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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, 
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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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