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Abstract - The taxonomic position of isolates described by Schipper in 1973 as Mucor
hiemalis £. luteus, nom. inval., was reevaluated using morphological and molecular data.
Based on these data, we propose to validate this taxon at specific rank, as M. luteus.
A complete taxonomic description is given and a diagnostic signature sequence is
indicated.
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Introduction

Mucor hiemalis Wehmer 1903 is the most common and the most variable species
within this genus (Schipper 1973). Representatives of this species are frequent
soil-borne fungi but they can also be isolated as saprotrophs or parasites from
plant material and animals (Costa et al. 1990). Schipper (1973) reexamined
the M. hiemalis complex and described M. hiemalis as one species with four
forms: M. hiemalis f. corticola (Hagem) Schipper 1973, M. hiemalis Wehmer
1903 f. hiemalis, M. hiemalis f. luteus (Linnem.) Schipper 1973, and M. hiemalis
f. silvaticus (Hagem) Schipper 1973. Although f. luteus is invalid because it
lacks a Latin diagnosis (McNeill et al. 2006: Art. 36.1), this name is commonly
used (Costa et al. 1990). The taxon has also been treated at specific rank (e.g.
Mehorta et al. 1966, Zycha et al. 1969, Pei 2000), either as M. luteus Linnem.
1936 (nom. inval.; McNeill et al. 2006: Art. 36.1) or as M. luteus Linnem. ex
K.Q. Pei 2000 (nom. inval.; McNeill et al. 2006: Art. 37.1). Mucor hiemalis is a
representative of the polyphyletic genus Mucor (O’Donnell et al. 2001), which
comprises about 50 species (Zycha et al. 1969, Schipper 1978a, Mehrotra &
Mehrotra 1978, Mirza et al. 1979, Subrahamanyam 1983, Chen & Zheng 1986,
Schipper & Samson 1994, Watanabe 1994, Zalar et al. 1997, Kirk et al. 2008).
Furthermore, M. hiemalis does not form a monophyletic clade with M. mucedo,
the type species of the genus, which suggests that M. hiemalis should not be
classified within the genus Mucor (O’Donnell et al. 2001).
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Moreover, some studies employing molecular data (Voigt et al. 1999)
revealed that some Rhizomucor species form a clade with M. hiemalis. The
morphological traits diagnostic for representatives of Rhizomucor genus are:
presence of irregular rhizoids and stolons as in the fungi of genus Rhizopus,
a sympodially branched sporangiophore, and a well visible collar as in
some members of Mucor racemosus group (Lucet & Costantin 1900). The
genus Rhizomucor as monographed by Schipper (1978b) comprised three
thermophilic species, all pathogenic to humans: R. miehei (Cooney & R.
Emers.) Schipper 1978, R. tauricus (Milko & Schkur.) Schipper 1978, and R.
pusillus (Lindt) Schipper 1978. Four new Rhizomucor taxa have been added
since 1978: R. pakistanicus M. Qureshi & J.H. Mirza 1979, R. endophyticus
R.Y. Zheng & H. Jiang 1995, R. variabilis var. regularior R.Y. Zheng & G.Q.
Chen 1993, and R. variabilis R.Y. Zheng & G.Q. Chen 1991 var. variabilis.
Among them R. endophyticus and R. variabilis are not thermophilic, which
is an exception in the genus (Zheng & Jiang 1995). Rhizomucor endophyticus
was isolated as an endophyte from leaves of Triticum aestivum L., and its ITS
sequence is available in GenBank (EF583635). Although both R. variabilis
varieties were described as human primary cutaneous mucormycosis-causing
species (Zheng & Cheng 1991, 1993), descriptions of sequences recorded in
GenBank suggest that they could also be found in soil (EU327189) or in plants
(EU196747). Voigt et al. (1999) have already demonstrated the polyphyly of
Rhizomucor. The two thermophilic species — R. pusillus and R. miehei — form
a clade closely related to Thermomucor indicae-seudaticae Subrahm. et al. 1977,
Mycocladus blakesleeanus (Lendn.) J.H. Mirza 1979, and Mycocladus corymbifer
(Cohn) Vanova 1990, while the mesophilic R. variabilis and R. endophyticus
form a clade with M. hiemalis (Voigt et al. 1999).

Recently, new strains forming rhizoid-like structures were isolated from
healthy gametophytes of Sphagnum magellanicum Brid. and sporophytes of
Huperzia selago (L.) Bernh. ex Schrank & Mart. in Poland. The aim of the
present study was to evaluate the taxonomic position of these isolates, using
morphological observations and sequences of ITS and SSU rDNA.

Materials and methods

Fungal strains and culture condition

Fungal strains were isolated from healthy sporophytes of H. selago and gametophytes
of S. magellanicum. Plants were subsequently surface sterilized according to the
protocols of Szypula et al. (2005). Plant explants were incubated on potato-dextrose
agar (PDA) for 2 weeks from which pure cultures were established. Reference strains
of isolated fungi are maintained in the Herbarium Generale Universitatis Varsoviensis
(WA00000017113 and WA0000009410), Warsaw, Poland and in the Centraalbureau
voor Schimmelcultures, Utrecht, The Netherlands (CBS 124075).
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Light microscopy observations

Strains were studied on 2% PDA medium. The hyphae and sporulating structures
were mounted in lactophenol mounting medium (Amann’s fluid; Russell 1974) and
measured using a light microscope (Nikon Eclipse - 600, Tokyo, Japan). Digital images
were recorded with a Nikon DX 1200 camera.

DNA isolation, amplification and sequencing

Total genomic DNA was extracted from fresh mycelium grown on PDA plates using a
Plant DNasy Extraction Kit (Qiagen, Inc. Valencia, California). The internal transcribed
spacer region (ITS; ca. 0.5 kb) and 18S rDNA (SSU rDNA; ca. 1.8 kb) were amplified
via PCR. Forward primers ITS1-f, ITS5 and reverse primers ITS4, LR3 were used to
amplify the ITS region (Gardens & Bruns 1993). Forward primers nssu97a, nssul31l
and reverse primer nssul088 were used to amplify SSU rDNA (Kauff & Lutzoni 2002).
PCR and sequencing protocols followed Korniltowicz-Kowalska et al. (2006). Forward
and reversed sequences were using BioEdit Sequence Alignment Editor v. 7.0.0 (Hall
1999).

Phylogenetic analysis

Pairwise and global alignments of the ITS and 18S rDNA regions were performed
in BioEdit Sequence Alignment Editor v. 7.0.0 (Hall 1999). Phylogenetic trees were
obtained from the data using maximum parsimony (MP) in PAUP* v. 4.0b10 (Swofford
2002) and Bayesian analysis (BA) in MrBayes v. 3.1.2 (Huelsenbeck & Ronquist 2001).
Tree robustness was evaluated by 10000 replicate bootstrap analysis. The Akaike
Information Criterion (AIC) implemented in Modeltest 3.7 (Posada & Crandall 1998)
was used to select the model that best fit each data set. BLAST (Basic Local Alignment
Search Tool) searches in GenBank with ITS region sequences were performed using the
blastn algorithm. For phylogenetic analysis Mortierella alpina (EF519911, EF519912)
for the ITS data set and Mortierella verticillata (AF157145) for the 18S rDNA data set
were used as outgroups. GenBank accession numbers used in these studies are indicated
on the phylogenetic trees.

DNA barcoding

The hairpin loop 2 (L2) of the ITS2 fragment is a variable and specific fragment
of DNA that can be used for species identification in fungi (Landis & Gargas 2007).
The ITS2 fragment of isolate CBS 124075 was found using the ITS2-Databese (Selig
et al. 2008; Eddy 1998). The RNA folding structure was determined using Mfold
program (Zuker & Stiegler 1981) on the DINAMelt server (Markham & Zuker 2005)
and RNAfold web server (Hofacker et al. 1994). The output files were aligned and the
sequence of L2 was determined using the BioEdit Sequence Alignment Editor v. 7.0.0
(Hall 1999). The accuracy of characteristic sequence identification was verified using the
BLAST algorithm against the whole GenBank database.

Results

Morphological observations

Morphological characters are presented in TABLE 1 and are compared
with other closely related species. They are also presented in the taxonomic
description.
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Phylogenetic analysis

The SSU rDNA dataset contained 32 taxa and 1829 characters, including
gaps. 631 characters were parsimony informative. The ITS rDNA dataset
contained 43 taxa and 657 characters, including gaps. 473 characters were
parsimony informative. The topologies of trees obtained using MP and BA
were very similar or even identical in respect to all Rhizomucor branches. The
highest support values were obtained using BA (FiGs 1 and 2).
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F1G. 1. Majority rule consensus tree based on Bayesian analysis of SSU rDNA data for Mucorales.
Numbers above branches indicate Bayesian posterior probability values; numbers under
branches indicate bootstrap values inferred by maximum parsimony analysis. Branches shown
with black, bold lines indicate rhizoid-forming species.
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F1G. 2. Majority rule consensus tree based on Bayesian analysis of ITS1, 5.8S rDNA, ITS2 data
for Mucor and Rhizomucor genus. Numbers at nodes indicate Bayesian posterior probability
values.

The ITS sequence of CBS 124075 strain revealed the highest similarity to Mucor
hiemalis f. luteus (AY243951; e value = 0.0; maximum identity = 99%). And
the SSU sequence of this isolate revealed the highest similarity to M. hiemalis
f. hiemalis (AF113428 and Rhizomucor variabilis AF113435; e value = 0.0;
maximum identity = 98% both). It is the second record of this taxon in Poland
(Kwasna 1997).

Our results confirmed the polyphyly of the Rhizomucor genus (Voigt 1999,
O’Donnell et al. 2001) and placing Rhizomucor variabilis among the different
Mucor hiemalis formae (Fig. 1). Thus, we decided to see whether other
rhizoid-forming strains could be found within the M. hiemalis clade. The ITS
fragment analysis confirmed that two species described after critical revision of
Rhizomucor genus (Schipper 1978b) are in fact located among representatives
of Mucor hiemalis.



Mucor luteus sp. nov. ... 81

CBS strain 124075 is placed within the M. hiemalis f. luteus clade, outgroup to
all other isolates within the M. hiemalis clade in SSU and ITS analyses. Taking
into account the presence of a specific, well-defined signature sequence within
the ITS2 L2, low ITS sequence similarity to other M. hiemalis representatives
(less than 90%) and distinct morphological characters, this taxon should be
treated as a separate species, Mucor luteus.

Taxonomic description

Mucor luteus Linnem. ex Wrzosek, sp. nov. PLATE 1
MycoBANK MB 515300
“Mucor luteus” Linnem., Flora 130: 195. 1936, nom. inval. (ICBN [Vienna] Art. 36.1).
“Mucor hiemalis f. luteus” Schipper, Stud. Mycol. 4: 33. 1973,
nom. inval. (ICBN [Vienna] Art. 36.1).
“Mucor luteus” Linnem. ex K.Q. Pei, Mycosystema 19(1): 10.
2000, nom. inval. (ICBN [Vienna] Art. 37.1).

Coloniae in PDA ad temp 17°C lutae vel subalbae, reverso simile colorato; hyphis in
substrata radicularibus, in hyphis sterylibus fasciculis minoris cum ramis singularis,
sporangiophora (100-)500-2000(-3000) um alta, erecta, (3-)5-11(-15) um diam.,
symplicia, raro sympodice ramosa; sporangia globosa, lutea, (10-)30-50(-70) ym diam.;
parietibus deliquescentibus, columellae globosae vel obovoideae, collaribus plerumque
parvis sed distinctis; sporangiosporae hyalinae, ellipsoideae, variabiles in magnitudine,
(3-)4-7(~13) x (0.5-)1-3(-5) um. A species differret a ordinatione L2 ITS2 rDNA sequenti:
GAGAAGTTCCACCTTGGTGGATTTCTT.

TypE: mating type (-), Marburg, Germany, G. Linnemann, Centraalbureau voor
Schimmelcultures CBS 243.35 (holotype: lyophylised culture)
SIGNATURE SEQUENCE: ITS2 L2: 5 GAGAAGTTCCACCTTGGTGGAT-TTCTT 3"

ETYMOLOGY: from colony color

Colonies grow rapidly on PDA medium with an optimum growth temperature
of 17°C. Colonies marguerite yellow (Ridgway 1912). Colony reverse is baryta
yellow (Ridgway, 1912). Vegetative hyphae is nonseptate and (3-)5-11(-15) pum
in diameter. Stolons and abundant variously shaped rhizoids may be present.
Most rhizoids were found on vegetative hyphae or stolons, but they were also
present on sporangiophores. Sporangiophores (100-)500-2000(-3000) um
in length, rarely singly sympodially branched. Sporangia globose, yellowish,
(10-)30-50(-70) pum in diameter, transparent walls that leave a visible collar.
Columellae regularly globose. Sporangiospores narrow ellipsoidal, smooth
walled, colorless, relatively small and variable in dimensions (3-)4-7(-13) x
(0.5-)1-3(~5) um.

SPECIMENS EXAMINED: - GERMANY, HESSEN: Marburg, G. Linnemann, ex-holotype

Malt Extract Agar culture CBS 243.35 - POLAND, PopLASKIE: Mikaszéwka, Augustow

Primeval Forest (53°53’18”N, 23°24’45”E; WGS84 system) from healthy gametophytes
of S. magellanicum, 22 Oct 2008, J. Budziszewska, CBS 124075.
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PLATE 1. Mucor luteus:
a. sporangiospores; b. globose columellae; c. rhizoid-like structures; d. general aspect.

Discussion

Schipper (1973) reported that Mucor hiemalis f. luteus formed short horizontal
sterile branches (spine-like) on the aerial hyphae. Thus the rhizoids observed
in strain CBS 124075 (but also in Rhizomucor endophyticus and R. variabilis)
could represent a kind of such excessively well-developed sterile branches.
Moreover our observations on the designated type of M. hiemalis {. luteus (CBS
243.35) revealed that it also produced rhizoids. Our results indicate that the
presence of these rhizoids is not a good character for delimiting Rhizomucor
and Mucor, as rhizoids appear independently in these taxa and may be related
with a pathogenic or endophytic life style. The M. luteus and R. endophyticus
rhizoids may be well adapted to invade plants whereas those of R. miehei and
R. pusillus, although similar morphologically, may be better adapted to colonize
animals. Temperature preference, however, seems to be a good character for
distinguishing between Mucor and Rhizomucor. The higher growth temperature
optimum has been also shown to be a character allowing segregation of a new
family Mycocladiaceae from the mesophilic family Absidiaceae (Hoffmann et al.
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2007). Interestingly, the thermotolerant R. pusillus and R. miehei appear closely
related to Mycocladiaceae.

After careful phylogenetic studies based on ITS and SSU rDNA data, we
propose to validate the name M. luteus that was in use before the reexamination
of the M. hiemalis group (Schipper 1973, Schipper 1978a). This taxon was
originally included in M. hiemalis solely on the basis of mating experiments.
However, it is worth noting that not all strains of M. hiemalis f. luteus formed
zygospores with other strains of M. hiemalis (Schipper 1973). Although it
had been shown that fungi in Mucor can form sterile zygospores (Gauger
1965), those capacities were not examined in studies by Schipper (1973).
Moreover, all mucoralean fungi (as well as Mortierellaceae) form zygospores
through interaction of trisporic acid cycle products. This phenomenon could
be interspecific (Schimek et al. 2003). Morphological and molecular data
confirm the legitimacy of delimiting this taxon as a separate species. However,
one should note that M. mucedo, type species of the genus, does not form a
monophyletic clade with the M. hiemalis group. Therefore, species within the
M. hiemalis group ultimately should be transferred from Mucor to a separate
genus. However, additional phylogenetic studies within Mucor are required in
order to elucidate the relationship of the type, M. mucedo, to the M. hiemalis
clade.

Acknowledgments

The authors thank Dr Kerry O’'Donnell and Dr hab. Wieslaw Mulenko for reviewing
the manuscript.

Literature cited

Chen GQ, Zheng RY. 1986. A new species of Mucor with giant spores. Acta Mycologica Sinica.
Supplement I, 1: 56-60.

Costa AR, Porto E, Tayah M, Valente NY, Lacaz Cda S, Maranhdao WM, Rodrigues MC. 1990.
Subcutaneous mucormycosis caused by Mucor hiemalis Wehmer f. luteus (Linnemann)
Schipper 1973. Mycoses 33(5): 241-146.

Eddy S. 1998. Profile hidden Markov models. Bioinformatics 14: 755-763.

Fresenius JBGW. 1850. Beitrage zur Mykologie 1: 1-38.

Gardes M, Bruns TD. 1993. ITS primers with enhanced specificity of basidiomycetes: application to
the identification of mycorrhizae and rusts. Molecular Ecology 2: 113-118.

Gauger W. 1965. The germination of zygospores of Mucor hiemalis. Mycologia 57: 634-641.

Hall TA. 1999. BioEdit: a user - friendly biological sequence alignment editor and analysis program
for Windows 95/98/NT. Nucleic Acids Symposium Series 41: 95-98.

Hofacker IL, Fontana W, Stadler PE, Bonhoeffer S, Tacker M, Schuster P. 1994. Fast folding and
comparison of RNA secondary structures. Monatshefte f. Chemie 125: 167-188.

Hoffmann K, Discher S, Voigt K. 2007. Revision of the genus Absidia (Mucorales, Zygomycetes)
based on physiological, phylogenetic, and morphological characters; thermotolerant Absidia
spp. form a coherent group Mycocladiaceae fam. nov. Mycological Research 111(10):
1169-1183.



84 ... Budziszewska, Piatkowska & Wrzosek

Hoog GS, Guarro J, Gene J, Figueras MJ. 2000. Atlas of clinical fungi, ed. 2. Centraalbureau voor
Schimmelcultures, Utrecht: 95.

Huelsenbeck JP, Ronquist E. 2001. MrBayes: Bayesian inference of phylogenetic trees. Bioinformatics
17: 754-755.

Kauft F, Lutzoni E. 2002. Phylogeny of Gyalectales and Ostropales (Ascomycota, Fungi): among and
within order relationships based on nuclear ribosomal RNA small and large subunits. Molecular
Phylogenetics and Evolution 25: 138-156.

Kirk PM, Cannon PE, Minter DW, Stalpers J. 2008. Ainsworth & Bisby’s Dictionary of the Fungi.
10™ edition. CAB International Europe-UK.

Korniltowicz-Kowalska T, Wrzosek M, Ginalska G, Iglik H, Bancerz R. 2006. Identification and
application of a new fungal strain Bjerkandera adusta R59 in decolorization of daunomycin
wastes. Enzyme and Microbial Technology 38: 583-590.

Kwasna H, 1997. Antagonistic effect of fungi communities from Scots pine fine roots on
Heterobasidion annosum (Fr.) Bref. and Armillaria ostoyae (Romagn.) Herink growth.
Phytopathologia polonica 13: 133-146.

Landis FC, Gargas A. 2007. Using ITS secondary structure to create species specific oligonucleotide
probes for fungi. Mycologia 99(5): 681-692.

Linnemann G. 1936. Beitrag zu einer Flora der Mucorineae Marburgs. Flora 130: 176-217.

Lucet MM, Costantin. 1900. Rhizomucor parasiticus. Revue Générale de la Botanique 12: 81-99.

Markham N R, Zuker M. 2005. DINAMelt web server for nucleic acid melting prediction. Nucleic
Acids Research 33: W577-W581.

McNeill J, Barrie FE, Burdet HM, Demoulin V, Hawksworth DL, Marhold K, Nicolson DH, Prado J,
Silva PC, Skog JE, Wiersema J, Turland NJ. 2006. International Code of Botanical Nomenclature
(Vienna Code). Adopted by the Seventeenth International Botanical Congress, Vienna, Austria,
July 2005. Regnum Vegetabile 146. 568 p.

Mehrotra BR, Baijal U, Mehrotra BS. 1966 (“1965”). Species of Mucor from India - I. Sydowia 19:
238-243.

Mehrotra BS, Mehrotra BM. 1978. Another azygosporic species of Mucor from India. Sydowia 31:
94-96.

Mirza ] H, Khan SM, Begum S, Shagufta S. 1979. Mucorales of Pakistan. University of Agriculture,
Faisalabad, Pakistan: 183 p.

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. Evolutionary Bioinformatics (4): 193-201.

O’Donnell K, Lutzoni FM, Ward TJ, Benny GL. 2001. Evolutionary relationships among mucoralean
fungi (Zygomycota): evidence for family polyphyly on a large scale. Mycologia 93: 286-296.

Pei K.Q. 2000. A new variety of Mucor variosporus and the validition of M. luteus Linnemann and
M. variosporus Schipper. Mycosystema 19(1): 10-12.

Posada D, Crandall KA. 1998. Modeltest: testing the model of DNA substitution. Bioinformatics
14: 817-818.

Ridgway R. 1912. Color standards and color nomenclature. Eliborn Classics. Washington.

Russell BS. 1974. Mycology Guidebook. University of Washington Press. Seattle: 703 p.

Schimek C, Kleppe A, Saleem AR, Voigt K, Burmester A, Wostemeyer J. 2003. Sexual reactions
in Mortierellales are mediated by the trisporic acid system. Mycological Research 107 (6):
736-747.

Schipper MAA. 1973. A study on variability in Mucor hiemalis and related species. Studies in
Mycology 4: 1-40.



Mucor luteus sp. nov. ... 85

Schipper MAA. 1978a. On certain species of Mucor with a key to all accepted species. Studies in
Mycology 17: 1-52.

Schipper MAA. 1978b. On the genera of Rhizomucor and Parasitella. Studies in Mycology 17:
53-77.

Schipper MAA, Samson RA. 1994. Miscellaneous notes on Mucoraceae. Mycotaxon 50: 475-491.

Selig C, Wolf M, Miiller T, Dandekar T, Schultz J. 2008. The ITS2 Database II: homology modeling
RNA structure for molecular systematics. Nucleic Acids Research 36: 377-380.

Subrahamanyam A. 1983. Studies on thermomycology. Mucor thermo-hyalospora sp. nov.
Bibliotheca mycologica 91: 421-423.

Swofford DL. 2002. Phylogenetic analysis using parsimony (PAUP). Version 4. Sunderland,
Massachusetts: Sinauer Associates.

Szyputa W, Pietrosiuk A, Suchocki P, Olszowska O, Furmanowa M, Kazimierska O. 2005. Somatic
embryogenesis and in vitro culture of Huperzia selago shoots as potential source of huperzine
A. Plant Science 168: 1443-1452.

Voigt K, Cigelnik E, O’'Donnell K. 1999. Phylogeny and PCR identification of clinically important
Zygomycetes based on nuclear ribosomal-DNA sequence data. Journal of Clinical Microbiology
37:3957-3964.

Wehmer C. 1903. Der Mucor der Hanfrétte, M. hiemalis nov. spec. Annales Mycologici 1: 37-41.

Watanabe T. 1994. Two new species of homothallic Mucor in Japan. Mycologia 86: 691-695.

Zalar P, Hennebert GL, Gunde-Cimerman N, Cimerman A. 1997. Mucor troglophilus, a new species
from cave crickets. Mycotaxon 65: 507-516.

Zheng RY, Chen GQ. 1991. A non- thermophylic Rhizomucor causing human primary cutaneous
mucormycosis. Mycosystema 4: 45-57.

Zheng RY, Chen GQ. 1993. Another non-thermophylic Rhizomucor causing human primary
cutaneous mucormycosis. Mycosystema 6: 1-12.

Zheng RY, Jiang H. 1995. Rhizomucor endophyticus sp.nov., an endophytic Zygomycetes from higher
plants. Mycotaxon 56: 455-466.

Zuker M, Stiegler P. 1981. Optimal computer folding of large RNA sequences using thermodynamics
and auxiliary information. Nucleic Acids Research 9(1): 133-148.

Zycha H, Siepmann R, Linnemann G. 1969. Mucorales: eine Beschreibung aller Gattungen und
Arten dieser Pilzgruppe. J.Cramer, lehre. 355 p.






