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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. 
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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 



Taxonomy of Rhizopus arrhizus 
 

 
58 

 

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. 
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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. 
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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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