad Software). For all 
comparisons, P values of <0.05 were considered statistically significant. 
 
 
 
 
 
 
 
 

 



Alternative model systems 
 

 
140 

 

CBS number MT  Name Geography Source Toxin production  

CBS 102277 (+) R. microsporus   Human, rhinocerebral   

CBS 112586 (+) R. microsporus Indonesia Tempe  No  

CBS 112588  (+) R. microsporus Indonesia Tempe  No  

CBS 124669  (+) R. microsporus Greece Human, soft palate  

CBS 130967  (‒) R. microsporus Indonesia Tempe  

CBS 130968  (+) R. microsporus Indonesia Tempe   

CBS 130971  (+) R. microsporus Netherlands Wood chip  

CBS 228.95  R. microsporus Indonesia Tempe   

CBS 264.60  R. microsporus Norway liver abscess in pig  

CBS 289.71  (+) R. microsporus Italy Starch-containing 
material 

 

CBS 294.31  (+) R. microsporus France Cow foetus  

CBS 337.62 NR R. microsporus Indonesia Tempe  

CBS 339.62 (+) R. microsporus Indonesia Tempe Yes  

CBS 343.29 (+) R. microsporus USSR Air  

CBS 346.49 NR R. microsporus   Eleusine coracana  

CBS 357.93  (+) R. microsporus Indonesia Tempe   

CBS 359.92  (‒) R. microsporus Australia Liver, premature 
infant  

 

CBS 536.80 (+) R. microsporus South 
Africa 

Sorghum malt  

CBS 537.80  (+) R. microsporus South 
Africa 

Sorghum malt No  

CBS 631.82 (‒) R. microsporus China Bread  No 

CBS 699.68 (+) R. microsporus Ukraine Soil Yes 

CBS 700.68 (‒) R. microsporus Georgia Forest soil Yes 

CBS 136237  var. arrhizus Netherlands Soil  

CBS 136239  var. arrhizus Iran Soil  

CBS 136240  var. arrhizus Iran Soil  

CBS 136241  var. arrhizus Iran Soil  

CBS 136236  var. arrhizus Netherlands Soil  

CBS 118614  var. arrhizus Turkey Palate  

CBS 120589  var. arrhizus France Lung  

CBS 120591  var. arrhizus France Sinus  

CBS 120808  var. arrhizus France Sputum  

http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=16215&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=46&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=57307&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=170&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=59220&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=28&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=59222&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=28&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=59420&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=28&Fields=All
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CBS 120809  var. arrhizus France Sputum  

CBS 131512  var. arrhizus Iran  Oil contaminated soil  

CBS 260.28  var. arrhizus China Chinese yeast  

CBS 515.94  var. arrhizus Singapore Tempe  

CBS 539.80  var. arrhizus South 
Africa 

Sorghum malt  

CBS 136238  var. delemar Netherlands Soil  

CBS 131498 (‒) var. delemar Netherlands  Tempe   

CBS 295.31  var. delemar Germany Pig  

CBS 324.35  var. delemar Indonesia Cocos cake  

CBS 137314  var. delemar South 
Africa 

Sorghum malt   

 

Table 1: Isolates studied, with origin and substrates. Mating types (+/‒) & toxin production mentioned. CBS = 

Centraalbureau voor Schimmelcultures Fungal Biodiversity Centre, Utrecht, The Netherlands.  

 

 

Results 
The set of strains of Rhizopus microsporus (n = 22) compromised 4 environmental, 
13 foodborne, and 5 clinical samples from diverse geographical regions (Table 1). 
Different mating types were represented (14 +, 4 ‒, 2 unknown). The set of R. 
microsporus included 3 toxin-positive and 4 toxin-negative strains. The 19 strains 
of R. arrhizus compromised 7 environmental (soil), 6 foodborne and 6 clinical 
samples with a wide geographic spread. Fourteen strains belonged to var. arrhizus 
and 5 strains to var. delemar. Only limited mating type data were available for R. 
arrhizus. 

Embryonated eggs, were inoculated with R. microsporus at day 10 and 
monitored for survival during 7 days, showed a range of mortality between 60‒
100% (av. 79.57% ± 10.84) at the last day of monitoring. Toxin-positive strains 
showed 34‒58% (av. 52.66% ± 12.22) mortality, while toxin-negative strains had 
60‒75% (av. 66.25% ± 6.29) mortality at day 2, but this difference was not 
significant (chi-square = 0.00393, probability = 0.950). Mortality of R. arrhizus 
was between 10 and 100% (av. 52.78% ± 23.83) at the last day of monitoring. 
Differentiated for the two varieties of R. arrhizus, mortality of R. arrhizus var. 
delemar was 10‒60% (av. 50% ± 31) and that of R. arrhizus var. arrhizus was 25‒
100% (av. 57.15% ± 24.39). Mortalities was different significantly in 2 varieties 
(chi-square = 2.73, probability = 0.098). Mortality of R. arrhizus was lower than 
that of R. microsporus, but also without statistical support (chi-square = 0.569, 
probability = 0.451) matched with comparative killing speeds of the two species. 

http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=59421&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=28&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=9214&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=132&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=36718&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=163&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=28014&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=110&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=110&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=9836&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=29&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Table=CBS%20strain%20database&Rec=10882&Fields=All
http://www.mycobank.org/MycoTaxo.aspx?Link=T&Rec=433253
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=140&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=110&Fields=All
http://www.cbs.knaw.nl/collections/BioloMICS.aspx?Link=T&TableKey=14682616000000019&Rec=110&Fields=All
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Rhizopus arrhizus strains showed on average 36.57% mortality on day 2, with an 
average increase with 18.69% on day 7; R. microsporus showed an average 
mortality of 60.54% on day 2, which increased with 19.5% average on day 7. 
When mortalities were compared within each of the two species with different 
isolation parameters (source, geography), no significant differences were revealed 
(Table 2).  

In the Galleria mellonella model 26 strains were used, including 13 R. 
microsporus and 13 R. arrhizus (5 var. delemar, 8 var. arrhizus). Rhizopus 
microsporus included 4 clinical, 2 environmental and 7 foodborne samples, and R. 
arrhizus comprised 5 from food, 3 clinical, and 5 other environmental samples. 
Reproducibility of results in the Galleria mellonella model was measured by 
repeating each experiment twice with 20 strains. Variability in their survival in 2 
set of trials, was found to be <25% in 48h (except CBS 324.35 and CBS 137314) 
and <15 % in last day (except CBS 631.82 and CBS 137314). Final mortality at the 
last day of testing proved to be reproducible within each strain. Strains of R. 
microsporus provoked 70‒100% (av. 87.72% ± 25.33) mortality at the last day of 
monitoring while Rhizopus arrhizus showed 90‒100% (av. 98.34% ± 3.11). 
Rhizopus arrhizus var. delemar showed 90‒100% (av. 96.67% ± 4.24) and var. 
arrhizus caused 95‒100% (av. 99.38% ± 1.76). The difference between the 
varieties proved to be insignificant (chi-square = 0.566, probability = 0.452). When 
toxin-producing and non-toxin-producing strains (0−100%, av. 51.41% ± 40) were 
compared to toxin-producing strains (0−80%, av. 58.33% ± 40) mortalities on day 
2 did not differ significantly (chi-square = 0.283, probability = 0.595) (Ibrahim et 
al. 2008a) (Table 3). 

With R. microsporus, 48.77% of larvae were dead within 2 days, 
whereas with R. arrhizus, 70% of the larvae died within 2 days. The difference in 
virulence between the two species was however insignificant (chi-square = 0.844, 
probability = 0.358), allowing R. arrhizus more mortality compare to R. 
microsporus. In embryonated egg model however, R. microsporus has higher 
mortality. 

Rhizopus microsporus had increased virulence in mortality in larvae 
model (8.15% mortality) at the last day compare to egg model while this increase is 
45.56% mortality in case of R. arrhizus.. Mortalities were variable within each 
species and no correlation with source of isolation or geography was revealed both 
models. 
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 day p. inf. 0 1 2 3 4 5 6 7 

PBS control  100 95 95 95 95 95 95 95 

R. microsporus CBS 130971 100 65 45 30 30 30 30 30 

R. microsporus CBS 130968 100 70 55 40 40 35 30 30 

R. microsporus CBS 228.95 100 55 5 5 5 5 5 5 

R. microsporus CBS 289.71 100 70 55 40 30 30 30 25 

R. microsporus CBS 294.31 100 75 30 25 20 20 20 20 

R. microsporus CBS 337.62 100 70 60 50 45 35 35 35 

R. microsporus CBS 339.62 100 70 50 40 40 40 40 40 

R. microsporus CBS 343.29 100 70 35 20 10 5 0 0 

R. microsporus  CBS 346.49 100 85 40 30 30 25 20 15 

R. microsporus  CBS 357.93 100 50 30 25 10 10 10 10 

R. microsporus  CBS 359.92 100 70 30 10 5 5 5 5 

R. microsporus  CBS 536.80 100 55 40 25 15 5 5 5 

R. microsporus  CBS 537.80 100 80 35 20 10 10 10 10 

R. microsporus  CBS 631.82 100 50 25 20 15 15 10 10 

R. microsporus  CBS 699.68 100 73 66 60 53 40 33 33 

R. microsporus  CBS 700.68 100 73 42 26 26 26 26 26 

R. microsporus  CBS 112586 100 70 35 25 25 25 25 25 

R. microsporus  CBS 130967 100 50 50 40 40 40 30 30 

R. microsporus  CBS 112588 100 70 40 30 25 25 25 25 

R. microsporus  CBS 124669 100 55 20 20 10 10 10 10 

R. microsporus  CBS 102277 100 95 50 35 25 25 25 25 

R. microsporus  CBS 264.60 100 85 30 20 15 15 15 15 

var. arrhizus CBS 136236 100 
 

80 60 30 30 30 30 30 

var. arrhizus CBS 136237 100 100 65 35 35 35 35 30 

var. arrhizus CBS 136239 100 80 35 25 5 5 0 0 

var. arrhizus CBS 136241 100 75 50 35 15 15 10 10 
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var. arrhizus CBS 131512 100 55 40 35 30 24 15 15 

var. arrhizus CBS 515.94 100 85 65 60 45 45 45 45 

var. arrhizus CBS 539.80 100 95 85 75 60 60 60 60 

var. arrhizus CBS 136240 100 90 55 45 40 35 35 35 

var. arrhizus CBS 260.28 100 95 80 75 75 70 65 65 

var. arrhizus CBS 118614 100 65 40 35 30 20 20 20 

var. arrhizus CBS 120589 100 75 55 50 50 50 50 50 

var. arrhizus CBS 120591 100 85 75 75 75 75 75 75 

var. arrhizus CBS 120808 100 85 75 75 75 75 75 75 

var. arrhizus CBS 120809 100 85 85 80 70 70 70 70 

var. delemar CBS 131498 100 80 65 50 45 45 40 40 

var. delemar CBS 295.31 100 75 50 45 40 40 40 40 

var. delemar CBS 136238 100 100 100 95 90 90 90 90 

var. delemar CBS 324.35 100 65 35 30 25 25 25 25 

var. delemar CBS 137314 100 100 90 80 80 80 75 75 

 
Table 2: Survival rates [%] in embryonated chicken eggs over 7 days post infection. Infection dose was 1*106 

spores per egg. Spore solution was prepared in PBS. 

 
 
 day p. inf. 24h 48h  72h  96h 120h 144h 

IPS control  100 100 100 100 100 100 

R. microsporus  CBS 536.80 93,33 71,67 48,33 26,00 12,00 4,00 

R. microsporus  CBS 102277 96,67 71,67 51,67 17,50 2,50 0,00 

R. microsporus  CBS 337.62 64,00 0,00 0,00 0,00 0,00 0,00 

R. microsporus  CBS 112586 85,00 11,67 3,33 0,00 0,00 0,00 

R. microsporus  CBS 112588 14,00 0,00 0,00 0,00 0,00 0,00 

R. microsporus  CBS 294.31 100,00 6,00 0,00 0,00 0,00 0,00 

R. microsporus CBS 631.82 100,00 94,00 70,00 54,00 42,00 24,00 

R. microsporus CBS 124669 100,00 34,00 6,00 2,00 0,00 0,00 

R. microsporus CBS 264.60 97,50 70,00 35,00 15,00 10,00 6,67 

R. microsporus  CBS 339.62 10 10 10 10 9,5 9 

R. microsporus  CBS 699.68 10 5,5 0,5 0,5 0,5 0 

R. microsporus  CBS 700.68 9,5 2 0,5 0,5 0,5 0,5 
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R. microsporus  CBS 537.80 10 10 6,5 5 4 3 

var. arrhizus CBS 539.80 66,00 0,00 0,00 0,00 0,00 0,00 

var. arrhizus CBS 120808 92,00 12,00 0,00 0,00 0,00 0,00 

var. arrhizus CBS 120809 98,33 21,67 6,67 0,00 0,00 0,00 

var. arrhizus CBS 136236 81,67 18,33 8,33 2,50 0,00 0,00 

var. arrhizus CBS 136237 88,00 10,00 4,00 2,00 2,00 0,00 

var. arrhizus CBS 136239 60,00 0,00 0,00 0,00 0,00 0,00 

var. arrhizus CBS 136240 72,00 0,00 0,00 0,00 0,00 0,00 

var. arrhizus CBS 260.28 10 8 3 1 0,5 0,5 

var. arrhizus CBS 131498 9,5 9,5 6,5 2,5 0,5 0,5 

var. arrhizus CBS 137314 9,5 2 0 0 0 0 

var. delemar CBS 324.35 95,00 50,00 28,33 16,67 8,33 1,67 

var. delemar CBS 136238 80,00 6,67 3,33 0,00 0,00 0,00 

var. delemar CBS 295.31 10 7 2,5 2 1 1 

 

Table 3: Survival rates [%] of larvae of Galleria mellonella over 6 days after infection with Rhizopus spp.. 

Infection dose was 1*106 spores per larvae. Spore solution was prepared in IPS. 

 
 

Discussion 
Embryonated chicken eggs can be infected via the CAM, the albumen, the yolk 
sack, or the allantoic cavity or by direct injection into the embryo or major blood 
vessels. We decided to infect eggs via the CAM for the following reasons. (i) The 
CAM is a thin, translucent membrane consisting of two epithelial layers separated 
by loose connective tissue (Ribattiz et al. 2001). Pathogens applied to the outer 
layer of the CAM have to invade the outer epithelial layer to access nutrients, and 
invasion is an important virulence determinant for some fungi. (ii) The CAM is 
highly vascularized in order to mediate both nutrient transport from the albumen 
and yolk sack to the embryo, and gas exchange during the latter two-thirds of 
embryonic development (Ribattiz et al. 2001). High levels of vascularization and 
gas exchange are also characteristics of mammalian pulmonary tissue. Blood 
angio-invasion is also a characteristic of mucormycosis (Ibrahim et al. 2005). (iii) 
Aseptic application of CAM is technically easy and the required manipulation is 
well tolerated by the embryo. 

Human mucormycosis is mostly caused by Rhizopus arrhizus, and to a 
less extent by R. microsporus (Ribes et al. 2000, Roden et al. 2005, Alvarez et al. 
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2009). On the other hand, the same Rhizopus species also are among the 
mucoralean fungi that are most often involved in the production of Asian 
fermented foods (Dolatabadi et al. 2014 a, b), both as a natural invader of soybean-
based condiments (Hong et al. 2012) and as starter culture (Nout & Rombouts 
1990). Although nearly all patients with mucormycosis have severe underlying 
metabolic or innate immune disorders, this contrasting behaviour and usage of 
Rhizopus species necessitates the development of methods to determine the 
intrinsic virulence of individual strains and comparative virulence between species. 
Experimental infection of mammals is hardly conceivable at a large scale and as a 
routine because of high costs and ethical considerations. Development of an 
alternative animal model is therefore overdue. In the present article we investigated 
the predictive value of embryonated eggs and Galleria melonella larvae as 
alternative animal models. 

The embryonated egg model provides a warm-blooded system. 
Fertilized eggs are readily available from commercial breeders at low cost, are easy 
to handle, and require little specialized equipment and no specialized facilities or 
personal. Embryonated eggs have successfully been used to study virulence 
features of various bacteria and in some pathogenic fungi before (Townsend et al. 
2008, Adam et al. 2002). In the area of Mucorales, studies have been performed 
with Lichtheimia (Schwartze et al. 2012). 

Galleria melonella larvae (wax moth) have widely been used as a 
model of infection (Aperis et al. 2007, Schell et al. 2008). The larvae are bred 
commercially as live food for captive reptiles and amphibians. The larvae are the 
caterpillar stage of the moth, 1–2 cm in length and survive as supplied for up to 3 
weeks before pupating. During this time they do not need feeding and require 
minimal maintenance. Infection is accompanied by the generation of melanin, 
which is available in the haemocoel and becomes deposited in tissues (Nappi & 
Christensen 2005). Infected G. mellonella larvae change from their normal cream 
color to pale or dark brown.  

Embryonated eggs were infected at day 10, which is the appropriate 
time based on the development of the immune system in the chicken embryo 
(Schwartze et al. 2012). Eggs were monitored for 7 days by candling. With R. 
microsporus eggs displayed a higher mortality rate 60‒100% (av. 79.57% ± 10.84) 
at the last day of monitoring than R. arrhizus, where final mortality was 10−100% 
(av. 52.78% ± 23.83). In the Galleria model R. arrhizus showed higher mortality 
90‒100% (av. 98.34% ± 3.11) compared to strains of R. microsporus which 
provoked 70‒100% (av. 87.72% ± 25.33) mortality at the last day. This difference 
can be explained by different incubation temperatures. The optimum temperature 
of growth for R. microsporus is 45 °C, while for R. arrhizus it is 30 °C. Rhizopus 



Chapter 7 
 

 
147 

 

microsporus is able to tolerate a wider range of temperatures than R. arrhizus and 
has a higher maximum growth temperature of 52 °C (Dolatabadi et al. 2014a, b). 
The ability to grow at elevated temperatures is a prerequisite for colonization of 
warm-blooded hosts and may be regarded as one of the main virulence factors in 
members of the genus Rhizopus. 

In embryonated egg and Galleria models, differences in virulence did 
not correlate with origins of the strains. In R. arrhizus mortality was different only 
in embryonated egg model. Differences between clinical and environmental strains 
proved to be insignificant. Toxin-producing vs. non-toxin-producing strains of R. 
microsporus did not show any significant difference in their virulence in the model 
systems either. 

It has been suggested that environmental and clinical strains of fungal 
pathogens might differ in their virulence potential, as suggested from studies in 
Lichtheimia (Schwartze et al. 2012). However, results of the present study show 
otherwise. In Rhizopus it appears that strains with any ecological background may 
exhibit comparable potential to cause infections in susceptible hosts. Considering 
the increasing patient populations with metabolic or immune disorders, Rhizopus 
species may pose a public health risk.  
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Abstract 
Mucorales have been used for production of fermented food in Asia and Africa 
since time immemorial. Particularly Rhizopus species are rapidly growing, active 
producers of lipases and proteases and occur naturally in the first stages of soybean 
fermentation. They are also among the prevalent opportunists causing erosive 
infections in severely compromised patients. In addition, Rhizopus may harbor 
endosymbiotic Burkholderia (ß-proteobacteria) which produce some highly toxic 
secondary metabolites. In this study we evaluate the health risks of the application 
of Rhizopus in food production. Taxonomically there is strict identity of food and 
medical strains. We screened for bacterial symbionts in 64 Rhizopus strains by 
microscopy, 16S rRNA sequencing, and HPLC. Seven strains (10.93%) carried 
bacteria identified as Burkholderia rhizoxinica and B. endofungorum, and an 
unknown Burkholderia species. As well, data from R. microsporus and R. arrhizus 
was compared with 3 other species of mucorales which are involved in food 
fermentation and they are causative agents of mucormycosis. The isolated 
Burkholderia proved to be able to produce toxic rhizoxins. Toxin producers 
originated from food (3), soil (2), a clinical sample (1) and an unknown source (1), 
and their presence seems to be random within the species. They can be found in 
wild as well domesticated fermented food products. Here, we report first study on 
spread of the endosymbiont Burkholderia among a population of Rhizopus strains 
in order to evaluate the potential health risk for humans. 
 
 
Keywords 
Rhizopus, Burkholderia, mycotoxin, rhizoxin, endosymbiosis, HPLC, food safety, 
ß-proteobacterium 
 
 
Introduction 
Since ancient times numerous members of the fungal order Mucorales have been 
used in the preparation of Asian and African traditional foods and condiments that 
are based on ground soybeans, with the aim to enhance microbial pre-digestion. 
For example, the natural flora of Indonesian tempe comprises lipase-producing 
Rhizopus species (Nout & Rombouts 1990). Chinese Sufu is spontaneously mould-
fermented by Actinomucor and Mucor species (Han et al. 2004), and Mucor 
circinelloides is used for starter cultures in Asian food (Hesseltine 1983, Nout & 
Aidoo 2010). Mucoralean species are involved in the natural colonization of 
Korean meju which is stored in open air during wintertime (Hong et al. 2012) and 
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also play a role in the production of several kinds of cheese (Hermet et al. 2012). 
Rhizopus strains are commonly isolated from alcoholic beverages in Indonesia, 
China and Japan (Schipper and Stalpers 1984). They are used at industrial scale for 
the production of hydrolytic enzymes and other metabolites (Hesseltine 1965, 
Rabie et al. 1985). 

On the other hand, since a few decades we witness a steady increase in 
prevalence of the same fungal order in severe, often fatal human infections (Skiada 
et al. 2011). In the past such infections were regarded as highly coincidental, 
whereas today the Mucorales are listed as third most important opportunistic 
infections after candidiasis and aspergillosis (Kontoyiannis et al. 2010). Their 
incidence is increasing in hosts with severe immune or metabolic impairment, e.g. 
due to hemo malignancy, hematopoietic stem cell transplantation or uncontrolled 
ketoacidotic diabetes mellitus, with an estimated incidence of 0.43 cases/106 
persons per year in Spain (Torres-Narbona et al. 2007) and 1.7 cases/106 in the 
U.S.A. (Rees et al. 1998). Among Mucorales, Rhizopus species are the most 
common cause of mucormycosis (Ibrahim et al. 2012). Autopsy studies showed 
that Aspergillus and Candida infections were 10−50 fold more common in this 
patient population (Yamazaki et al. 1999), but mortality of mucormycosis is much 
higher (>50%) (Quan et al. 2010) due to the acute clinical course of mucoralean 
infections. This makes mucormycosis one of the most important entities in clinical 
mycology. It has often been claimed that clinical and foodborne strains belong to 
different species or variants (Jennessen et al. 2005), or at least the strains applied in 
food production could be regarded as specialized, domesticated industrial mutants. 
However, Dolatabadi et al. 2014 a, b showed that in the main genus Rhizopus the 
species causing infection are genetically homogeneous and thus clinical strains are 
identical to strains used in the preparation of food and condiments.  

Another threat to food safety related to Rhizopus is the occasional presence 
of two types of toxins, viz. the cytostatic and antimicotic polyketide macrolide 
rhizoxin and the hepatotoxic cyclopeptide rhizonin (Jennessen et al. 2005). 
Rhizoxin and congeners are a family of 16-membered macrolactones first isolated 
from a plant-borne isolate of R. microsporus by Iwasaki et al. 1984 which are 
potent anticancer drugs. The fungus caused a plant disease known as rice seedling 
blight, for which the characteristic symptom is abnormal swelling of seedling roots 
believed to be due to inhibition of cell division (Hong et al. 2004). In contrast, 
rhizonin A is acutely toxic for ducklings and rats (Wilson et al. 1984) and affects 
mainly the liver and kidneys causing 100% mortality (Rabie et al. 1985). The 
toxins were the first “mycotoxins” reported from lower fungi, but they are actually 
biosynthesized by symbiotic bacteria Burkholderia rhizoxinica or B. endofungorum 
residing within the cytosol (Partida-Martinez et al. 2007, Scherlach et al. 2006). 
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The toxin-producing bacteria are truly endosymbiotic and both vertical and 
horizontal transmissions were shown in evolution of the Burkholderia–Rhizopus 
symbiosis (Lackner et al. 2009). Host fungus and symbiont have undergone co-
speciation. The isolation and identification of several clinical isolates as 
Burkholderia rhizoxinica or B. endofungorum underline the potential risk of using 
endosymbiotic strains (Gee et al. 2011). 

Bacterial endosymbionts enter fungal spores to be ‘‘inherited’’ during 
vegetative reproduction (Partida-Martinez et al. 2007). Intriguingly, the 
reproduction of the host has been hijacked by the symbionts: the host is unable to 
sporulate when endosymbionts are removed. Thus, they ensure their own 
propagation alongside the host lineage. In addition, endobacteria are able to infect 
compatible host organisms in laboratory culture. 

Based on genome comparison, endosymbionts have likely undergone a 
shift from parasitism to mutualism (Schmitt et al. 2008, Partida-Martinez et al. 
2007). Bacteria act as virulence factor for the fungus inside the plant cell, 
efficiently weakening or even killing the plant, and both host and symbiont benefit 
from nutrients of decaying plant material. The fungal host has gained insensitivity 
towards the antimitotic agent produced by the bacteria whereas bacteria are 
spreading within fungal spores (Rabie et al.1985, Schmitt et al. 2008). 

The aim of the present work was to evaluate possible health implications of 
the use of potentially invasive and toxin-producing fungi in the food industry. 
Species diversities and rates of differentiation of clinical, foodborne and 
endosymbiotic strains were investigated, and the distribution of toxin-producing 
strains over all strains of the species was quantified. The presence of the symbiosis 
was evaluated in wild vs. domesticated strains involved in food production. 
 
 
Materials and methods 
 
Strains 
Sixty four strains from reference collection of the Centraalbureau voor 
Schimmelcultures (CBS-KNAW Fungal Biodiversity Centre) and the ARS Culture 
Collection (NRRL) were considered for bacterial symbiosis and toxin detection 
(Table 1). For preservation and serial transfer, 5% Malt Extract Agar (MEA, 
Oxoid, Basingstoke, U.K.) in 8 cm culture plates were used and incubation was 
done at 30°C for 2 days. 
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Statistics 
To obtain a general insight into ecological preferences of food/ clinical associated 
mucoralean fungi, the origins of 344 isolates (with identification supported by 
sequence data) from the reference collection of the CBS Fungal Biodiversity 
Centre and from the literature were verified (Fig. 1). These strains included 5 main 
groups of mucoralean species which are involved in fermented food preparation as 
well in mucormycosis infection. Strains had been deposited over more than a 
century by workers on all sorts of research themes, and therefore the set can be 
viewed as a relatively unbiased representation of scientific interest in mucoralean 
ecology over the years. 
 
Fungal sporulation 
Gross sporulation was quantified according to Dolatabadi et al. (2014a) as a 
measure of degeneration of R. microsporus strains under the influence of the 
endosymbiont or domestication. Levels of sporulation were graded in five grades 
varying from 0 (no spores) to 4 (fully covered plate with spores) after 2 days 
incubation at 30 °C on 5% MEA in 8-cm culture plates. As this type of 
degeneration is limited to R. microsporus, this parameter is not applicable to other 
species. Grades of sporulation have been described in Dolatabadi et al. (2014a). 
 
Cultivation for metabolite analysis 
Strains were cultivated in MGY (7 g K2HPO4, 2 g KH2PO4, 5.9 g 3-Na-citrate-
dihydrate, 1 g (NH4)2SO4, 0.1 g MgSO4, 0.05 g yeast extract, 0.4 g glycerol per 
liter) medium (Lackner et al. 2011) for 4 days at 30 °C and 120 r.p.m. The 
50×medium was filtered using glass wool and 40 ml of supernatant was considered 
for metabolite detection by HPLC. 
 
Bacterial isolation 
Fungal mycelia were transferred to LB (Luria broth; Oxoid, Hampshire, U.S.A.) 
bottles and were incubated at 30 °C for 4 days under 200 r.p.m. Using mechanical 
stress (pipetting), the fungal mycelium was broken and then submitted to 
centrifugation (30 min, 3,000 r.p.m., 10 °C). Two hundred µl of supernatant was 
plated on tryptic soy agar (TSA; Merck, Darmstadt, Germany) plates. Plates were 
incubated at 30 °C for 2–3 days, or until the presence of fungal or bacterial 
colonies could be confirmed. Bacterial colonies were transferred to fresh TSA 
plates.  
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Light microscopy 
Bacterial colonies that were isolated by plating were investigated by light 
microscopy with a phase contrast objective at 80× magnification to search for the 
presence of Burkholderia species (Partida-Martinez et al. 2007). 
 
Bacterial identification by sequencing 
The presence of endosymbiont bacteria was detected by sequencing the bacterial 
small-subunit (16S) rRNA. Direct colony PCR was performed on 3‒5 day-old 
cultures grown on TSA medium. Bacterial suspension was made in 100 µl sterile 
demi water and was incubated at 100 ºC for 10 min. PCR was performed with 
primers 16S500F (5'-tggagagtttgatcctggctcag-3') and 16S500R (5'-
taccgcggctgctggcac-3') (Hall et al. 2003). The mastermix contained 14.65 µl 
nuclease-free water, 2.5 µl 10×NH4 buffer, 0.75 µl MgCl2 50mM, 1 µl dNTPs 
5mM, 1 µl 16S500bpF 10 pmol, 1 µl 16S500bpR 10 pmol, and 0.1 µl Taq solution 
5 U/µl. PCR reaction was as follows: pre-denaturation at 94 °C for 2 min and 36 
cycles of denaturation at 94 °C for 1 min, annealing at 54 °C for 1 min, 
amplification at 72 °C for 2 min, with final elongation step at 72 °C for 5 min. 
Sequencing reactions were performed with a BigDyeTMTerminator Cycle Sequence 
Ready Reaction Kit (Applied Biosystems) and analyzed on an ABI Prism 3730XL 
Sequencer, and sequencing products were purified by using Sephadex G-50 
Superfine. Fungal DNA was also used as a template to detect the presence of 
bacterial DNA, followed by 16S rRNA PCR. DNA was isolated using the CTAB 
method described by Dolatabadi et al. (2014a). 
 
HPLC analysis 
Culture supernatants were extracted with ethylacetate (2×), dried with sodium 
sulphate, and concentrated under reduced pressure. For HPLC analysis, the dried 
extracts were dissolved in 1 ml acetonitrile. Analytical HPLC was performed on a 
Shimadzu HPLC system consisting of an autosampler, high pressure pumps, 
column oven and a photodiode array detector. HPLC conditions were: C18 column 
(GromSil 100 ODS 0AB, 3 µm, 250 × 4.6 mm) and gradient elution (acetonitrile 
/0.1% trifluoroacetic acid (H2O) 25/75 5 min, in 35 min to acetonitrile / 0.1% 
trifluoroacetic acid (H2O) 80/20, in 5 min to 100%100% acetonitrile), flow rate 0.9 
ml/min. Rhizoxins were identified by comparison with authentic standards 
(Scherlach et al. 2006). 
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Results 
Presence of intracellular bacteria was tested in 33 strains of R. microsporus (8 
clinical, 20 foodborne, 4 environmental, and 1 from unknown origin) and 31 strains 
of R. arrhizus, divided over two varieties: 23 of var. arrhizus (15 clinical, 3 food, 
and 5 environmental) and 8 of var. delemar (6 clinical and 2 food). In 7 strains 
(21%) of R. microsporus and none of R. arrhizus endosymbiont bacteria were 
detected. Their origin was diverse (3 food, 1 clinical, 2 soil and 1 unknown). In all 
positive strains, the rod-shaped bacteria were visualized by light microscopy and 
were isolated as small, transparent colonies on TSA medium. Positive PCR using 
universal primers for 16S rRNA genes indicated the presence of bacteria and were 
only positive in the same 7 strains (i.e. 21% of R. microsporus and 10. 93% of all 
strains tested). Sequences were blasted in NCBI and taxonomic classification 
revealed that these microorganisms belong high similarity values to the toxin-
producing species Burkholderia rhizoxinica and B. endofungorum (Table 1). 
Metabolite analysis by HPLC revealed that rhizoxin derivatives (mainly rhizoxin 
S2; (Gee et al. 2011) were present in Burkholderia-positive strains. All toxin-
containing strains belonged to R. microsporus. Neither bacteria nor toxins were 
identified in the R. arrhizus group. 

The level of sporulation / degradation ‒ which may be the result of 
exclusion of the endosymbiont or of repeated transfer and then taken as a sign of 
domestication ‒ was evaluated in Rhizopus microsporus using intensity of 
sporulation as a parameter. The majority (20 vs. 11) of strains of R. microsporus 
were sporulating abundantly. Also two of the Burkholderia-positive strains (CBS 
699.68, CBS 700.68) which were isolated from soil, showed intense sporulation 
(grade 4). One strain (CBS 339.62), isolated from tempe, had showed a slight 
decrease in sporulation (as judged visually, grade 3). CBS 112285 isolated from 
ground nuts had grade 1. The remaining three isolates, two of which (CBS 111563, 
CBS 308.87) were derived from tempe, showed low or no sporulation (grade 0). 

For a comparison of sources of isolation within the Mucoraceae, the 
Rhizopus strains were compared to Mucor and Lichthemia with sufficient statistical 
confidence. We included data from 344 strains belonging to five species involved 
in fermented food production and in mucormycosis. The set included 95 strains of 
clinical origin, 192 from food, and 57 from the natural environment, particularly 
from soil (n=36) and from feces and animal dung (n=6). A significant difference 
was observed between the preferred habitats of the main species involved, R. 
microsporus and the two varieties of R. arrhizus (Fig. 1), when the ecology of R. 
arrhizus was compared with that of the remaining species (P=0.002).  

Within food samples, (n=192), 9 strains were from sufu, an example of 
wild food preparation, with wildtype strains, which means 9/192= 5% of total food 
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samples and majority were M. racemosus and M. circinelloides. Sixteen isolates 
were from tempe as an example of domesticated food preparation which means 
16/192=8.33% of total food samples and they are just from Rhizopus spp. showing 
that Rhizopus species are more involved in domesticated food stuffs. Still 7 isolated 
endosymbionts has occurred in 3 different varieties of R. microsporus including 
var. oligosporus which was considered as domesticated variety in the past. 

 
 

 

 
Figure 1: Origins according to main habitat categories of strains of five mucoralean species represented in the 
CBS culture collection. 

 
 
Discussion 
Rhizopus is one of the main genera of fungi causing acute, often fatal, 
mucormycosis in humans, an opportunistic disease occurring in severely 
immunocompromised patients. Recent studies have shown that majority of cases 
are caused by two species, R. arrhizus, R. microsporus and by Lichtheimia 
(Ibrahim et al. 2012, Skiada et al. 2011), remaining species being highly 
exceptional (de Hoog et al. 2009). The two Rhizopus species are selectively 
enriched in human patients with severely compromised innate immunity, as well as 
in food materials, such as rotten fruits (Splittstoesser et al. 1987) and particularly in 
fermented, soybean-based products used in Asian food preparation (Hesseltine 
1983). Rhizopus species also occur as wild type strains during natural fortification 
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processes of soy cakes such as Korean meju, or are added starters from 
domesticated stock cultures, e.g. in Indonesian tempe. For a long time it has been 
supposed that clinical and foodborne strains, particularly the domesticated isolates, 
would belong to other species. For example, the name Rhizopus oligosporus was in 
frequent use in food industry for strains producing higher percentages of 
incomplete spores (Jennessen et al. 2005). Molecular data, however, proved that 
none of the ecological separations was valid and that Rhizosporus microsporus is a 
monophyletic species (Dolatabadi et al. 2014a, Walther et al. 2013) with R. 
oligosporus as one of its synonym. This also held true for remaining described 
fungi with small phenotypic differences around R. microsporus. 

Beside these Rhizopus species, also Mucor circinelloides, M. racemosus 
and Lichtheimia racemosa have been used in food preparation (Hong et al. 2010). 
The same three species stand in second rank after Rhizopus among the most 
frequent species encountered in the clinical laboratory (Khan et al. 2009). Thus, 
there is a strong link between soy fermentation and human opportunism.  

This correspondence can be understood from the natural ecology of the 
mucoralean species concerned. Many of these are categorized as ‘ruderal’ 
organisms or microbial weeds, implying that they rapidly colonize and digest 
virgin substrates and complete their life cycle with abundant airborne sporulation 
before competing microbes arrive (de Hoog et al. 2009). They are hyperactive 
producers of proteases and lipases enhancing rapid degradation of nutrient-rich 
materials, and sequester heavy metals by exuding siderophores onto the substrate; 
as such they are well-equipped for saprobic biomass degradation. Mucoralean 
fungi compose a significant share of the fungi in the first stages of decomposition 
of human bodies (Martínez-Ramírez et al. 2014). Their competitive abilities are 
however minimal, and for this reason they are typically encountered in the 
environment only during early stages of degradation of virgin substrates. Soy-
based materials are exceptionally rich in lipids and proteins, enhancing selective 
growth of mucoralean fungi. Similarly, human tissue lacking innate immune 
functions is highly susceptible to mucoralean infection. Similar to their activity in 
the environment, the fungi show rapid destruction of the substrate, leading to acute 
erosion and tissue dissolution. 

Prerequisite for a successful mucoralean infection of a living human 
patient is the near-absence of immunity. Availability of patients with this feature is 
a relatively new phenomenon, which explains the recent emergence of Mucorales 
in clinical settings. The recent increase in the frequency of infection can directly be 
linked to the growing population of patients with severe immune disorders or 
uncontrolled metabolic diseases. The presence of toxins of Rhizopus endobacteria 
might be a further contributing factor to virulence, as the toxin may impair the 
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human host. However, Ibrahim et al. (2008) found that toxin-producing strains 
were less virulent, which might imply a trade-off between toxin and virulence. As 
yet there are insufficient data to demonstrate whether pathogenicity in Rhizopus is 
related to Burkholderia endosymbiosis (Gee et al. 2011, Schmitt et al. 2008). 
Humanity has been surrounded with mucoralean weeds since millennia, but 
infections by these fungi have remained extremely rare compared to the abundance 
of these species in our daily life. The natural behavior of mucoralean fungi does 
not involve infection of living humans, and hence the chance of becoming infected 
of healthy individuals is extremely low. 

A second reason why infection by mucoralean fungi in daily life is highly 
exceptional may be found in their mode of dispersal. Mucoralean spores are 
relatively hydrophilic, which limits the host´s exposure, even if these opportunistic 
fungi are ubiquitous in spoiled and fermented foods. Their spores are much less 
common in air samples than e.g. those of the plant-associated Alternaria and 
Cladosporium species involved in human allergy (Crameri et al. 2014).  

Another potential health problem is the presence of toxins due to growth of 
intracellular toxin-producing Burkholderia species. Rhizoxin, for example, is 
known as a potent cytotoxic compound that inhibits cell division in plant roots 
(Gho et al. 1978). Later studies revealed that rhizoxin also very efficiently blocks 
mitosis in other eukaryotic cells, including human and murine tumors and their 
resistant cell-lines (Tsuruo et al. 1986). Rhizoxin is not allowed to be present in 
food even at very low concentration (Jenssen et al. 2005). Toxin-producing strains 
have been classified in a variety of R. microsporus strains that are different from 
the non-toxin producing strains used in the food industry (Jenssen et al. 2005). In 
our study we found that bacterial symbiosis was present in three morphology-based 
varieties (viz. var. chinensis, var. microsporus, var. oligosporus; Table 1). 
Rhizopus microsporus var. oligosporus was thought to be the industrial variety that 
is used as starter in food fermentation. However, recent studies showed that 
intraspecific entities are no longer valid as they are molecularly identical 
(Dolatabadi et al. 2014a). Presence of endobacteria has also been linked to 
sporulation levels of the host, because it was observed that strains that were 
cleaned from bacteria showed decreased reproduction (Partida-Martinez et al. 
2007). We evaluated degeneration of Rhizopus strains by graded levels of 
sporulation (0−4), but no sign of a relation with the presence of endosymbiont 
bacteria. Using expansion growth on PDA as a parameter, Ibrahim et al. (2008) 
showed similar independence of reproductive efficiency and bacterial presence. We 
conclude that the observed decreased sporulation (‘domestication’) of industrial 
strains, which were hence classified as var. oligosporus, as yet cannot be linked to 
presence of endobacteria. 
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Our data indicate that the few strains containing toxin-producing bacteria 
originated from different sources and that all belonged to a single taxonomic entity, 
R. microsporus. Some strains contained bacteria whereas they were involved in 
food fermentation. Burkholderia was observed in R. microsporus used as tempe 
(CBS 339.62) and sufu (CBS111563) starter cultures (Rohm et al. 2010) as 
examples of domesticated and wild prepared food.  
From the data discussed above, the presence of Burkholderia species in Rhizopus 
microsporus seems random, not associated with source of isolation, neither with 
the degree of domestication of strains. It was found that 21. 2% of R. microsporus 
strains tested in this study, including strains used in soy-based food fermentation, 
contain intracellular bacteria and thus carry rhizoxin toxin. Given the marked 
toxicity of this compound, there might be long-term health implications and 
increased awareness in the fermentation industry (Hall et al. 2003). Starter cultures 
can be cleaned by passage through an antibiotics treatment. Products in which wild 
type strains are used are potentially problematic, especially as members of 
Burkholderia (ß-proteobacteria) occupy diverse ecological niches, such as 
terrestrial and aquatic environments, plant rhizosphere, animals and humans, and 
may occur in symbiosis with vascular plants (van Oevelen et al. 2002 & 2004) or 
occur in arbuscular mycorrhizal fungi (Bianciotto et al. 2003, Lim et al. 2003). 
More research focusing on this problem is needed to increase food safety. 

In conclusion, infection of healthy individuals by foodborne fungi seems 
highly improbable. All susceptible individuals, either with impaired innate 
immunity or with severe metabolic diseases such as uncontrolled diabetes, are 
hospitalized and not commonly exposed to fungal spores. Yet, attention is needed 
from the food fermentation industry on the occurrence and possible health 
implications of Burkholderia-derived toxins. 
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Discussion  
The mucoralean genus Rhizopus has important roles in our daily life, both 
beneficial and detrimental, playing significant roles in food industry and health 
care. In their natural ecology, Rhizopus species are particularly saprotrophic, soil 
inhabiting fungi, and are involved in degradation of fresh plant products, which in 
the human environment appears as food spoilage, especially of fruits and 
vegetables (Martin 1964, Wade & Morris 1982). On the positive side, these 
capacities can be exploited in industry for the production of a wide diversity of 
enzymes and secondary metabolites, while fermentative properties are applied in 
oriental food production. Since relatively recently a new behavior is gaining 
significance in their emergence as causative agents of invasive acute infections in 
severely debilitated individuals due to uncontrolled metabolic diseases, transplants 
or leukemia (Ibrahim et al. 2012, Skiada et al. 2011). These mucormycoses are 
emerging and associated with rapid tissue destruction and high mortality in 
susceptible patients. Only Mucor irregularis (formerly Rhizomucor variabilis) 
deviates and is unique in being chronic and by occurring in immunocompetent 
patients without apparent underlying disorders (Lu et al. 2009). The combination 
of clinical manifestations and food applications is found in many species of 
Mucorales. Mucor circinelloides is used as starter culture in Asian food (Khan et 
al. 2009), and other examples are Rhizomucor species (Hong et al. 2012) and 
Mucor racemosus (Nout & Aidoo 2010, Hesseltine 1983). 

A first question that comes to mind with the emerging role of Rhizopus in 
human disease is whether previously unknown evolutionary entities are concerned, 
or whether these are the same fungi we have dealt with since the early days of 
humanity. Numerous proposals have been made in the literature to acknowledge 
the variability of Rhizopus and other species in Mucor and Rhizomucor with the 
introduction of taxonomic entities below the species level, mostly based on 
morphology and physiology (Schipper 1979, 1984, Abe et al. 2010). At this 
moment, there is ample proof that morphological varieties don’t match with 
molecular taxonomy (Walther et al. 2013). Features like ability to produce rhizoids 
seem more to be conditional and cannot be a basic of taxonomy. 

In our work, accent has been placed on molecular, protein-based and other 
experimental methods to answer taxonomic and phylogenetic questions in these 
fungi. Rhizopus arrhizus and R. microsporus have been the focus of our study, 
being among the most important representatives of the order Mucorales from an 
applied perspective. 
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Phylogeny and the biological species concept 
The markers we used, showed to be optimal for species distinction and 
classification in Mucorales (Walther et al. 2013, Alastruey-Izquierdo et al. 2010). 
ITS shows relationships between species and genera and protein coding genes such 
as actin, translation elongation factor 1-alpha, and largest and second-largest 
subunit of RNA polymerase II (RPB1 & 2) are applied to define species and 
subspecific entities. Other markers such as LSU rDNA proved to be suitable for 
phylogenetic inference of fungal groups and their relations to Basidiomycota and 
Ascomycota (Matheny et al. 2002, Schmitt et al. 2009). 

Sequencing of three different markers showed that Rhizopus microsporus 
is a monophyletic species showing limited variation. Clinical and food-associated 
strains, previously described as members of different varieties and species were 
found to mate successfully and consequently were judged to belong to a single 
biological species. The small molecular differences found within the species did 
not match with any other parameter investigated. Based on these results several 
described species and varieties within Rhizopus microsporus were reduced to 
synonymy. Studies of morphology, physiological properties, protein profiles, and 
growth temperatures led to the conclusion that only a single species was concerned 
and no objective criteria could be discerned to subdivide the species.  

A similar situation was encountered in Rhizopus arrhizus. In the past R. 
arrhizus was thought to be flanked by separate species which were considered to 
be different by morphological and physiological characters. However, our 
molecular data clearly showed that these species should be reduced to two 
varieties, var. delemar and var. arrhizus, of a single species R. arrhizus. With some 
positive matings achieved between representatives of the two varieties, the 
biological species concept was valid for R. arrhizus allowing maintenance of 
varieties within a single species. Mating abilities were pronounced in R. 
microsporus (83.33%), but reduced in R. arrhizus (1.55%), which might be due to 
domestication processes in fermented food products.  

The maintenance of the two varieties was supported by physiological and 
molecular characters including AFLP profiles, and they could unambiguously be 
identified by ITS sequencing. There were no compensatory base changes. The new 
taxonomy supported a polyphasic species concept, where different sets of unlinked 
parameters exhibit the same bipartition. Both varieties were active in different 
types of enzyme production, showed high morphological similarity, and similar 
temperature profiles. Spore size and ornamentation were critical characters in 
taxonomic studies of Mucorales by Schipper (1984), who used morphology and 
mating experiments as main criteria. When compared with molecular data, spore 
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ornamentation could not be used as a taxonomic parameter. Size of spores did not 
show any discriminative value either (Gryganskyi et al. 2010).  

The genus Rhizopus as yet contains only seven species (R. americanus, R. 
arrhizus including var. arrhizus and var. delemar, R. homothallicus, R. lyococcus, 
R. microsporus, R. sexualis, and R. stolonifer), which are genetically clearly 
different from each other in well-resolved trees yielding a well-supported clade. 
Species and even generic boundaries are still unclear for some other mucoralean 
fungi; compare e.g. the 58 species recognized within the genus Mucor (Walther et 
al. 2013), where taxonomic studies are overdue. 

In Rhizopus, intraspecific variabilities are low, and barcoding gaps 
between species are large. Rhizopus arrhizus and R. microsporus are separated 
easily by standard molecular markers, and phylogenetic trees of the 
Rhizopodaceae, the family to which Rhizopus belongs, are completely resolved. 
The weighted intraspecific ITS variability for ‘Mucorales’ is 3.24% (Nilsson et al. 
2008). In contrast, for Ascomycota this variability is 1.96% (for some species even 
much lower, e.g. 0.2% for Aspergillus fumigatus), with much lower standard 
deviations than found in Mucorales (Nilsson et al. 2008). The intraspecific 
variability in Mucorales differs among species but can reach, according to current 
taxonomic concepts, very high values, e.g. in Mucor circinelloides (5.3%) or in 
Lichtheimia ramosa (7.6%) (Walther et al. 2013). 

The reduction of the number of recognized species is quite in contrast to 
the situation in most groups of higher fungi, where application of molecular data 
mostly leads to the discovery of molecular siblings within existing species, and to 
an increase of the number of recognized taxa. 

 
RCA 
Attempts have been made to enhance rapid and reliable recognition of the newly 
conceived species. This is particularly significant in medical settings, where rapid 
diagnostics are essential to save lives in fulminant cases of mucormycosis. Early 
diagnosis of the infection is crucial for immediate and appropriate therapy. Rolling 
Circle Amplification (RCA) is available as a sensitive, specific and reproducible 
isothermal DNA amplification technique for rapid molecular identification of 
virulent species. Probes could be developed because of the suitable intra- vs. 
interspecies variability of Rhizopus species. The technique may also be used for 
detection and screening purposes in the food industry. RCA based on ITS sequence 
data has been established as a new molecular detection and screening method, 
having a specificity of a single nucleotide difference with detection limit down to 
3.2 × 10P

5
P copies of amplicon which makes this method applicable for low amounts 
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of sample. There will be no need for a sequencing step with this method and the 
result can be achieved within 2 h. 

 
MALDI-TOF MS 
Diagnostic efforts further included Matrix-Assisted Laser Desorption Ionization-
Time of Flight Mass Spectrometry (MALDI-TOF MS), which is based on peptide 
profiles and is increasingly used in medical mycology (Bader et al. 2010). In 
agreement with molecular results, high similarities in peptide profiles between 
strains of each species, while the species could easily be distinguished from each 
other; also distinction at the variety level was possible. The results of the method 
were congruent with MLST results and showed 100% specificity. In general 
MALDI-TOF MS is a reliable method and is faster than current molecular methods 
such as sequencing and even RCA, as the extraction procedure is rapid and simple. 
The method needs a reliable dataset as a library which is needed for identification 
of subsequent samples and which can be used by other researchers or in routine. 
Once this has been built up, the method might replace conventional diagnostics 
which is based on morphology and histopathology and needs a high degree of 
expertise, which is not always feasible in medical routine. Currently MALDI-TOF 
MS is gaining a place in many diagnostic labs. Since mucoralean species show 
large differences in their resistance against antifungal compounds, the method will 
certainly contribute to improve antifungal treatment (Alastruey-Izquierdo et al. 
2009). 
 
Animal models 
Having established the taxonomy and having provided tools for their recognition, 
the main question to be answered concerns safety for human health. In Rhizopus, 
this consists of two aspects: virulence, and toxin production. Virulence has been 
tested with two new model organisms in mycology, viz. Galleria mellonella larvae 
and embryonated chicken eggs. As first step, different parameters that are 
potentially relevant to the design of the model were considered. Carbon and 
nitrogen assimilation, different cell wall and osmotic stressors as well as growth 
temperature were tested. No specific adaptation to particular nutritional 
requirements (C- or N-sources, amino acids), or stress conditions could be 
identified, supporting the hypothesis that the investigated members of Mucorales 
are predominantly saprotrophs without a specific predilection for warm-blooded 
hosts. However, a clear shift in the temperature profiles between the virulent and 
attenuated species was found, leading to the conclusion that thermotolerance is a 
main virulence factor. 
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Virulence of an extended number of strains from both species (R. arrhizus, 
R. microsporus) was tested in the two model systems above. The outcome of both 
model systems was variable in each species and showed to be strain-specific rather 
than species-specific, and source-independent, with no observed side effects due to 
manipulations, compared to the negative control ones.  

High levels of mortality were observed in early days of inoculation in both 
model systems. Our results confirmed the intrinsic virulence of these fungi and the 
fact that if they find a susceptible host they are able to cause high degrees of 
mortality. In humans, infection is seen exclusively in severely compromised 
patients, classifying Rhizopus as opportunistic fungi. The invasive potential is 
intrinsic, as strains that were isolated from food stuffs behaved similarly as clinical 
isolates. Type strains of the former varieties described in R. microsporus were 
similar to remaining strains in their virulence. The varieties of R. arrhizus 
responded slightly different in the embryonated egg model. Some of the Rhizopus 
microsporus strains harbour endosymbiont bacteria (Burkholderia). Results of both 
animal models could not be linked to toxin production.  

Differences were found between Rhizopus arrhizus and R. microsporus, 
the former being most virulent in the Galleria model, and the latter in the egg 
model – a difference possibly attributed to differences in incubation temperature 
and fungal thermotolerance. Embryonated chicken eggs were incubated at 37.6 °C 
while this temperature was 30 °C for Galleria mellonella larvae. Rhizopus 
microsporus can grow at higher temperatures compared to R. arrhizus, and 
therefore the difference in virulence in the two models can be explained by the 
optimum temperature of growth. For further confidence, and to see which model is 
a better representative for study of Mucorales, experiments with a murine model 
system are ongoing.  

In general, differences in virulence could not be linked to different origins 
of the strains concerned. Some strains isolated from foodstuffs caused a higher 
mortality than some of the strains from clinical sources. Therefore all strains 
should be treated as potentially having comparable virulence. 
 
Toxin production 
Rhizopus species are among the major fungi involved in fermentation of 
particularly Asian food products. Some strains of R. microsporus are known to 
harbor endosymbiont Burkholderia species, Beta-proteobacteria which produce 
some highly toxic secondary metabolites. Two types of toxins are produced by the 
endosymbiont, viz. the cytostatic and antimycotic polyketide macrolide rhizoxin 
and the hepatotoxic cyclopeptide rhizonin (Jennessen et al. 2005). Strains derived 
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from foodstuffs and other sources were tested for this symbiosis and the presence 
of toxins, in order to evaluate possible health risks for human consumption. 

Proven toxin-producing strains originated from food (3), soil (2), and a 
clinical sample (1); for one the source of isolation was unknown. Strains carrying 
endosymbionts seem to be randomly distributed within the species. They can be 
found in wild types as well as in domesticated strains used for food fermentation. 
Symbiosis was found exclusively in R. microsporus and was not encountered in R. 
arrhizus. In the literature the level of sporulation was considered as a sign of 
degeneration during domestic application of these strains but presence of this 
symbiosis was not related to the sporulation level of R. microsporus strains.  

The prevalence of endosymbionts was relatively low (11%) and occurred 
only in a single species, R. microsporus. However, on a global scale, prevalence of 
several endosymbiont species of Burkholderia and the concomitant load of toxins 
in Rhizopus-fermented foodstuffs may be significant. From a point of view of 
public health, more attention is needed to these toxins, which should be avoided in 
human consumption. Screening for toxins prior to use in food processing may be 
advised if inoculation with domesticated starter strains is concerned.  
 
General conclusion 
A methodical change from physiological and morphological approaches in 
taxonomy to molecular and protein-based techniques is necessary in research and 
routine with Mucoralean fungi. The number of taxa in Rhizopus recognized with a 
molecular approach appeared to be much smaller than distinguished with 
phenotypic methods in the past. This also happened in dermatophytes, a fungal 
group that was judged to be ‘overclassified’ (Cafarchia et al. 2013). In many other 
groups of higher fungi, such as Aspergillus, the introduction of molecular methods 
has led to a proliferation of the number of taxa. 

Achieving positive mating results is difficult in some members of 
Mucorales and, conversely, the occurrence of inter-species crosses have been 
reported (Alastruey-Izquierdo et al. 2010). Zygospore production and germination 
in the natural habitat could not be observed and germination under laboratory 
conditions has only been described for few species (Michailides & Spotts 1988, Yu 
& Ko 1997) so that the viability of progeny could not be established. This 
diminishes the value of biological species concept in Mucorales and places further 
emphasis on the application of molecular methods in taxonomy of these fungi, 
principally allowing the application of in silico genealogical concordance species 
concepts.  

The rapid development of mucoralean infections in susceptible patients 
leads to high mortality and this situation demands the availability of fast diagnostic 
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tools. New identification methods are either molecular or protein-based and are 
easily applicable in Mucorales due to significant barcoding gaps between 
neighboring species, making it easier for food industry and clinics to identify these 
fungi in our indoor environments. 

Mucoralean are in general saprotrophic fungi which come in first stages 
of decaying organic matters, with low risk of causing human infection. But 
dramatic changes in human susceptibility due to severe underlying diseases have 
provided new habitats these opportunists and have increased their incidence in the 
clinic. Under favorable conditions they cause acute infections with high mortality. 
An intrinsic ability to infect animals was observed in alternative animal model 
systems. It remains a question of significance to public health whether fungi that 
are able to cause acute human infections and may produce toxins are widely used 
in food industry. In practice the chance of infection is very small because workers 
in food processing are not severely compromised, and until now the number of 
intoxication in oriental fermented food is very low (Garcia et al. 1999), but long-
term effects of the toxins cannot be excluded. In our view specialized studies in 
this area are necessary.  
 
 
References 
Abe A, Asano K, Sone T (2010) A molecular phylogeny-based taxonomy of the genus Rhizopus. 
Biosci Biotechnol Biochem 74: 1325–1331 
Alastruey-Izquierdo A, Castelli MV, Cuesta I, Zaragoza O, Monzón A, Mellado E, Rodríguez-Tudela 
JL (2009) In vitro activity of antifungals against Zygomycetes. Clin Microbiol Infect 15: 71–76 
Alastruey-Izquierdo A, Hoffmann K, de Hoog GS, Rodriguez-Tudela JL, Voigt K, Bibashi E, 
Walther G (2010) Species recognition and clinical relevance of the zygomycetous genus Lichtheimia 
(syn. Absidia pro parte, Mycocladus). J Clin Microbiol 48: 2154 –2170 
Bader O, Weig M, Taverne-Ghadwal L, Lugert R, Gross U, Kuhns M (2010) Improved clinical 
laboratory identification of human pathogenic yeasts by matrix-assisted laser desorption ionization 
time-of-flight mass spectrometry. Clin Microbiol Infect 17: 1359 –1365 
Cafarchia C, Iatta R, Latrofa MS, Gräser Y, Domenico O (2013) Molecular epidemiology, phylogeny 
and evolution of dermatophytes. nfect Genet Evol 20:336–51 
Dannaoui E (2009) Molecular tools for identification of Zygomycetes and the diagnosis of 
zygomycosis. Clin Microbiol Infect 15: 66–70 
Garcia RA, Hotchkiss JH, Steinkraus KH (1999) The effect of lipids on bongkrekic (Bongkrek) acid 
toxin production by Burkholderia cocovenenans in coconut media. Food Addit Contam 16: 63–9 
Gryganskyi AP, Lee SC, Litvintseva AP, Smith ME, Bonito G, Porter TM, Anishchenko IM, 
Heitman J, Vilgalys R (2010) Structure, function, and phylogeny of the mating locus in the Rhizopus 
oryzae complex. PloS One 5: 1–12 
Hesseltine C W (1983) Microbiology of oriental fermented foods. Annu Rev Microbiol 37: 575–601 
Hong SB, Kim DH, Lee M, Baek SY, Kwon SW, Houbraken J, Samson RA (2012) Zygomycota 
associated with traditional meju, a fermented soybean starting material for soy sauce and soybean 
paste. J Microbiol 50: 386–393 



Chapter 9 
 

 
177 

 

Ibrahim AS, Spellberg B, Walsh TJ, Kontoyiannis DP (2012) Pathogenesis of mucormycosis. Clin 
Infect Dis 54: S16–22 
Jennessen J, Nielsen KF, Houbraken J, Lyhne EK, Schnurer J, Frisvad JC, Samson RA (2005) 
Secondary metabolite and mycotoxin production by the Rhizopus microsporus group. J Agr Food 
Chem 53: 1833–1840 
Khan ZU, Ahmad S, Brazda A, Chandy R (2009) Mucor circinelloides as a cause of invasive 
maxillofacial zygomycosis: an emerging dimorphic pathogen with reduced susceptibility to 
posaconazole. J Clin Microbiol 47: 1244–1248 
Li CH, Cervantes M, Springer DJ, Boekhout T, Ruiz-Vázquez RM, Torres-Martínez SR, Heitman J, 
Lee SC (2011) Sporangiospore size dimorphism is linked to virulence of Mucor circinelloides. PLoS 
Pathogens 7: e1002086 
Lu XL, Liu ZH, Shen YN, She XD, Lu GX, Zhan P, Fu MH, Zhang XL, Ge YP, Liu WD (2009) 
Primary cutaneous zygomycosis caused by Rhizomucor variabilis: a new endemic zygomycosis? A 
case report and review of 6 cases reported from China. Clin Infect Dis 49: e39–e43 
Martin WJ (1964) Effectiveness of fungicides in reducing soft rot in washed, cured sweet potatoes. 
Plant Dis Reporter 48: 606–607 
Matheny PB, Liu YJJ, Ammirati JF, Hall BD (2002) 6TUsing RPB1 sequences to improve phylogenetic 
inference among mushrooms Inocybe, Agaricales6T. 5TAmer J Bot 5T 7T897T: 688–698 
Michailides TJ, Spotts RA (1988) Germination of zygospores of Mucor piriformis (on the life history 
of Mucor piriformis). Mycologia 80: 837–844 
Nilsson RH, Kristiansson E, Ryberg M, Hallenberg N, Larsson KH (2008) Intraspecific ITS 
variability in the kingdom fungi as expressed in the international sequence databases and its 
implications for molecular species identification. Evol Bioinform 
 4: 193–201 
Nout MJR, Aidoo KE (2010) Asian fungal fermented food. In M Hofrichter (ed.), Industrial 
applications. The Mycota 10, ed. 2: 30–58. Springer, Berlin, Germany 
Schipper MAA, Stalpers JA (1984) A revision of the genus Rhizopus. II. The Rhizopus microsporus-
group. Stud Mycol 25: 20–34 
Schipper MAA (1979) Thermomucor (Mucorales). Antonie van Leeuwenhoek 45: 275–280 
Schmitt I, Crespo A, Divakar PK, Fankhauser JD, Herman-Sackett E (2009) 6TNew primers for 
promising single-copy genes in fungal phylogenetics and systematics6T. 5TPersoonia5T 7T237T: 35–40 
Skiada A, Pagano L, Groll A, Zimmerli S, Dupont B, Lagrou K, Lass-Flörl C, Bouza E, Klimko N, 
Gaustad P, Richardson M, Hamal P, Akova M, Meis JF, Rodriguez-Tudela JL, Roilides E, Mitrousia-
Ziouva A, Petrikkos G (2011) 3TZygomycosis in Europe: analysis of 230 cases accrued by the registry 
of the European Confederation of Medical Mycology (ECMM) Working Group on Zygomycosis 
between 2005 and 2007.3T Clin Microbiol Infect 17: 1859–1867 
Wade NL, Morris SC (1982) Causes and control of cantaloupe postharvest wastage in Australia. 
Plant Disease 66: 549–552 
Walther G, Pawłowska J, Alastruey-Izquierdo A, Wrzosek M, Rodriguez-Tudela JL, Dolatabadi S, 
Chakrabarti A, de Hoog GS (2013) DNA barcoding in Mucorales: an inventory of biodiversity. 
Persoonia 30: 11–47  
Yu MQ, Ko WH (1997) Factors affecting germination and mode of germination of zygospores of 
Choanephora cucurbitarum. J Phytopathol 145: 357–361 
  



Discussion 
 

 
178 

 

Samenvatting en discussie 
Het genus Rhizopus in de orde Mucorales speelt een belangrijke rol in ons 
dagelijks leven in via de voedselindustrie en de gezondheidszorg. In hun 
natuurlijke habitat zijn Rhizopus soorten meestal saprofieten in grond, waar ze vers 
planten-materiaal afbreken; deze eigenschap vertaalt zich in de menselijke 
omgeving als bewaarrot van voedingsmiddelen (Martin 1964, Wade & Morris 
1982). Aan de positieve kant kunnen deze eigenschappen industrieel worden benut 
voor de productie van een grote verscheidenheid aan enzymen en secondaire 
metabolieten, terwijl hun fermentatie kan worden gebruikt in de bereiding van 
oriëntale voedingsmiddelen. Sinds enige decennia heeft een andere eigenschap aan 
belang gewonnen, namelijk de opkomst van Rhizopus als oorzaak van acute, 
invasieve infecties in ernstig verzwakte patiënten als gevolg van ongecontroleerde 
metabolische ziekten, transplantaties of leukemie (Ibrahim et al. 2012, Skiada et al. 
2011). De combinatie van klinische verschijnselen en toepassing in 
voedselbereiding is karakteristiek voor talloze soorten in de orde Mucorales (Hong 
et al. 2012).  

Allereerst kan men zich met het toenemend belang van Rhizopus als 
ziekteverwekker afvragen of het voorheen onbekende evolutionaire eenheden 
betreft, of dat dit dezelfde fungi zijn die we al kennen sinds de vroegste 
geschiedenis van de mensheid. In onze studie ligt het accent op moleculaire 
methoden, proteïne-werk en andere experimentele methoden om taxonomische en 
fylogenetische vragen over deze fungi te kunnen beantwoorden. We hebben ons 
geconcentreerd op Rhizopus arrhizus en R. microsporus, de belangrijkste soorten 
in de orde Mucorales. 

Rhizopus microsporus is een monofyletische species met een geringe 
mate aan moleculaire variatie. Klinische stammen en stammen van voedsel, die 
voorheen werden beschouwd als aparte soorten of variëteiten, bleken succesvol te 
kunnen kruisen en moesten dientengevolge tot eenzelfde biologische soort worden 
gerekend. Studies van morfologische en fysiologische eigenschappen, eiwit-
patronen en temperatuur-profielen leidden tot de conclusie dat het een en dezelfde 
soort betrof; we vonden geen concrete aanwijzingen om deze soort op te delen. 
Iets dergelijks werd gevonden in Rhizopus arrhizus. In het verleden werd deze 
soort omringd door verwante species die verschilden door morfologische en 
fysiologische kenmerken. Onze moleculaire data toonden echter aan dat al deze 
soorten konden worden samengevoegd tot twee variëteiten, var. delemar and var. 
arrhizus, behorend tot eenzelfde soort R. arrhizus. Enkele positieve kruisingen 
tussen vertegenwoordigers van beide variëteiten toonden aan dat het biologische 
soortsconcept nog geldig was, en dit werd gesteund door fysiologische en 
moleculaire gegevens en AFLP patronen. De nieuwe taxonomie was een 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3734967/#R68
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ondersteuning voor het polyfasische soortsconcept, waar onafhankelijke sets 
eigenschappen dezelfde groeperingen ondersteunden. Vorm en grootte van 
sporangiosporen waren belangrijke kenmerken in de taxonomische studies van 
Mucorales door Schipper (1984) die morfologie en kruisingsexperimenten 
gebruikte als belangrijkste criteria, maar in moleculaire analyses bleken deze niet 
alle stand te houden (Gryganskyi et al. 2010).  

In Rhizopus is de intra-specifieke variabiliteit beperkt en zijn barcoding 
gaps tussen soorten tamelijk breed. Rhizopus arrhizus en R. microsporus kunnen 
gemakkelijk van elkaar worden gescheiden met behulp van standaard moleculaire 
markers, en fylogenetische bomen van leden van de Rhizopodaceae zijn compleet 
opgelost (Walther et al. 2013). Deze toestand was bijzonder nuttig voor de 
ontwikkeling van nieuwe diagnostische methoden voor detectie. Vroege 
herkenning van de infectie is essentieel voor onmiddellijk begin van passende 
therapie. Rolling Circle Amplification (RCA) is beschikbaar als een gevoelige, 
specifieke en reproduceerbare isotherme DNA amplificatie techniek voor snelle 
moleculaire identificatie van virulente soorten. Probes konden worden ontwikkeld 
dankzij de voldoende intra- vs. inter-specifieke variabiliteit van Rhizopus soorten. 
De techniek kan ook worden gebruikt voor detectie en screening in de 
voedingsmiddelen-industrie. Ander diagnostische ontwikkelingen betroffen 
Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry 
(MALDI-TOF MS). Een hoge mate van verwantschap werd gevonden tussen 
peptide-profielen van stammen in beide soorten en dit kwam overeen met de 
moleculaire resultaten, terwijl de soorten zelf gemakkelijk uit elkaar konden 
worden gehouden; ook op het niveau van de variëteit was onderscheid mogelijk. 
Voor een goede uitvoering is een betrouwbare database nodig als bibliotheek voor 
de identificatie van nieuwe stammen. Als deze eenmaal is opgebouwd, zou deze 
methode de conventionele diagnostiek kunnen vervangen. Aangezien mucoralen 
grote verschillen vertonen in hun resistentie tegen antifungale middelen, zal deze 
methode met zekerheid bijdrage aan de verbetering van de therapie (Alastruey-
Izquierdo et al. 2009). 

Nu eenmaal de taxonomie is verbeterd en er instrumenten beschikbaar 
zijn om de soorten te herkennen, betreft de belangrijkste vraag die beantwoording 
behoeft de gezondheidsrisico’s voor de mens. In Rhizopus moet aan twee aspecten 
worden gedacht: virulentie en toxine productie. Virulentie werd getest aan de hand 
van twee in de mycologie nieuwe model-organismen, namelijk Galleria mellonella 
larven en bevruchte kippeneieren. Als eerste stap werden parameters met 
mogelijke relevantie voor het verloop van de test onderzocht. Dit betrof koolstof- 
en stikstof-assimilatie, electrolytenhuishouding en stress-factoren voor de celwand. 
Er werd geen specifieke adaptatie vastgesteld, hetgeen de hypothese ondersteunde 
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dat de onderzochte leden van de Mucorales voornamelijk saprofieten zijn zonder 
speciale voorkeur voor een warmbloedige gastheer. Wel werd een duidelijk 
verschil vastgesteld in temperatuur tolerantie-profielen tussen virulente en zwakke 
soorten en dat leidde tot de conclusie dat thermotolerantie een van de belangrijkste 
virulentiefactoren is. 

Virulentie werd getest in een groot aantal stammen van beide soorten 
(R. arrhizus, R. microsporus) in de twee bovengenoemde modelsystemen. De 
resultaten van beide modelsystemen waren variabel binnen de soort, en niet 
specifiek voor de soort, en ook niet gecorreleerd met de isolatiebron; er werden 
geen neveneffecten als gevolg van de methodische handelingen gevonden in beide 
modelsystemen vergeleken met de negatieve controles. Hoge mortaliteits-niveaus 
werden geconstateerd tijdens de eerste dagen na inoculatie. Onze resultaten waren 
een bevestiging van de intrinsieke virulentie van deze fungi en van het feit dat ze 
een hoge mortaliteit kunnen veroorzaken als ze een gevoelige gastheer vinden. 
Sommige stammen van voedingsmiddelen bleken virulenter dan klinische 
stammen. Daarom moeten alle stammen van eenzelfde soort a priori worden 
beschouwd als met vergelijkbare virulentie. 

Rhizopus species behoren tot de belangrijkste fungi die gebruikt worden 
in de fermentatie van vooral Asiatische voedingsmiddelen. Sommige stammen van 
R. microsporus hebben endosymbiotische Burkholderia species, dat zijn beta-
proteobacteria die zeer toxische secundaire metabolieten kunnen produceren. Het 
betreft twee typen toxine, namelijk het cytostatische en antimycotische polyketide 
macrolide rhizoxin en de hepatotoxische cyclopeptide rhizonin (Jennessen et al. 
2005). Stammen van voedingsmiddelen en andere bronnen werden getest op deze 
symbiose met de aanwezigheid van toxinen, om een eventueel gezondheidsrisico 
door het eten van deze voedingsmiddelen vast te stellen.  

Stammen met bewezen toxine-productie kwamen van voedsel (3), 
grond (2) en een klinisch monster (1); voor een van de stammen was de 
isolatiebron onbekend. Stammen die de endosymbiont dragen lijken willekeurig 
verdeeld te zijn over de soort. Burkholderia kan worden gevonden in wild type 
isolaten zowel als in gedomesticeerde startercultures die in voedselfermentatie 
worden gebruikt. Het voorkomen van de endosymbiont was relatief laag (11%), 
maar op wereldschaal is de prevalentie van verschillende Burkholderia 
endosymbionten en dientengevolge de toxinebelasting in voedingsstoffen met 
Rhizopus-fermentatie vrij aanzienlijk. Uit een oogpunt van volksgezondheid is 
meer aandacht nodig voor deze toxinen, welke moeten worden vermeden bij 
menselijke consumptie. Een advies zou kunnen zijn te screenen voor toxinen voor 
het begin van de voedselverwerking, hetgeen goed mogelijk is in het geval van 
voedingsmiddelen met een starter-culture.  
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Algemene conclusies 
Een methodische verandering van fysiologische en morfologische taxonomische 
methoden in Mucorales naar moleculaire en eiwit-gebaseerde technieken is nodig 
in onderzoek zowel als in routine. Het aantal taxa dat met moleculaire methoden 
wordt onderscheiden in Rhizopus bleek veel kleiner te zijn dan met fenotypische 
methoden in het verleden. Een vergelijkbaar proces heeft plaatsgevonden in de 
dermatofieten, een groep schimmels die beschouwd werd te zijn 
‘overgeclassificeerd’ (Cafarchia et al. 2013). In veel andere groepen hogere 
schimmels, zoals Aspergillus, heeft de invoering van moleculaire technieken echter 
geleid tot een proliferatie van het aantal taxa. 

In sommige leden van de Mucorales is het moeilijk positieve 
kruisingsresultaten te verkrijgen, terwijl daarentegen het voorkomen van inter-
specifieke kruisingen werden gemeld (Alastruey-Izquierdo et al. 2010). 
Zygospore-vorming en -kieming konden niet worden getest onder natuurlijke 
omstandigheden en kieming in het laboratorium is slechts in enkele soorten 
beschreven (Michailides & Spotts 1988, Yu & Ko 1997), zodat de 
levensvatbaarheid van de nakomelingen niet kon worden vastgestel. Dit vermindert 
de waarde van het biologische soortsconcept in Mucorales en legt de nadruk op de 
toepassing van moleculaire methoden in de taxonomie van deze schimmels, welke 
in principe het gebruik van het in silico genealogical concordance species concept 
mogelijk maakt.  

De snelle toename van mucorale infecties in gevoelige patiënten-
populaties leidt tot een hoge mortaliteit en deze situatie vraagt om beschikbaarheid 
van snelle diagnostische gereedschappen. Nieuwe determinatie-methoden zijn of 
moleculair, of gebaseerd op eiwitanalyse en zijn gemakkelijk toepasbaar in 
Mucorales door de grote barcoding gaps tussen naast verwante soorten, en dat 
maakt het gemakkelijker voor de voedingswaren-industrie en de kliniek om deze 
fungi te herkennen in het binnenmilieu. 

In het algemeen zijn mucorale fungi saprofieten die actief zijn tijdens 
de eerste fasen van decompositie van organisch materiaal, en ze zijn niet gevaarlijk 
voor de mens. Maar de dramatische veranderingen in de afweer en gevoeligheid 
door ernstige onderliggende ziektebeelden hebben nieuwe habitats voor deze these 
opportunisten geschapen waardoor hun incidentie in de kliniek scherp is gestegen. 
Onder bepaalde omstandigheden veroorzaken ze acute infecties met hoge 
mortaliteit. Een intrinsiek vermogen om vertebraten te infecteren werd vastgesteld 
in alternatieve diermodellen. Voor de gezondheidszorg blijft het een vraag of fungi 
die acute infecties kunnen veroorzaken en toxinen kunnen produceren veilig in de 
voedingsindustrie gebruikt kunnen worden. In de praktijk is de kans op infectie 
van werknemers in de voedingsindustrie zeer laag omdat zij geen ernstige 
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immuunzwakte bezitten, en tot op heden is het aantal bewezen vergiftigingen in 
werknemers in de productie van oriëntale voedingsmiddelen zeer klein (Garcia et 
al. 1999), maar effecten op lange termijn kunnen niet worden uitgesloten. Naar 
onze mening is het aan te bevelen op dit gebied gespecialiseerde studies te 
entameren. 
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