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Mucormycosis is an emerging infection associated with a high mortality rate. Identification of the causative
agents remains difficult and time-consuming by standard mycological procedures. In this study, internal
transcribed spacer (ITS) sequencing was validated as a reliable technique for identification of Zygomycetes to
the species level. Furthermore, species identification directly from infected tissues was evaluated in experi-
mentally infected mice. Fifty-four Zygomycetes strains belonging to 16 species, including the most common
pathogenic species of Rhizopus spp., Absidia spp., Mucor spp., and Rhizomucor spp., were used to assess intra-
and interspecies variability. Ribosomal DNA including the complete ITS1-5.8S-ITS2 region was amplified with
fungal universal primers, sequenced, and compared. Overall, for a given species, sequence similarities between
isolates were >98%. In contrast, ITS sequences were very different between species, allowing an accurate
identification of Zygomycetes to the species level in most cases. Six species (Rhizopus oryzae, Rhizopus micros-
porus, Rhizomucor pusillus, Mucor circinelloides, and Mucor indicus) were also used to induce disseminated
mucormycosis in mice and to demonstrate that DNA extraction, amplification of fungal DNA, sequencing, and
molecular identification were possible directly from frozen tissues.

Mucormycosis is a severe disease associated with a high
mortality rate occurring mostly in immunocompromised pa-
tients such as those with diabetes mellitus or with neutropenia
(8, 20, 23). Recent studies have shown an increasing incidence
of mucormycosis, particularly in allogeneic bone marrow/stem
cell-transplanted patients (17, 21). Moreover, Zygomycetes are
resistant to many antifungal drugs, including new agents such
as caspofungin (9) and voriconazole (6). One of the conse-
quences of voriconazole-intrinsic resistance of these fungi is
the occurrence of breakthrough mucormycosis in patients re-
ceiving voriconazole for prophylaxis or for treatment of other
fungal infections such as aspergillosis (14, 16, 22, 27).

Diagnosis of mucormycosis remains difficult. First, cultures
of infected tissues are often negative, and no serological tests
for the diagnosis are routinely available. Then, diagnosis de-
pends mainly on histopathology that evidences broad, rarely
septate hyphae with right-angled branching. However, it is not
possible to identify the different genera and species belonging
to the Zygomycetes by histopathology. Second, when cultures
are positive, identification to the species level is time-consum-
ing and may require the expertise of a reference laboratory (26,
32). Culture is currently the major method used to identify the
organisms responsible for mucormycosis. The main pathogens
belong to the genera Rhizopus, Absidia, Mucor, and Rhizomu-
cor. Other species such as Apophysomyces elegans, Cunningha-

mella bertholletiae, Cokeromyces recurvatus, Saksenaea vasifor-
mis, and Syncephalastrum racemosum are also causative agents
of mucormycosis (8, 23). The development of a method to
reliably identify Zygomycetes species would be of major inter-
est and would provide a tool for a better understanding of the
epidemiology of mucormycosis. Moreover, Zygomycetes are a
heterogeneous group for which antifungal susceptibility to
both polyenes and azoles is variable (5, 6). Therefore, an ac-
curate identification of the infecting species could help to
guide therapy. Because of the difficulties associated with a
microbiological diagnosis, new diagnostic tools are needed for
species identification either from cultures or directly from in-
fected tissues.

Molecular identification has been evaluated for several
groups of medically important fungi (15). Different molecular
targets have been used, including conserved ribosomal DNA
genes and the more variable internal transcribed spacer (ITS)
regions between those genes which allow identification to the
species level. However, few data are available for the molecu-
lar identification of Zygomycetes (30). Each species is often
represented by few isolates in data banks. A large number of
isolates have to be tested to assess the intra- and interspecies
variability.

Therefore, the first aim of the present study was to validate
ITS sequencing as a reliable technique for identification of
Zygomycetes to the species level. For this purpose, a large
number of isolates were analyzed. The second aim of the study
was to evaluate the possibility of species identification directly
from infected tissues. We therefore developed animal models
of mucormycosis to get infected tissues and assess this possi-
bility.
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MATERIALS AND METHODS

Molecular identification of Zygomycetes isolates from fungal cultures. The 54
isolates, including 14 type strains, used in this study are presented in Table 1.
They were obtained from the Centraalbureau voor Schimmelcultures (CBS)
collection, from the Pasteur Institute Collection of Fungi (IP), and from the
collection of the National Reference Center for Mycoses and Antifungals
(CNRMA). None of the strains were epidemiologically linked. They comprised
17 Rhizopus oryzae isolates, 6 Absidia corymbifera isolates, 7 Rhizomucor pusillus

isolates, 6 Rhizopus microsporus isolates, 5 Mucor circinelloides isolates, 2 Mucor
indicus isolates, and 1 isolate each for the other genera and species (n � 11). For
all clinical strains, phenotypic identification was done using standard mycological
procedures (7). All strains were stored as spore suspensions at �20°C in 40%
glycerol until used.

(i) Culture. Strains were subcultured from frozen stocks on Sabouraud-chlor-
amphenicol agar slants for 7 days at 20, 28, or 35°C, depending on the optimum
growth temperature for each species (7). From the cultures, spore suspensions

TABLE 1. Strains used and accession numbers of ITS1-5.8S-ITS2 sequences

Isolate Strain numbera Origin Accession no.

Absidia corymbifera IP 1129.75 Environment, outdoor air, Morocco DQ118982
Absidia corymbifera IP 1279.81 Unknown DQ118980
Absidia corymbifera IP 1280.81 Unknown DQ118985
Absidia corymbifera CNRMA 03.611 Human, bronchia, France DQ118983
Absidia corymbifera CNRMA 03.697 Human, bone, France DQ118984
Absidia corymbifera CNRMA 04.732 Human, lung, France DQ118981
Cokeromyces recurvatus CBS 158.50T Animal, feces, USA DQ118986
Mucor circinelloides f. circinelloides CBS 195.68NT Environment, air, The Netherlands DQ118991
Mucor circinelloides IP 1873.89 Human, feces, France DQ118989
Mucor circinelloides CNRMA 03.154 Human, skin, France DQ118987
Mucor circinelloides CNRMA 03.371 Human, muscle, France DQ118988
Mucor circinelloides CNRMA 04.805 Human, muscle, France DQ118990
Mucor hiemalis f. hiemalis CBS 201.65NT United States DQ118992
Mucor indicus CBS 226.29T Switzerland DQ118994
Mucor indicus CNRMA 03.894 Human, stomach, Germany DQ118993
Mucor racemosus f. racemosus CBS 260.68T Switzerland DQ118996
Mucor ramosissimus CBS 135.65NT Human, nose, Uruguay DQ118997
Mucor rouxii CBS 416.77 Environment, fermenting rice DQ118998
Rhizomucor miehei CBS 182.67T Environment, P. argentatum, United States DQ118995
Rhizmomucor pusillus CBS 354.68NT Environment, cornmeal, The Netherlands DQ119005
Rhizmomucor pusillus ATCC 36606 Animal, brain DQ119001
Rhizmomucor pusillus IP 1127.75 Unknown DQ119002
Rhizmomucor pusillus IP 1956.90 Human, bronchia, France DQ119003
Rhizmomucor pusillus CNRMA 03.1205 Human, lung, France DQ119000
Rhizmomucor pusillus CNRMA 04.210 Human, bone, France DQ118999
Rhizmomucor pusillus CNRMA 04.503 Human, sputum, France DQ119004
Rhizomucor variabilis CBS 103.93T Human, wrist and hand, China DQ119006
Rhizomucor variabilis var. regularior CBS 384.95T Human, skin, China DQ119007
Rhizopus azygosporus CBS 357.93T Environment, tempeh, Indonesia DQ119008
Rhizopus microsporus var. chinensis CBS 631.82T Environment, bread, China DQ119009
Rhizopus microsporus var. microsporus IP 1124.75 Unknown DQ119010
Rhizopus microsporus var. oligosporus CBS 339.62 Environment, tempeh, Indonesia DQ119011
Rhizopus microsporus var. rhizopodiformis IP 676.72 Human, skin, France DQ119014
Rhizopus microsporus var. rhizopodiformis IP 1123.75 Unknown DQ119013
Rhizopus microsporus var. rhizopodiformis CNRMA 04.1469 Unknown DQ119012
Rhizopus oryzae CBS 112.07T Human, lung, The Netherlands DQ119031
Rhizopus oryzae IP 4.77 Human, brain DQ119024
Rhizopus oryzae IP 1443.83 Unknown DQ119023
Rhizopus oryzae CNRMA 03.253 Human, lung, France DQ119029
Rhizopus oryzae CNRMA 03.375 Human, sinus, France DQ119021
Rhizopus oryzae CNRMA 03.395 Human, skin, France DQ119020
Rhizopus oryzae CNRMA 03.410 Human, sputum, France DQ119018
Rhizopus oryzae CNRMA 03.411 Human, sputum, France DQ119028
Rhizopus oryzae CNRMA 03.412 Human, sputum, France DQ119019
Rhizopus oryzae CNRMA 03.413 France DQ119026
Rhizopus oryzae CNRMA 03.909 Human, sinus, France DQ119022
Rhizopus oryzae CNRMA 03.918 Human, lung, France DQ119025
Rhizopus oryzae CNRMA 04.48 Human, skin, France DQ119030
Rhizopus oryzae CNRMA 04.160 Human, sputum, France DQ119027
Rhizopus oryzae CNRMA 04.785 Human, rhino-cerebral, France DQ119032
Rhizopus oryzae CNRMA 04.1253 Human, BAL,b France DQ119033
Rhizopus oryzae CNRMA 04.1468 Human, sinus DQ119017
Rhizopus schipperae CBS 138.95T Human, bronchial wash, United States DQ119015
Syncephalastrum racemosum CNRMA 03.414 Human, skin, France DQ119016

a ATCC, American Type Culture Collection, Manassas, Va.; CBS, Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands; CNRMA, National Reference
Center for Mycoses and Antifungals, Institut Pasteur, Paris, France; IP, Pasteur Institute Collection of Fungi, Institut Pasteur, Paris, France. Superscript letters: T, type
strain; NT, neotype strain.

bBAL, bronchoalveolar lavage.
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were prepared in 0.9% NaCl. Twenty milliliters of RPMI 1640 (Sigma-Aldrich,
Saint Quentin Fallavier, France) with L-glutamine but without sodium bicarbon-
ate buffered to pH 7 with 0.165 M morpholinepropanesulfonic acid (Sigma) was
inoculated with the spore suspension, and the mycelium was grown for 48 to 72 h
at 30°C with agitation. Before use, the mycelium was washed once with 20 ml
0.9% NaCl.

(ii) DNA extraction. Complete genomic DNA was extracted from approxi-
mately 50 mg of mycelium grown in RPMI 1640 according to the CTAB
(hexacetyltrimethylammonium bromide; Sigma) protocol described by Voigt et
al. (30) with modifications. Briefly, the mycelium was homogenized in a 50-ml
tube containing 1 ml CTAB extraction buffer (100 mM Tris-HCl [pH 8.4], 1.4 M
NaCl, 25 mM EDTA, 2% CTAB), 3 glass beads (0.5 cm) (Sigma), and 500 mg of
425- to 600-�m-diameter glass beads (Sigma). The suspension was vigorously
vortexed and put into liquid nitrogen for 1 min followed by immersion at 37°C for
1 min. After vortexing again for 1 min, 700 �l of the suspension was transferred
into a 2-ml microcentrifuge tube. An equal volume of chloroform was added to
the mixture, vortexed for 5 s, and spun for 10 min at 14,000 � g. Five hundred
microliters of the upper phase was transferred to a new 2-ml microcentrifuge
tube, and DNA was precipitated by the addition of an equal volume of 2-pro-
panol. DNA was pelleted at 14,000 � g for 1 min. After supernatant was
discarded, the pellet was washed with 100% ethanol and resuspended in 200 �l
of TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA). Genomic DNA was
stored at �20°C.

(iii) PCR, primers, and sequencing. Ribosomal DNA including the complete
ITS1-5.8S-ITS2 region was amplified with the fungal universal primers V9D
(5�-TTAAGTCCCTGCCCTTTGTA-3�) and LS266 (5�-GCATTCCCAAACAA
CTCGACTC-3�) (10). Amplification mixtures (100 �l) contained 5 �l of the
extracted genomic DNA, 2.5 �l of 20 �M concentrations of each primer 10 �l of
2.5 mM [each] dATP, dTTP, dGTP, dCTP [Roche Diagnostics GmbH, Mann-
heim, Germany]), 10 �l of 25 mM MgCl2, 6.25 U of AmpliTaq polymerase
(Roche), and 10 �l of 10� PCR buffer (Roche). Amplification of the PCR
products was done in a Bio-Rad iCycler thermocycler (Hercules, CA) with the
following cycling parameters: initial denaturizing step of 10 min at 94°C, 30 cycles
of denaturation for 30 s at 94°C, annealing for 30 s at 58°C, and elongation for
30 s at 72°C, with a final extension for 10 min at 72°C. PCR products were
purified on P100 gel fine (Bio-Rad), and both strands were sequenced once by
the BigDye terminator cycle sequencing ready reaction kit, version 3.1 (Applied
Biosystems, Foster City, CA), with the primer set V9D and LS266. Reaction
products were analyzed on an ABI Prism 3700 automated DNA analyzer (Ap-
plied Biosystems).

(iv) Sequence analysis. Sequences were manually corrected with Chromas
version 2.24 (Technelysium, Helensvale, Queensland, Australia) and analyzed
with BioEdit sequence alignment editor (Isis Therapeutics, Carlsbad, CA). Mul-
tiple-sequence alignments were performed with ClustalW. Sequences for all 54
strains analyzed in the present study have been deposited in GenBank (see
“Nucleotide sequence accession numbers” below).

Molecular identification of Zygomycetes using tissues from experimentally
infected mice. (i) Organisms. Six isolates, mostly of clinical origin, were used for
in vivo studies: A. corymbifera (CNRMA 03.697), M. circinelloides (CNRMA
03.154), M. indicus (CNRMA 03.894), R. pusillus (CNRMA 04.210), R. micros-
porus var. rhizopodiformis (IP 1123.75), and R. oryzae (CNRMA 03.918).

(ii) Mice. Female OF-1 outbred mice (Charles River Laboratories, L’Arbresle,
France), 7 weeks old, weighing 22 to 24 g, were used for the experiments. Mice
were maintained in a room at 21°C with a 12-h dark-light cycle. Animal studies
were performed according to the recommendations of the European Community
(Directive 86/609/EEC, 24 November 1986) and were approved by the ethical
committee of the Institut Pasteur. Mice were given food and water ad libitum.

(iii) Infection. Inocula were prepared from cultures of the strains on potato-
dextrose agar slants for 7 days at 28 or 35°C to obtain sufficient sporulation.
Spores were harvested by washing the agar surface with sterile 0.9% NaCl
containing 0.05% Tween 80. Suspensions of spores were filtered through a nylon
filter (pore size, 11 �m), counted in a hemacytometer, and adjusted to the
desired concentration. Viability determination was performed by plating 10-fold
dilutions prepared in 0.9% NaCl with 0.05% Tween 80. Plates were incubated at
35°C, and CFU were counted after 16 h. Mice were infected with 104, 105, or 106

spores per animal in 100-�l volumes given intravenously into a lateral tail vein.
Each group contained 3 to 6 mice. Mice were not immunocompromised. Mice
were sacrificed 3 to 4 days postinfection, and brains and kidneys were removed
aseptically and stored at �20°C until used.

(iv) DNA extraction from tissues and assessment of infection. Tissues were
homogenized in a tissue grinder in 2 ml 0.9% NaCl. As it has been shown that
stilbene derivatives (e.g., calcofluor) are useful to demonstrate the presence of
Zygomycetes in clinical samples (23, 24), the homogenized tissues were exam-

ined for the presence of hyphae under a epifluorescence microscope (filters:
excitation, 340 to 380 nm; emission, 425 nm; Leitz, Wetzlar, Germany) after
staining with 0.1% calcofluor white (Sigma) in water containing 1% KOH. Fifty
microliters of the homogenized tissues were placed on microscope slides, allowed
to dry at room temperature, and stained with 20 �l calcofluor white. The volume
corresponding to 50 mg of tissue was transferred to a 2-ml microcentrifuge tube
and spun for 2 min at 14,000 � g. The supernatant was discarded, and the pellet
was transferred to a 50-ml tube. Complete genomic DNA was extracted, and
PCR was performed as described above. Standard precautions to prevent cross-
contamination of samples were taken (19). In each set of experiments, brain and
kidney from uninfected mice were used as negative controls.

Nucleotide sequence accession numbers. Sequences for all 54 strains analyzed
in the present study have been deposited in GenBank under accession numbers
DQ118980 to DQ119033 (Table 1).

RESULTS

Sequences of ITS and 5.8S regions. The length of the ITS1
region varied from 132 to 269 bp, while the ITS2 region was
from 173 to 257 bp in length. Interestingly, the sequence cor-
responding to the fungal universal primer ITS2/ITS3 differed
by 1 to 2 bp for all studied Zygomycetes strains compared to
the conserved sequence found in other fungi.

Sequence similarity within species. Sequences of the whole
ITS1-5.8S-ITS2 region of A. corymbifera, M. circinelloides, R.
pusillus, R. microsporus, and R. oryzae were examined for in-
traspecies similarities (Table 2; Fig. 1). Overall, for a given
species, sequence similarities between isolates were �98%.
Within the 6 A. corymbifera isolates, 0- to 4-bp differences were
found, with overall similarities from 99.5 to 100%. Sequences
of the 7 isolates of R. pusillus were 100% identical. Within the
17 R. oryzae isolates, differences of 0 to 6 bp were found, with
overall similarities from 98.9 to 100%. Three types were rec-
ognized with sequence variations at 5 different positions in
both the ITS1 and ITS2 regions (Fig. 1). For the 6 strains
(including 4 varieties) of the R. microsporus group, similarities
ranged from 98.9 to 100% (0- to 8-bp differences). The 5 M.
circinelloides isolates showed the lowest homogeneity within
the examined regions, with 1- to 8-bp differences and overall
similarities from 98.7 to 99.8%. The sequence for each isolate
of M. circinelloides was unique (Fig. 1).

Sequence similarity between species and varieties. Figures 2
and 3 show the alignment of 16 Zygomycetes species, and the
similarity matrix of the examined species is shown in Table 3.
Between the four Rhizopus species, sequence similarities from
61.5 to 100% were found. All varieties of R. microsporus
showed a strong homology when compared to each other,
varying from 98.9 to 100%. Rhizopus azygosporus was also very
homologous to the R. microsporus varieties (98.9 to 100%). In
contrast, when R. oryzae was compared with the R. microsporus
group, the percentage of similarity was about 70%. Rhizopus
schipperae showed a low level of sequence similarity with both
the R. microsporus group (61%) and with R. oryzae (66%).
Except for other Rhizopus species, all Rhizopus species dem-
onstrated less than 58% sequence similarity with other Zygo-
mycetes. Sequences of A. corymbifera were very different from
those of all other species, with similarities of less than 49%.
Within the genus Rhizomucor, sequence similarities ranged
from 46.1 to 81.1%. Interestingly, Rhizomucor variabilis var.
regularior showed a higher homology with sequences of some
Mucor species (with up to 99.3% of similarity) than with Rhi-
zomucor variabilis. When Rhizomucor spp. were compared to
the other species, percentages of homology were between 41.7
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and 71.6%. Between the six Mucor species, sequence similari-
ties from 75.2 to 98.5% were found. Except for Rhizomucor
species, Mucor species demonstrated sequence similarities of
less than 73% with all other Zygomycetes.

In vivo infection, amplification, and sequencing. Overall, for
the 6 Zygomycetes species that had been used in animals, an
active infection, as defined by the presence of hyphae in tis-
sues, in both brain and kidneys was demonstrated in more than
50% of mice by calcofluor white staining (Table 4). Amplifi-
cation of the tissue-extracted DNA was possible for every spe-
cies causing infection. Overall, a positive PCR result was ob-
tained in more than 70% of the animals, indicating that in
some instances amplification of the fungus was positive despite
a negative direct examination. It is not known if positive PCR
results in the presence of negative calcofluor white staining
results represent increased sensitivity of PCR compared to
calcofluor white staining or if it was related to the presence of
ungerminated spores retained in tissues. Cross-contamination
of samples causing false-positive results were prevented by
adherence to standard protocols (19) and by inclusion of neg-
ative controls in each set of experiments. For all tissues with a
positive direct examination, a positive PCR was obtained. Se-
quencing of the ITS regions allowed identification to the spe-
cies level for all 6 species (Table 4).

DISCUSSION

Species identification of Zygomycetes from cultures remains
a difficult and time-consuming task that relies on morpholog-
ical and physiological examination and that requires, in some
instances, an expertise restricted to reference laboratories.
DNA sequence analysis to differentiate among genera within
the Zygomycetes or between the Zygomycetes and other fun-
gal genera is particularly important in cases where these or-
ganisms differ in their susceptibility to antifungal drugs. For
example, species of Aspergillus may not be easily differentiated
from Zygomycetes using conventional tissue staining tech-
niques, especially when the number of fungal elements present
in tissues are few or when characteristic tissue morphologies of
the organism are absent. Thus, there is a need for new tools
that allow an accurate and more rapid identification. In recent
years, molecular tools have been shown to be useful for iden-
tification of a large panel of fungi responsible for human my-
coses (15), but until now there were few molecular studies that
focused on Zygomycetes (1, 3, 30). Moreover, one study (12)
even showed that the use of a large-subunit ribosomal DNA
sequencing kit for identification of Zygomycetes is question-
able, as previously commented (11). Indeed, this study showed
that less than 50% of the Zygomycetes isolates that were eval-
uated were correctly identified by the sequencing kit. The lack
of correct identification was, in part, the result of an incom-
plete database supplied with the kit so that some organisms
could not be identified.

The aim of the present study was to investigate the useful-
ness of rRNA gene sequencing for species identification of
Zygomycetes from pure cultures and from tissues of experi-
mentally infected animals. Our results showed that ITS se-
quences shared a high level of identity between isolates within
a given species, contrasting with a low level of identity between
species. This indicates that ITS sequencing is a reliable molec-
ular tool for precise identification of Zygomycetes to the genus
and species level and can be used for “DNA bar coding” of this
group of fungi. DNA bar coding (13) is a DNA-based approach
to routine species identification by sequencing short DNA re-

TABLE 2. Number of nucleotide differences in ITS1, 5.8S, and
ITS2 regions within a single species

Species and isolatea

No. of bp differences
compared to reference

strain % Similarityb

ITS1 5.8S ITS2

Rhizopus oryzae
CBS 112.07T

IP 4.77 0 0 0 100
IP 1443.83 1 0 0 99.8
CNRMA 03.253 3 0 3 98.9
CNRMA 03.375 1 0 0 99.8
CNRMA 03.395 1 0 0 99.8
CNRMA 03.410 0 0 0 100
CNRMA 03.411 0 0 0 100
CNRMA 03.412 0 0 0 100
CNRMA 03.413 0 0 0 100
CNRMA 03.909 1 0 0 99.8
CNRMA 03.918 1 0 0 99.8
CNRMA 04.48 0 0 0 100
CNRMA 04.160 3 0 3 98.9
CNRMA 04.785 1 0 0 99.8
CNRMA 04.1253 1 0 0 99.8
CNRMA 04.1468 0 0 0 100

Rhizopus microsporus
CBS 631.82T

CBS 339.62 0 0 0 100
IP 676.72 0 0 0 100
IP 1123.75 0 0 0 100
IP 1124.75 2 0 6 98.9
CNRMA 04.1469 0 0 0 100

Absidia corymbifera
IP 1129.75
IP 1279.81 0 0 0 100
IP 1280.81 4 0 0 99.5
CNRMA 03.611 0 0 0 100
CNRMA 03.697 0 0 0 100
CNRMA 04.732 0 0 0 100

Mucor circinelloides
CBS 195.68NT

IP 1873.89 6 0 2 98.7
CNRMA 03.154 2 0 1 99.5
CNRMA 03.371 1 0 0 99.8
CNRMA 04.805 5 1 2 98.7

Rhizomucor pusillus
CBS 354.68NT

ATCC 36606 0 0 0 100
IP 1127.75 0 0 0 100
IP 1959.90 0 0 0 100
CNRMA 03.1205 0 0 0 100
CNRMA 04.210 0 0 0 100
CNRMA 04.503 0 0 0 100

a ATCC, American Type Culture Collection, Manassas, Va.; CBS, Centraal-
bureau voor Schimmelcultures, Utrecht, The Netherlands; CNRMA, National
Reference Center for Mycoses and Antifungals, Institut Pasteur, Paris, France;
IP, Pasteur Institute Collection of Fungi, Institut Pasteur, Paris, France. Super-
script letters: T, type strain; NT, neotype strain. CBS 631.82 is the type strain of
R. microsporus var. chinensis, and CBS 195.68 is the type strain of M. circinelloides
f. circinelloides.

b Percent similarity value reflects similarity across all three rRNA gene regions
(ITS1, 5.8S, and ITS2).
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gions. ITS regions have already been successfully used for
DNA bar coding of plants (18).

Only one study assessed the intraspecies variability of ITS
regions for Zygomycetes on a large panel of isolates (1). In the
present study, we found very few differences in ITS regions
within a given species, despite evaluation of isolates from dif-
ferent origins. Indeed, the studied isolates were both from
clinical and environmental sources and were not epidemiolog-
ically linked. The overall similarities for the analyzed se-
quences of the species A. corymbifera, M. circinelloides, R. pu-
sillus, R. microsporus, and R. oryzae were approximately 99%
within each of their respective species. Isolates of R. pusillus
and A. corymbifera showed almost no variability within the ITS
regions. In contrast, analysis of the sequences of 17 isolates of
R. oryzae, including the type strain, showed that, within these
17 isolates, 3 types could be distinguished with a maximum of
sequence differences at 5 positions. One recent study analyzed
the ITS sequence (650 bp) of 64 isolates of R. oryzae and
showed results very similar to ours, including sequence vari-
ability at the same nucleotide positions (1). The 5 isolates of M.
circinelloides analyzed in the present study showed more in-
traspecies variations in ITS sequences than did R. oryzae iso-
lates. Although there was a maximum of an 8-bp difference
within the whole ITS1-5.8S-ITS2 region, each isolate had a
unique sequence. ITS sequences for the six isolates of Rhizopus
microsporus, including four varieties, were identical except for
R. microsporus var. microsporus, which showed differences at
eight positions. Similar results have been obtained for other
genetic sequences for R. microsporus, such as nuclear small-
subunit (18S) and large-subunit (28S) rRNA gene regions (30)
as well as the actin gene (31). These data indicate that the
individualization of varieties among R. microsporus based on
differences in morphology are not supported by sequence anal-
ysis, at least for the RNA genes.

Overall, ITS sequences were very different between species.
This shows the interest of ITS sequencing for identification of
Zygomycetes to the species level and will be useful for epide-
miological studies, particularly to assess the relative frequency
of the different species causing human diseases. In particular,
Rhizopus spp. that are assumed to be responsible for more than
90% of the cases of human mucormycosis (23) showed very
divergent sequences from the other Zygomycetes, with less
than 58% similarity. The two most common species of Rhizo-
pus, R. oryzae and R. microsporus, could be clearly differenti-
ated from each other, as their sequences showed only 70%
similarity. The other species of Rhizopus spp. have been rarely
reported as causative agents of mucormycosis in humans (2,
25). Among these rare pathogens, R. shipperae showed a dif-
ferent sequence but R. azygosporus showed a sequence almost
identical to that of R. microsporus. Mucor spp. are generally
considered the third most common causative agent of mucor-
mycosis after Rhizopus spp. and A. corymbifera (23), but it has
also been reported that Mucor spp. ranked first in cancer pa-
tients infected with Zygomycetes (17). These discrepancies
could be explained in part by changes in the nomenclature of
Zygomycetes, some “Mucor” species have been reassigned to
other genera (23). Another explanation is the difficulty of iden-
tification of Mucor species by standard mycological procedures.
Indeed, the genus Mucor is mostly defined by negative charac-
teristics (26). In this study, we analyzed the ITS sequences of 6
different Mucor spp.: M. circinelloides, M. hiemalis, M. indicus,
M. racemosus, M. ramosissimus, and M. rouxii. Among these
species, similarities of 79 to 96% were observed, allowing a
good identification, except for M. circinelloides and M. rouxii,
for which sequences were 99% similar. ITS sequences of Mucor
spp. also showed high variability compared to the other Zygo-
mycetes. Nevertheless, for one species, R. variabilis var. regu-
larior, 99% of sequence similarity was found compared to M.

FIG. 1. Intraspecies sequence variability within the ITS1-5.8S-ITS2 region for strains of R. oryzae and M. circinelloides. Among the 17 isolates
of R. oryzae, 3 types were distinguished. Five types were found for the 5 isolates of M. circinelloides. Different types are represented by Roman
numerals. Numbers represent positions on the sequence alignment (position 0 corresponds to the 5� end of the universal fungal primer ITS 1).
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FIG. 2. Alignment of Zygomycetes ITS1 sequences, including the 3� end of 18S rRNA gene: R. oryz, R. oryzae CBS 112.07T; A cory, A.
corymbifera IP 1129.75; C. recu, C. recurvatus CBS 158.50T; M. circ, M. circinelloides CBS 195.68NT; M. hiem, M. hiemalis CBS 201.64NT; M. indi,
M. indicus CBS 226.29T; M. race, M. racemosus CBS 260.68 T; M. ramosissimus CBS 135.65NT; M. roux, M. rouxii CBS 416.77; R. mieh, R. miehei
CBS 182.67T; R. pusi, R. pusillus CBS 354.68NT; R. vari, R. variabilis CBS 103.93T; R. vare, R. variabilis var. regularior CBS 384.95T; R. azyg, R.
azygosporus CBS 357.93T; R. micr, R. microsporus var. rhizopodiformis IP 676.72; R. micc, R. microsporus var. chinensis CBS 631.82T; R. micm, R.
microsporus var. microsporus IP 1124.75; R. mico, R. microsporus var. oligosporus CBS 339.62, R. schi, R. schippereae CBS 138.95T; S. race, S.
racemosum CNRMA 03.414. T, type strain; NT, neotype strain. Alignment was made with the type strain of the species or with a reference strain
from an international collection when no type strain was available, except for S. racemosum.
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FIG. 3. Alignment of Zygomycetes ITS2 sequences, including the 5� end of 28S rRNA gene. Strain identification is the same as indicated in
the legend to Fig. 2. Alignment was made with the type strain of the species or with a reference strain from an international collection when no
type strain was available, except for S. racemosum.
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circinelloides. These findings suggest that this newly described
variety of R. variabilis (33) might in fact belong to the genus
Mucor. Infections due to Rhizomucor spp. in humans are rare
and mostly caused by R. pusillus, which was also identified as a
major animal pathogen (23). Within Rhizomucor spp., all 3
species were well distinguished based on their ITS sequences.
Among the other species that are known to be human patho-
gens, such as A. elegans, C. recurvatus, C. bertholletiae, S. va-
siformis, and S. racemosum, we have tested isolates of C. re-
curvatus and S. racemosum and shown that they were easily
distinguished from all other species.

Overall, results of the present study showed that sequencing
of ITS regions is a reliable tool for the identification of Zygo-
mycetes from pure cultures to the species level, including rare
species and species that lack typical morphological character-
istics. All the sequences obtained in the present study have
been deposited in GenBank and will increase the available
data for sequence identification of Zygomycetes. Molecular
identification could be performed within a few days and is then
much faster than standard mycological identification, which
takes several weeks in instances when specialized tests are
needed. Moreover, in vitro (5, 6, 28) and in vivo studies with
animal models (4, 29) have shown that different genera and
species of Zygomycetes exhibited variable susceptibilities to
antifungal drugs, including to the new azoles such as posacon-
azole. Therefore, accurate and rapid identification to the genus
or species level may be of interest to improve antifungal ther-
apy.

Although molecular identification of Zygomycetes species
from pure cultures is an interesting tool for in vitro diagnosis,
the problem is that cultures of infected tissues in patients with
mucormycosis are often negative. To identify the fungus re-
sponsible directly from the infected tissues is of the utmost
importance in clinical settings. For these reasons, we set up
animal models of experimental disseminated mucormycosis for
the species A. corymbifera, M. circinelloides, M. indicus, R. pu-
sillus, R. microsporus, and R. oryzae and confirmed that DNA
extraction, amplification of fungal DNA, sequencing, and mo-
lecular identification are possible directly from frozen tissues.
These results are of importance for early discrimination of the
presence of Zygomycetes versus that of other filamentous

fungi in tissues to initiate the appropriate antifungal therapy.
Indeed, it is known that newly used systemic antifungals such
as voriconazole and echinocandins do not exhibit any signifi-
cant activity against Zygomycetes (6, 9).

In conclusion, ITS sequencing is appropriate for species
identification within Zygomycetes either from cultures or from
infected frozen tissues. This method should now be investi-
gated to improve the diagnosis of mucormycosis in humans.
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