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A monophyletic group of black yeast-like fungi containing opportunistic pathogens around Exophiala spini-
fera is analyzed using sequences of the small-subunit (SSU) and internal transcribed spacer (ITS) domains of
ribosomal DNA. The group contains yeast-like and annellidic species (anamorph genus Exophiala) in addition
to sympodial taxa (anamorph genera Ramichloridium and Rhinocladiella). The new species Exophiala oligo-
sperma, Ramichloridium basitonum, and Rhinocladiella similis are introduced and compared with their morpho-
logically similar counterparts at larger phylogenetic distances outside the E. spinifera clade. Exophiala
Jjeanselmei is redefined. New combinations are proposed in Exophiala: Exophiala exophialae for Phaeococcomyces
exophialae and Exophiala heteromorpha for E. jeanselmei var. heteromorpha.

A significant portion of the species of black yeasts and their
filamentous relatives, anamorphs of members of the order
Chaetothyriales, are regularly encountered as causative agents
of human mycoses (9). They exhibit a relatively high degree of
molecular diversity (10) but seem to possess common factors
which enable them to invade the human host, resulting in a
bewildering diversity of mycoses, such as chromoblastomycosis,
mycetoma, brain infection, and other types of phaeohyphomy-
cosis (9). In harboring a wide array of clinically relevant spe-
cies, the Chaetothyriales are unique in the fungal kingdom:
they are only matched by the Onygenales, the order containing
the dermatophytes and the dimorphic pathogens. Understand-
ing the species diversity of the Chaetothyriales and their spe-
cific ecology is of considerable medical relevance.

This wide species spectrum is only poorly understood, as
until recently insufficient markers were available for a reliable
distinction of taxa. Morphology is poorly developed in these
fungi, and when present, very similar microscopic structures
can be expressed in phylogenetically remote species (15). Se-
quencing studies of the ribosomal operon have shown that this
gene can be successfully applied to species delimitation and
identification. A large number of new taxa have to be intro-
duced; many of these have a pathogenic potential.

In an extended 18S ribosomal DNA (rDNA) sequencing
study of black yeasts and their allies, Haase et al. (15) showed
that the phylogenetic tree of the Chaetothyriales is poorly
resolved, which indicates a radiation of taxa within a relatively
short evolutionary period. All anamorph genera concerned
proved to be polyphyletic (15); the morphological entities were
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nevertheless maintained for practical reasons. The single te-
leomorph genus in the order, Capronia, was found throughout
the tree but appeared to have limited clinical relevance.

One of the few recognizable clades with convincing statistical
support was the Exophiala spinifera-E. jeanselmei complex. De-
tailed studies of the small-subunit (SSU) and internal transcribed
spacer (ITS) rDNA domains of this group (11, 43) demonstrated
that the clade contains the known species E. spinifera (Nielsen et
Conant) McGinnis, E. jeanselmei (Langer) McGinnis et Padhye,
E. attenuata Vitale et de Hoog, Phaeococcomyces exophialae de
Hoog, and a hitherto unidentified Exophiala sp. represented by
strain CBS 725.88 from a systemic mycosis in an adult (38). E.
jeanselmei has been associated with human mycetoma (19) and
with a chromoblastomycosis-like skin disorder (28), whereas E.
spinifera causes local skin infections in adults or disseminated
disease in adolescents (11). Thus, this clade comprises species
with considerable opportunistic potential.

E. jeanselmei has long been recognized as heterogeneous.
Based on morphology, de Hoog (7) recognized three varieties,
which are now known to represent separate, distantly related
species (15, 45). E. jeanselmei-like strains may show two dissimilar
phenotypes: one is annellidic, as in Exophiala, and the other is
sympodial, as in Rhinocladiella (7). Similar observations have
been made in Rhinocladiella atrovirens (Nannf.) de Hoog, where
the two types of conidiation were observed to be located even on
a single hypha (7). For this reason, some sympodial species clas-
sified in Rhinocladiella and Ramichloridium, including some un-
described isolates, are included in the present taxonomic study.
The molecular interrelationships of the taxa discussed above were
studied using 18S rDNA and ITS sequence analyses, and an
investigation was done to determine whether the various mycoses
caused by these organisms can consistently be attributed to spe-
cific taxonomic entities.
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TABLE 1. Strains examined®

Original name CBS no. Status” Other reference(s) Ge?}g’énk Source ide nlt:ilfliqgallti on
Exophiala sp. 109807 DH 12229 = Ej5 Attili AY163557 Fungemia®, Brazil E. oligosperma
M. oligospermus 265.49 AUT  MUCL 9905 AY163555 Honey, France (5) E. oligosperma

AF050289
Exophiala sp. DH 12700 = Tm 01.109-1T Silicone solution, Netherlands E. oligosperma
Exophiala sp. DH 12701 = Tm 01.109-ITA Silicone solution, Netherlands E. oligosperma
E. jeanselmei 463.80 Scholer D-5014 AY163552  Prosthetic eye lense, E. oligosperma
Switzerland
E. jeanselmei 715.76 UAMH 2627 = GHP 1406 Cegar WdOOd of cooling tower, E. oligosperma
anada
Exophiala sp. IFM 5386 Unknown source E. oligosperma
Exophiala sp. DH 12896 Water, Germany E. oligosperma
Exophiala sp. DH 12713 = GHP 2097 Plastic foil, Germany E. oligosperma
Exophiala sp. DH 12586 = Mayr 131 Sauna, Austria E. oligosperma
Exophiala sp. 725.88 T AY163551  Sphenoid tumor®, female, E. oligosperma
Germany (38)
Rhinocladiella sp. RKI 384 11/02 Skin lesion®, Germany E. oligosperma
Exophiala aff. spinifera DH 12578 Skin lesion of shark®, Zoo E. oligosperma
Rotterdam, Netherlands
E. jeanselmei 814.95 AY163549  Soil biofilter, Netherlands (6)  E. oligosperma
Exophiala sp. DH 11646 = TWW 533 Swimming pool, Germany E. oligosperma
E. jeanselmei UTHSC 98-911 = Nucci 10 = dH 12909 Sinus drain (30, 31) E. oligosperma
Exophiala sp. DH 12589 = Mayr 192 Sauna, Austria E. oligosperma
Exophiala sp. DH 12587 = Mayr 141 Sauna, Austria E. oligosperma
Exophiala sp. DH 12585 = Mayr 130 Sauna, Austria E. oligosperma
Exophiala sp. IFM 41701 AY163548  Soil E. oligosperma
Exophiala sp. UTHSC 01-1637 AY231163  Olecranon Bursa®, Texas (2)  E. oligosperma
E. jeanselmei 835.95 AY163550 Mycetoma“, Germany (29) E. oligosperma
E. jeanselmei DH 12841 Bronchoalveolar lavage, E. oligosperma
Netherlands
R. aquaspersa 313.73 T ATCC 24410 = FMC 241 Chromomycosis®, Mexico (1)  R. aquaspersa
R. atrovirens 109135 DH 11842 AY163558 Endoscope, Netherlands R. similis
R. atrovirens 111763 T DH 11329 = HC-1 AY040855  Foot lesion®, Brazil (Resende  R. similis
et al., Abstr. 14th ISHAM)
Unidentified AJ279469 R. similis
Exophiala sp. DH 12894 Water R. similis
Geniculosporium sp. 101460 IFM 47593 AY163561  Subcutaneous lesion®, Japan R. basitonum
E. nishimurae 101538 T AY163560 Contaminant (43) E. nishimurae
P. jeanselmei 528.76 ATCC 10224 Skin€, United Status
E. jeanselmei 507.90 = 664.76 T ITHM 283 = ATCC 34123 = NCMH 1235 AF05027 Mycetoma“, Martinique (19)  E. jeanselmei
E. spinifera 109635 UTMB 2670 = UTHSC 86-72 Arm lesion®, Texas E. jeanselmei
E. jeanselmei 116.86 AY163556  Skin lesion®, Japan (28) E. jeanselmei
E. jeanselmei 677.76 IHM 1586 AY163553 My((%t)oma‘, United Kingdom  E. jeanselmei
M. eumetabolus 264.49 AUT  MUCL 9904 AY163554 Honey, France (3, 4) R. atrovirens
R. anceps 181.65 NT ATCC 18655 = IMI 134453 = MUCL 8233 Soil, Canada R. anceps

“ For data on strains of E. spinifera and E. exophialae, see De Hoog et al. (11). ATCC, American Type Culture Collection, Manassas, Va.; CBS, Centraalbureau voor
Schimmelcultures, Utrecht, The Netherlands; DH, G. S. de Hoog private collection; IFM, Research Institute for Pathogenic Fungi, Chiba, Japan; IHM, Laboratory
of Mycology, Faculty of Medicine, Montevideo Institute of Epidemiology and Hygiene, Montevideo, Uruguay; IMI, International Mycological Institute, London, United
Kingdom; IWW, Rheinisch Westfahlisches Institut fir Wasserforschung, Miilheim an der Ruhr, Germany; GHP, G. Haase private collection; MUCL, Mycotheque de
I'Université de Louvain, Louvain-la-Neuve, Belgium; NCMH, North Carolina Memorial Hospital, Chapel Hill, N.C.; RKI, Robert Koch Institute, Berlin, Germany;
UAMH, Microfungus Herbarium and Collection, Edmonton, Canada; UTHSC, Fungus Testing Laboratory, Department of Pathology, University of Texas Health
Science Center at San Antonio, San Antonio, Tex.; UTMB, Medical Mycology Research Center, Galveston, Tex.; aff., with affinity to.

T, former type culture; NT, former neotype culture; AUT, authentic culture.

¢ Confirmed etiological agent.

MATERIALS AND METHODS

Fungal strains and morphology. The strains studied are listed in Table 1. This
list comprises strains of the E. spinifera clade (15) supplemented with strains
which were morphologically or phylogenetically supposed to belong to the group.
Stock cultures were maintained on slants of 2% malt extract agar and oatmeal
agar at 24°C. For morphological observation, slide cultures were made of strains
grown on potato dextrose agar (PDA) and mounted in lactophenol cotton blue.

DNA extraction. Mycelia (~1 cm? each) of 30-day-old cultures were trans-
ferred to 2-ml Eppendorf tubes containing 300 wl of cetyltrimethylammonium
bromide buffer and ~80 mg of a silica mixture (silica gel H [catalog no. 7736;
Merck, Darmstadt, Germany] or Kieselguhr Celite 545 [Machery, Diiren, Ger-
many]) (2:1 [wt/wt]). The cells were disrupted mechanically with a tight-fit sterile
pestle for ~1 min. Subsequently, 200 pl of cetyltrimethylammonium bromide
buffer was added, and the mixture was vortexed and incubated for 10 min at 65°C.
After the addition of 500 wl of chloroform, the solution was mixed and centri-
fuged for 5 min at 20,800 X g, and the supernatant was transferred to a new tube
with 2 volumes of ice-cold 96% ethanol. DNA was allowed to precipitate for 30

min at —20°C, and then the solution was centrifuged again for 5 min at 20,800 X
g rpm. Subsequently, the pellet was washed with cold 70% ethanol. After drying
at room temperature, it was resuspended in 97.5 pl of Tris-EDTA buffer (14)
plus 2.5 pl of 20-U - ml~! RNase and incubated for 5 min at 37°C.

Sequencing and phylogenetic reconstruction. ITS amplicons were generated for
all strains using primers V9D and LS266 (14) and cleaned using Microspin S-300 HR
columns (Pharmacia, Freiburg, Germany). Sequencing was performed on an ABI
310 automatic sequencer. SSU amplicons were generated with primers NS1 and
NS24 and sequenced with primers Olil, Oli5, Oli9, Oli10, BF951, BF963, Oli2, Oli3,
Oli13, Oli14, BF 1419, BF 1438, and Oli15 (9); spacer domains were amplified with
VI9G and LS266 and sequenced with ITS1 and ITS4. Sequences were verified using
the SeqMan package (DNAStar Inc., Madison, Wis.) and aligned using BioNumer-
ics version 3.0 (Applied Maths, Kortrijk, Belgium). The specificities of ITS sequence
signatures were verified by developing specific primers and subsequently testing
them by PCR. The Treecon package version 1.3b (41) was applied to generate a
distance tree using the neighbor-joining algorithm with Kimura correction; only
unambiguously aligned positions were taken into account. One hundred bootstrap
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replicates were used for analysis. The topologies of the resulting trees were verified
using the parsimony option in BioNumerics. SSU sequences were aligned using
DCSE (13), and a tree of Chaetothyriales was constructed using Treecon with the
algorithm mentioned above.

RESULTS

An SSU rDNA neighbor-joining tree containing 71 pur-
ported ana- and teleomorphic members of the Chaetothyriales
and some related species is presented in Fig. 1. Ramichloridium
apiculatum (CBS 156.59) was taken as the outgroup, as it is
known to cluster among Dothideales (G. S. de Hoog, unpub-
lished data). The E. spinifera clade comprised strains IFM
41855, CBS 725.88, CBS 101460, CBS 507.90, CBS 157.67,
IFM 41698, CBS 668.76, CBS 101538, and CBS 899.68. The
clade did not contain any teleomorph. Most species were an-
nellidic and therefore morphologically classified in Exophiala;
HC-1 and CBS 101460 were sympodial and were attributed to
the genera Rhinocladiella and Ramichloridium, respectively.
Relevant species of Rhinocladiella and Ramichloridium, viz.,
Rhinocladiella aquaspersa, R. atrovirens, and Ramichloridium
anceps, were found outside the E. spinifera clade.

For the ITS tree (Fig. 2), the same species listed above in the
SSU E. spinifera clade could be aligned with confidence, except
for IFM 41698, a hitherto-unidentified Exophiala species. Nine
more or less clearly delimited clusters or single strains were
found, four of which contained ex-type cultures of existing
species. Cluster 9 contained CBS 264.49, the ex-type culture of
the invalidly described species Melanchlenus eumetabolus (3),
and a number of strains identified as R. atrovirens from conif-
erous wood in the northern hemisphere. The cluster was
aligned with difficulty with the remaining strains studied. CBS
101358, the ex-type culture of E. nishimurae, and CBS 101460,
which was morphologically a Ramichloridium species originally
referred to as Geniculosporium sp. (37), were paraphyletic to
the remaining members of the E. spinifera SSU clade, as was
cluster 8 containing strains with E. jeanselmei-like morphology,
which apparently represents a further, undescribed species.
Cluster 3 contained CBS 668.76, the ex-type culture of P.
exophialae. Cluster 4 contained CBS 889.68, the ex-type culture
of E. spinifera. E. attenuata, with an E. spinifera-like morphol-
ogy (43) was found outside the SSU E. spinifera clade; its ITS
sequence could not be aligned with confidence. The large ITS
cluster 1 contained the ex-type strain of the invalidly described
species Melanchlenus oligospermus. It had a morphology close
to that of E. jeanselmei, with slightly differentiated, rocket-
shaped conidiogenous cells (see Fig. 4). A specific primer was
developed for cluster 1 (5'-GGTAGGCCTGGTCTATCTGT
TAT-3"). It was found to be consistently positive with members
of this group but gave negative results or nonspecific reactions
with the remaining species (see Fig. 4).

DISCUSSION

General. Comparisons using the nuclear SSU ribosomal gene
have become the “gold standard” for fungal phylogeny (9). How-
ever, resolution at the species level may be inadequate. This is
particularly the case in the order Chaetothyriales, containing the
genus Capronia as well as the black yeasts and their filamentous
relatives (15). The anamorph genera Cladophialophora, Cyphel-
lophora, Exophiala, Fonsecaea, Phialophora, Rhinocladiella, Rami-
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chloridium, and Veronaea are morphologically distinct but do not
form separate clades in SSU phylogeny (15).

It is also remarkable that the teleomorphs in this family,
though producing Exophiala, Phialophora, and Ramichloridium
anamorphs in culture (39), are rarely observed to give rise to
anamorphs that can be identified with known anamorph spe-
cies (15, 40). In part, this may be due to different ecological
preferences. Capronia species are mostly found colonizing
other fungi, while the anamorphs without known teleomorphs
are assimilators of aromatic compounds (26, 44) and are fre-
quent opportunists on vertebrates (9). Generally, this is asso-
ciated with differences in maximum growth temperatures.
Most Capronia species are unable to grow above 35°C, and
some are even psychrophilic (40), as are certain Exophiala
species from cold water and/or fish, like E. psychrophila and E.
mesophila (9). Two of the three Capronia species able to grow
at 37°C, Capronia epimyces and Capronia munkii, cluster in the
E. dermatitidis clade, which has an obvious thermophilic ten-
dency (21). Fish pathogens and strictly environmental species
are infrequent among the thermotolerant series containing
Cladophialophora bantiana and Fonsecaea pedrosoi (Fig. 1).

The value of the ITS domain for inferring phylogeny has
been questioned by Lieckfeldt and Seifert (20). These authors
found the marker to have insufficient variation to discriminate
species in the evolutionarily recently diversified order Hypoc-
reales. However, in the present study, the taxa analyzed show
clear-cut delimitation, and the sequences of many species can-
not even be aligned, indicating that the Chaetothyriales have a
longer evolutionary history than the Hypocreales. Another ar-
gument against taxonomic use of I'TS was particularly put for-
ward by O’Donnell and Cigelnik (32), who pointed to the
existence of paralogues in ITS2. This phenomenon has been
reported repeatedly (16, 35, 42), sometimes with as many as
three nonorthologous sequences being detected within the
same repeat (34). We used two approaches to establish
whether ITS sequences were likely to be orthologous. First, we
verified that all entities distinguished by ITS (Fig. 2) also were
markedly different by SSU rDNA (Fig. 1). This was invariably
the case. Comparable independent sequence data are known in
the mitochondrial cytochrome b protein, for which a similar
taxonomic diversity of one of the umbrella species analyzed in
the present article, E. jeanselmei, was found (44). Second, we
developed specific primers for each of the entities with clearly
different ITS sequences but lacking obvious phenetic charac-
ters. E. oligosperma PCR resulted in products different from
those of the morphologically similar species E. jeanselmei and
its annellidic counterpart species Rhinocladiella similis (Fig. 3).

The SSU rDNA-based E. spinifera clade as recognized by
Haase et al. (15) was confirmed in the present study, with a
larger number of strains. The sole exception was CBS 157.57,
the former type strain of E. salmonis Carmichael, which pre-
viously took an isolated position in Haase’s study (15). The ITS
sequence of this species could not be aligned with confidence
with the remaining members of the clade; rather, it was found
to be close to a number of cold-water-inhabiting species, such
as E. pisciphila McGinnis et Ajello (de Hoog, unpublished).

A large portion of the strains analyzed in the present study
originated from environmental sources, but nearly all species also
contained some clinical isolates. Consequently, it may be stated
that the entire clade has an opportunistic potential and that clin-
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}—1
0.02 86 — Fonsecaea pedrosoi CBS271.37NT
Fonsecaea pedrosoi CBS269.37
Fonsecaea pedrosoi CBS272.37
Cladoph. arxii CBS396.94T : _
- Cladoph. bantiana CBS173.52T Cladophialophora
93 | Cladoph. minourae CBS556.83T Fonsecaea clade
Cladoph. devriesii CBS147.84
Fonsecaea pedrosoi CBS289.93
Cladoph. boppii CBS126.86T
874; Cladoph. carrionii CBS260.83
Phialophora verrucosa CBS273.37
Phialophora verrucosa CBS286.47 .
— Exoph. attenuata CBS101540T 4 SPiMfera
— Exoph. lecanii-corni CBS232.39 counterpart
}[ Exoph. lecanii-cornii CBS123.33
Exoph. castellanii CBS158.58NT
97| r Capronia acutiseta CBS618.96T
L Capronia villosa CBS616.96 .
—— Ramichlorid. anceps CBS181.65NT basitonum
—— Capronia fungicola CBS614.96T counterpart
; Phialophora europaea CBS129.96T
I Exoph. brunnea CBS587.66AUT
l- Rhinoclad. phacoph. CBS496.78T
L— Exoph. dopicola UTMB1229T
Capronia dactylotr. CBS604.96
E Capronia pulcherrima CBS609.96
Capronia moravica CBS602.96
Exoph. dermatitidis CBS292.49
Exoph. dermatitidis CBS525.76
J Exoph. phaeomurif. CBS131.88T
—— Capronia mansonii CBS101.67T

— Exoph. dermatitidis CBS207.35T E d titidis clade
Capronia coronata CBS 617.96T ermattais

Capronia munkii CBS615.96T
82M LExophiala sp. IFM46117
Capronia epimyces CBS606.96
- Exoph. prototropha CBS534.94T
Exoph. heterom. CBS232.33T
w Exoph. moniliae CBS520.76T
Exoph. mesophila GHP968T
— Exoph. psychrophila CBS191.87T
Exoph. pisciphila CBS537.73T
\ixoph. alcalophila CBS520.82T
Exoph. angulospora CBS482.92T
Rhinoclad. aquaspersa CBS 313.73

Rhinoclad. similis CBS 111763
Exoph. nishimurae CBS101538T

| Exoph. oligosperma CBS725.88T E. spinifera
—— Ramichl. basitonum CBS101460T lade
Exoph. jeanselmei CBS507.90T ¢

| — Exoph. salmonis CBS157.67T
( Exoph spinifera IFM41698
96 ‘

Exoph spinifera CBS110628

Exoph. spinifera CBS899.68T <::l
— Ram?chlo’raid. mack. CBS650.93T
— Rhinoclad. atrovirens CBS688.76 4= ;5imilis counterpart

Exoph. castellanii CBS204.50
[ Exoph. nigra CBS546.82
0 tExoph. nigra CBS535.94T

98 |, Exoph. bergeri CBS526.76

1 Exoph. bergeri CBS353.52
——— Capronia parasitica CBS123.88

—— Cladoph. modesta CBS985.96T
1 Cladosporium tenuiss. EXF-324
9 Cladosporium sp. EXF-228

Cladosporium sphaerosp. CBS 193.54NT
Ramichl. apiculatum CBS156.59

FIG. 1. Phylogenetic tree of SSU rDNAs of 71 members of the black yeasts and relatives, constructed with the neighbor-joining algorithm in the
Treecon package with Kimura-2 correction and 100 bootstrap replicates (values of >80 are shown with the branches). R. apiculatum CBS 156.59, known
to be related to Cladosporium, is taken as the outgroup. The E. dermatitidis, Cladophialophora-Fonsecaea, and E. spinifera clades are shown. The open
and solid arrows indicate new species and their morphologically similar but phylogenetically remote counterparts. Cladoph., Cladophialophora; Exoph.,
Exophiala; Ram., Ramichloridium; Rhinoclad., Rhinocladiella. The nomenclature used is according to our conclusions (see Table 1).

100
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0.02 _ IFM 5386 Exophiala sp.
CBS 725.88 Exophiala sp.
- UTHSC 98-911 Exophiala sp.
dH 12586 Exophiala sp.
t dH 12713 Exophiala sp.
CBS 814.95 Exophiala jeanselmei
CBS 715.76 Exophiala sp.
CBS 835.95 E. jeanselmei
dH 12578 Exophiala sp. 1: E. Oligosperma
CBS 463.80 Exophiala sp.
| CBS 109807 Exophiala sp.
| CBS 265.49 Melanchlenus oligospermus
I dH 12589 Exophiala sp.
dH 11646 Exophiala sp.
100 ' dH 12896 Exophiala sp.
dH 12585 Exophiala sp.
{(

dH 12587 Exophiala sp.

L IFM 41701 Exophiala sp.

dH 12894 Exophiala sp. -

100 | AJ279469 Rhinocladiella atrovirens 2: Rh. similis

‘ dH 11842 Rhinocladiella sp.

dH 11329 Exophiala sp.

89 IFM 46126 Phaeococcomyces exophialae 3. E. exophialae
CBS 671.76 Phaeococcomyces exophialae
CBS 668.76 Phaeococcomyces exophialae

IFM 41692 Exophiala spinifera
89| | cBS 899.68 Exophiala spinifera
| IFM 41855 Exophiala spinifera
CBS 101644 Exophiala spinifera
99| CBS 667.76 Exophiala spinifera
[ IFM 41856 Exophiala spinifera
92 CBS 102179 Exophiala spinifera
M CDC B-5383 Exophiala spinifera L.
CDC B-5580 Exophiala spinifera 4: E. spinifera
8 CBS 356.83 Exophiala spinifera
CBS 194.61 Exophiala spinifera
CBS 269.28 Exophiala spinifera
CBS 236.93 Exophiala spinifera
CDC B-3868 Exophiala spinifera
= CBS 425.92 Exophiala spinifera

‘ IFM 41846 Exophiala spinifera

96 CBS 677.76 Exophiala jeanselmei

‘g4 | CBS 116.86 Exophiala jeanselmei
— 100 CBS 528.76 Exophiala jeanselmei 5: E. jeanselmei
1 UTMB-2670 Exophiala jeanselmei

CBS 507.90 Exophiala jeanselmei . .
CBS 101460 Ramichloridium sp. 6: Ram. basitonum
95 | CBS 101358 Exophiala nishimurae 7: E. nishimurae

8

8: undescribed species
'0 28 Exophiala sp. e

L CBS 264.49 Melanchlenus eumetabolus

- CBS 685.76 Rhinocladiella atrovirens .
CBS 688.76 Rhinocladiella atrovirens 9: Rh. atrovirens

{ CBS 380.59 Rhinocladiella atrovirens

CBS 689.76 Rhinocladiella atrovirens

FIG. 2. Phylogenetic tree of ITS rDNAs of 42 strains belonging to the E. spinifera clade constructed with the neighbor-joining algorithm in the
Treecon package with Kimura-2 correction and 100 bootstrap replicates (values of >85 are shown with the branches).
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FIG. 3. PCR products of strains after using primers selective for E. oligosperma based on ITS sequences. Lanes: 1, size marker; 2 to 5, E. jeanselmei;
2, CBS 507.90; 3, CBS 528.76; 4, CBS 109635; 5, CBS 116.86; 6 to 8, R. similis; 6, DH 11329 = HC1; 7, CBS 109135; 8, DH 12894; 9 to 24, E. oligosperma;
9, CBS 463.80; 10, CBS 835.95; 11, DH 12578; 12, CBS 715.76; 13, DH 12586; 14, CBS 814.95; 15, CBS 725.88; 16, CBS 265.49; 17, DH 12713; 18, [IFM
5386; 19, UTHSC 98-911; 20, DH 11646; 21, DH 12589; 22, DH 12587; 23, DH 12585; 24, DH 12896; 25, negative control.

ical strains are likely to have basically the same genetic makeup as
their environmental counterparts of the same species (43).

E. spinifera. The clade under investigation contained three
Exophiala species with more or less differentiated conidiog-
enous cells. E. spinifera in particular had erect, multicellular,
dark-brown stalks producing conidia from terminal and inter-
calary cells (43). E. jeanselmei and E. oligosperma had nonsep-
tate, rocket-shaped, slightly darkened conidiogenous cells. E.
attenuata, which can be viewed as a distantly related counter-
part of E. spinifera also having highly differentiated conidio-
phores, is located outside the E. spinifera clade (43). Other-
wise, no Exophiala species are known to have such
differentiated conidiogenous cells. Sixteen strains were identi-
fied as E. spinifera sensu stricto on the basis of morphology and
ITS sequence similarity (Fig. 2).

E. exophialae. P. exophialae de Hoog was originally intro-
duced as a morphological umbrella species covering strictly bud-
ding yeasts with only some undifferentiated hyphae, which thus at
that time could not be assigned to any known Exophiala species
(7). De Hoog et al. (8) noted that E. exophialae and E. spinifera
were identical in their physiological patterns, including the ability
to grow at 37°C. In their ITS sequences, the three known strains
of P. exophialae were closely related to but significantly different
from E. spinifera. It was suggested that two separate species might
be involved (11). Combination in Exophiala is morphologically
confirmed, because the two strains later recognized as E. exophi-
alae on the basis of sequence data were not strictly yeast-like but
produced an annellidic anamorph consistent with the genus Ex-
ophiala. This anamorph lacked characteristic features that would
allow identification on the basis of microscopy. Unlike E. spinif-
era, E. exophialae has never been found to have well-differentiated
conidiophores. It should be noted, however, that a few strains
identified as E. spinifera by their ITS sequences lacked differen-
tiated conidiophores. E. exophialae is introduced formally below.

E. jeanselmei and E. heteromorpha. The SSU-based clade
under investigation further contained the ex-type strain of E.
jeanselmei, CBS 507.90. According to the literature, E.
jeanselmei has been among the black yeasts most commonly
isolated from the environment, as well as from cases of myco-
sis. However, the species is known to be heterogeneous (17, 18,
22, 45). De Hoog (7) introduced three morphological varieties
within the species. In an SSU phylogeny (15), later confirmed
by Wang et al. (45) using mitochondrial cytochrome b se-
quences, E. jeanselmei var. lecanii-corni was found to be remote

from E. jeanselmei and was therefore brought to species level
as E. lecanii-corni (Benedek et Specht) Haase et De Hoog. E.
jeanselmei var. heteromorpha was found to be a member of the
E. dermatitidis clade, with 46 ITS nucleotides differing from
those of E. jeanselmei CBS 507.90 (15) (Fig. 1). McKemy et al.
(25) introduced the name Wangiella heteromorpha (Benedek et
Specht) McKemy for this taxon. However, we believe that
maintenance of the generic name Wangiella for just one of the
Chaetothyrialean SSU clades containing annellidic anamorphs
would be a random choice; moreover, there is no diagnostic
character available for phenetic recognition of this clade (25).
We therefore maintain the E. dermatitidis clade within Ex-
ophiala, which necessitates a new combination for Trichospo-
rium heteromorphum Nannf. provided below.

Only two strains (UTMB 2670 and CBS 116.86 [Fig. 2])
showed <1% ITS sequence difference compared to the former
type strain of E. jeanselmei, CBS 507.90, and thus were re-
garded as identical with this species. The infraspecific variabil-
ity within the three strains is 3 bp in ITS1 and 6 bp (mainly
indels) in ITS2. Strain CBS 507.90 originated from a well-
described case of mycetoma in a patient in France originating
from Martinique (19) but was not unequivocally confirmed as
an etiologic agent. Strain CBS 116.86 was originally reported
from a case referred to as chromoblastomycosis (28). Muri-
form cells were seen histopathologically in tissue, which is
taken to be the hallmark of chromoblastomycosis (23). Thus,
the tissue form is extremely different from that of the grains
described by Langeron (19). However, despite the chronic na-
ture (10 years) of the infection provoked by isolate CBS 116.86,
swelling of the stratum spinosum with elevation of the lesion
remained unremarkable. Some hyperkeratosis and hyperplasia
were present (19). The case of CBS 116.86 infection is there-
fore evaluated as a very aberrant form of chromoblastomyco-
sis. A further, unpublished case concerned a phaeohyphomy-
cotic arm lesion caused by strain UTHSC 86-72 (43; D. Sutton,
personal communication). CBS 677.76 originated from a black-
grain mycetoma in a patient from Pakistan (27) and formed
grains in vivo that were morphologically identical to those
formed by CBS 507.90 (19). It had some sympodial conidio-
genesis in addition to annellides and was therefore identified
by de Hoog (7) as a poorly sporulating strain of R. atrovirens.
However, sequencing revealed it to be close to E. jeanselmei
(13 mutations or indels in ITS1 and 8 in ITS2). In contrast,
sequences of four R. atrovirens strains could only partly be
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FIG. 4. E. oligosperma CBS 245.49 (shown are the conidial apparatus [a and e], conidia [b], and germinating cells [c]) and E. jeanselmei UTMB

2670 (shown is the immature conidial apparatus [d]). Bar = 10 pm.

aligned to CBS 677.76 (de Hoog, unpublished). Also a signif-
icant SSU difference was noted (Fig. 1).

E. oligosperma. A group of 23 strains (Table 1) were found to
differ consistently from E. jeanselmei CBS 507.90 (Fig. 2) in 19
positions in ITS1 and an indel of 8 versus 20 bp in ITS2. The
separation of the group was statistically supported, with high
bootstrap values (Fig. 2). The group contains the ex-type strain
of M. oligospermus Calendron (5), which was, however, simply

mentioned in the text without any formal description and is
therefore taxonomically invalid. Like E. jeanselmei, members
of the group under consideration have rocket-shaped conid-
iogenous cells inserted laterally on hyphae, with a single ter-
minal annellated zone which often is somewhat irregularly
flared. Thus, the species can be phenetically closely similar to
E. jeanselmei and has mostly been confused with that taxon (29,
30); less well-differentiated strains of the two species may be
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FIG. 5. E. jeanselmei CBS 507.90. Shown are characteristic rocket-shaped conidiogenous cells on a mature thallus. Bar = 10 pm.

morphologically indistinguishable (Fig. 4). However, in char-
acteristic cultures of E. jeanselmei, the conidiogenous cells
arise at right angles from creeping hyphae and are somewhat
darker than the remaining thallus (Fig. 5). Naka et al. (28)
reported a granular morphotype in E. jeanselmei which is very
similar to that seen in E. oligosperma by Neumeister et al. (29).
Despite these similarities, we believe it is advisable to keep
them apart, particularly because ITS sequencing, by which the
two species are clearly separated, is becoming the diagnostic
standard for black yeasts. Most strains of E. oligosperma are
strongly yeast-like and hence are not morphologically distinc-
tive. The few hyphal annellidic cells found are stouter than
those found in E. jeanselmei when it produces regular, rocket-
shaped conidiogenous cells. The annellated zone in E. oligo-
sperma is short and irregular, while that of E. jeanselmei is
pronounced and tapering, with annellations that are nearly
invisible in light microscopy (9) (Fig. 5). E. nishimurae is mor-
phologically identical to E. oligosperma and also produces large
chlamydospores; it is unable to assimilate erythritol (43), un-
like E. oligosperma and E. jeanselmei (8, 38).

E. oligosperma contained strain CBS 725.88, originating
from a fatal cerebral infection in an otherwise healthy woman
(38); CBS 463.80 from a human keratitis; UTHSC 01-1637
from an olecranon bursitis (2); CBS 835.95 from a human
mycetoma (29); and some additional clinical isolates (Table 1).
The environmental strains clustering in this group mostly orig-
inated from low-nutrient or sugary substrates, such as honey or
silicone, or were found on damp surfaces on inert material in

saunas and swimming pools (Table 1). Nucci et al. (30, 31) re-
ported a nosocomial outbreak of 19 cases of fungemia caused by
E. jeanselmei and originating from contaminated hospital water.
All of the strains were shown to be strictly identical. Their refer-
ence strain, UTHSC 98-811, was shown to be E. oligosperma by
ITS sequencing. There is an apparent link between waterborne
contamination by this species and opportunistic infection in hu-
mans. The combination of clinical isolates and isolates from low-
nutrient or slightly osmotic substrates is known to occur for the
black yeast E. dermatitidis (12, 21), as well as for E. spinifera (11).
This phenomenon has not been explained, and virulence testing is
recommended for the environmental isolates. The Phialophora-
like, disinfectant-refractory strains reported by Phillips et al. (33)
from hospital water tubes belong to the as-yet-undescribed spe-
cies of cluster 8 (Fig. 2).

Ramichloridium basitonum. By 18S rDNA phylogeny, strain
CBS 101460 was found to be located within the E. spinifera
clade (Fig. 1). On the basis of ITS sequence data, the strain was
close to E. jeanselmei (Fig. 2). The strain was monomorphic
with a basitonously branched system of dark-brown conidio-
phores densely packed with sympodial conidia in the apical
part (Fig. 6). Originally, the strain was reported as the cause of
a human phaeohyphomycosis under the name “Geniculospo-
rium sp.” (37). However, Geniculosporium is an anamorph
genus of Xylariales and hence is located at a large phylogenetic
and taxonomic distance from the Chaetothyriales. The order
Xylariales exclusively contains species occurring on wood,
while Chaetothyriales contains both pathogens and environ-
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FIG. 6. (a and b) R. basitonum CBS 101460. Shown are the conidia (a) and conidial apparatus (b). (¢ and d) R. anceps CBS 181.65. Shown are

the conidia (c) and conidial apparatus (d). Bar = 10 pm.

mental species. Morphologically, Xylariaceous anamorphs are
characterized by having rhexolytic conidial secession, thus leav-
ing distinct frills at the base of the conidium, as well as on the
conidiophore. CBS 101460 morphologically and phylogeneti-
cally fits the Chaetothyriaceous genus Ramichloridium; its
pathogenicity also fits this overall picture. The species is for-
mally introduced below as a new taxon. It differs from R.
anceps (ex-neotype strain CBS 181.65) by its basitonously

branched conidiophores and triangular conidia (Fig. 7). R.
anceps is found far outside the E. spinifera clade (Fig. 1); its
ITS sequence could not be aligned with confidence and was
omitted from further analysis. Apparently, the Ramichloridium
type of conidial apparatus is polyphyletic.

R. similis. Based on SSU rDNA data, the position of CBS
11176 (HC-1) (M. A. Resende, R. B. Caligiorne, C. R. Aguilar,
and M. M. Gontijo, Abstr. 14th Congr. Int. Soc. Human Anim.
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FIG. 7. R similis CBS 111763. (a) Immature conidial apparatus; (b) differentiated conidiogenous cells with sympodial conidia; (c) conidia; (d)

germinating cells with annellated zones. Bar = 10 pm.

Mycol., p. 274, 2000) is within the E. spinifera clade (Fig. 1). By
ITS sequence data, it is found to be close to E. jeanselmei, but
it has preponderantly sympodial conidiogenesis. It has a pro-
fusely branched conidial apparatus of the same texture and
pale-brown pigmentation as its mycelium. This feature is the
hallmark of Rhinocladiella, and the species is therefore mor-
phologically attributed to that genus. The morphologically in-
distinguishable species R. atrovirens is found at a large SSU
distance (Fig. 1), and its ITS sequences could not be aligned
(data not shown). The former type strain CBS 317.33 is not
consistent with Rhinocladiella, as it consists of a Phialophora-
like fungus that differs from the holotype specimen (15). Thus,
Rhinocladiella is also a solely morphologically defined
polyphyletic genus. The above-mentioned data show that strik-
ing polyphyly is also observed in Exophiala (E. spinifera versus
E. attenuata) and in Ramichloridium (R. anceps versus R. ba-
sitonum). In the order Chaetothyriales, genera are maintained
on the basis of morphology for practical reasons (15). The ITS
rDNA sequence of Rhinocladiella aquaspersa, a rare agent of
human chromoblastomycosis (1), could not be aligned with

confidence. Schell et al. (36) regarded Ramichloridium cerophi-
lum, originating from leaf litter (24), as a synonym of R.
aquaspersa, but its ITS sequence could not confidently be
aligned (data not shown). Only few strains of R. aquaspersa are
known (Table 1), and therefore it is difficult to speculate on its
pathogenic potential. The former type strain was described as
the etiologic agent in a human chromoblastomycotic lesion (1).

Taxonomy. Table 2 shows an approximate phenetic key to
the species of the E. spinifera clade.

(i) Exophiala oligosperma Calendron ex de Hoog et Tintelnot,
sp. nov. (Melanchlenus oligospermus Calendron [reference 4,
without Latin diagnosis]. Exophiala sp. [38].) Exophiala conid-
iophoris cylindricis, annellatis aut globis et catenatis. Conidia
obovoidea, subhyalina. Ab Exophialae jeanselmei differt conid-
iophoris majoris. Typus (vivus et exsiccatus) CBS 725.88 in
herbarium CBS preservatur (Fig. 4).

Colonies on PDA at 28°C after 10 days are restricted; they
are initially slimy and slightly wrinkled at the center, later
developing floccose aerial mycelium, and olivaceous grey to
brownish black with olivaceous black reverse. Colonies on malt
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TABLE 2. Approximate phenetic key to the species of the
E. spinifera clade”

No. Characteristic ITS cluster
la Conidiogenesis preponderantly annellidic 2
1b Conidiogenesis preponderantly sympodial 9
2a Erect, multicellular conidiophores present that are 3
darker than the supporting mycelium
2b Erect, dark, multicellular conidiophores absent 4
3a Annellated zones long with clearly visible, frilled E. spinifera
annellations
3b Annellated zones inconspicuous, degenerate E. attenuata
4a Mature conidiogenous cells rocket shaped, slightly ~ E. jeanselmei
darker than the supporting hyphae, with
regular, tapering annellated zone
4b Mature conidiogenous cells otherwise remaining 5
concolorous with supporting hyphae
Sa Conidiogenous cells intercalary, conidia being E. lecanii-corni
produced from repent hyphae
5b Conidiogenous cells intercalary and lateral, the 6
latter being elongate, flask to rocket shaped
6a Budding cells only; hyphal fragments mostly E. exophialae
without marked conidiation
6b Hyphae producing conidia are preponderant 7
7a Annellated zones minute, tooth shaped E. heteromorpha
7b Annellated zones having the appearance of 8
inconspicuous flat scars
8a Large chlamydospore-like cells present E. nishimurae
8b Chlamydospore-like cells absent E. oligosperma
9a Dark-brown, thick-walled conidiophores present 10
9b Conidiophores only slightly darker than the 11
remaining mycelium
10a Conidiophores unbranched R. anceps

10b Conidiophores composing a basitously branched R. basitonum
system
11a Conidia broadly ellipsoidal, pale brown

11b Conidia cylindrical, hyaline

R. aquaspersa
R. atrovirens; R.
similis

“ For reliable species identification, ITS rDNA sequencing remains necessary.

extract agar are velvety, olivaceous grey, and dry, mostly with
an insignificant yeast phase. No diffusible pigment is produced
on any medium. Budding cells are abundant, pale olivaceous,
broadly ellipsoidal, 3 by 2.5 wm, and without capsule in India
ink, often inflating and developing into broadly ellipsoidal
brown germinating cells, ~ 6 by 5 wm, that often bear a short,
irregular annellated zone. Hyphae are pale olivaceous to
brown, somewhat inflated, 1.5 to 3.2 wm wide, and irregularly
septate every 20 to 40 wm. Conidiogenous cells mostly arise at
acute angles as part of a slightly differentiated conidial appa-
ratus, also arising at right angles from creeping hyphae. Conid-
ial branches are the same color as the hyphae or only slightly
darker and one to three celled; the ultimate cells have rocket-
shaped or cylindrical tapering ends with a flaring, irregular
annellated zone. Conidia adhere in small groups and are sub-
hyaline, obovoidal, and 3 to 5 by 2.2 to 3.2 pm. Spherical,
subhyaline chlamydospores up to 13 pm in diameter may be
present. The teleomorph is unknown.

Type (living and dried): CBS 725.88, isolated from fatal
cerebral mycosis with hyphae and circular grains in tissue in an
otherwise healthy 45-year-old female, Frankfurt-am-Main,
Germany, 1988 (38).

(ii) Rhinocladiella similis de Hoog et Caligiorne, sp. nov.
Rhinocladiella conidiophoris sympodialis bene ramosis, den-
ticulatis. Conidia elongata, non-catenata. Typus (vivus et ex-
siccatus) CBS 111763 in herbarium CBS preservatur (Fig. 7).

Colonies on PDA at 28°C after 10 days are restricted, mostly
dry or initially with some black slime at the centre, velvety, and
olivaceous grey with olivaceous black reverse. No diffusible
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pigment is produced on any medium. Budding cells are abun-
dant, pale olivaceous, broadly ellipsoidal, ~5 by 3 pwm, and
without capsule in India ink, often inflating and developing
into broadly ellipsoidal brown germinating cells, ~5 by 4 pum,
that often bear a clearly discernible truncate extension which
bears a very short annellated zone. Hyphae are pale olivaceous
to brown, evenly 1.5 wm wide, and regularly septate every 20 to
40 wm. Conidiogenous cells arise at acute angles in a profusely
branched conidial apparatus which is brown, somewhat darker
than the sterile hyphae; conidiogeneous cells are cylindrical, 12
to 20 by 2 wm apically, with an elongating sympodial part
bearing conidia on small denticles mainly at the apices of the
cells. Conidia are subhyaline, noncatenate, cylindrical, nar-
rowed toward the base, and 4 to 7 by 1.5 um, with a small but
clearly visible scar. Chlamydospores are absent. The teleo-
morph is unknown.

Type (living and dried): CBS 111763 = DH 11329 = HC-1,
isolated from chronic cutaneous ulcer with hyphae in tissue in
a 72-year-old Caucasian male, Minas Gerais, Brazil (Resende
et al., Abstr. 14th ISHAM).

(iii) Ramichloridium basitonum de Hoog, sp. nov. (Genicu-
losporium sp. [37].) Ramichloridium monomorphum, conidio-
phoris basitonis ramosis. Ab Ramichloridii anceps differt coni-
diis trangularis. Typus (vivus et exsiccatus) CBS 101460 in
herbarium CBS preservatur (Fig. 6).

Colonies on PDA at 28°C after 10 days are smooth, compact,
and slightly elevated at the center, flat toward margin, locally
with some submerged mycelium, and olivaceous black with
black reverse. No diffusible pigment is produced. Budding and
germinating cells are absent. Hyphae are regular, rather thick
walled, olivaceous brown, ~2 pwm wide, and septate every 15 to
20 pm. The conidial apparatus is profusely branched with
flexuose cells arising at acute angles, the lower cells often being
shorter than the ultimate ones and concolourous with the hy-
phae. Conidiogenous cells are cylindrical, with the apical part
of variable length, producing numerous conidia in sympodial
sequence; denticles are truncate, with a slightly darkened scar
without a hilum. Conidia are hyaline, smooth walled and thin
walled, triangular with a rounded apex, and 3.5 to 4.5 by 2.2
pm with a clearly discernible basal scar. Chlamydospores are
absent. The teleomorph is unknown.

Type (living and dried): CBS 101460, isolated from asymp-
tomatic subcutaneous nodule histopathologically with forma-
tion of hyphae in tissue in otherwise healthy 70-year-old timber
mill worker, Hamamatsu, Japan, 1994 (37).

Etymology: named after basitonous branching system, i.e.,
with branches inserted in the lower parts of the main conidio-
phore.

(iv) Exophiala heteromorpha (Nannf.) de Hoog et Haase,
comb. nov. [Trichosporium heteromorphum Nannf. (25a) (ba-
sionym) = Margarinomyces heteromorpha (Nannf.) Mangenot
(20a) = Phialophora heteromorpha (Nannf.) Wang (46) = Ex-
ophiala jeanselmei (Langer.) McGinnis et Padhye var. hetero-
morpha (Nannf.) (7) = Wangiella heteromorpha (Nannf.) Mc-
Kemy (25).]

(v) Exophiala exophialae (de Hoog) de Hoog, comb. nov.
[Phaeococcus exophialae (7) (basionym) = Phaeococcomyces
exophialae (de Hoog) (12a) (change made because of preex-
isting generic name Phaeococcus Borzi 1892—brown algae).]
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