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BERBEE, M. L., AND TAYLOR, J. W. 1992. 18s ribosomal RNA gene sequence characters place
the human pathogen Sporothrix
schenckii
in the genus Ophiostoma.
Experimental
Mycology
16,
87-91. Using the sequence of the gene for the 18s subunit of ribosomal RNA, we show that the
asexual human pathogen Sporothrix
schenckii
lies phylogeneticaily within the sexual genus Ophiostoma. By distance or maximum parsimony criteria, S. schenckii,
Ophiostoma
stenoceras,
and 0.
ulmi (the Dutch elm disease fungus) are all related, but S. schenckii
and 0. stenoceras are more
closely related to each other than either is to 0. uimi. The 18s RNA gene sequences of S. schenckii
and 0. stenoceras are identical except at three sites, and the two species group together in 99% of
the trees generated using the statistical method of bootstrapping. This is the first time that DNA
sequence data have been used to place an asexual fungus, phylogeneticahy and with statistical
SUppOrt,
in a sexual genus. 0 1992 Academic Press, Inc.
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Sporothrix schenckii Hektoen et Perkins
infects human skin and lymph systems
when implanted into susceptible wounded
tissue, causing sporotrichosis
(Rippon,
6988). Ophiostoma
ulmi (Buism.) Nannf.
[ = Ceratocystis ulmi (Buism.) C, Moreau]
infects American elm trees, causing Dutch
elm disease. Unlike 0. ulmi, S. schenckii
has never been known to produce a sexual
state. Otherwise, the vegetative morphologies of the human pathogen S. schenckii
and the tree pathogen 0. uimi are similar.
Both produce simple,
mononematous
conidiophores that bear sympodulospores
on denticles (Fig. 2), and both, under certain conditions, will grow as yeasts (Upadhyay , 198 1). The two can be distinguished
because 0. ulmi produces synnemata, tight
clusters
of condiophores,
while S.
schenckii
does not (Upadhyay,
1981).
Asexual forms of other Ophiostoma
species, including 0. stenoceras (Robak) Melin et Nannf. and 0. pilz$erum (Fries) H. et
P., can be distinguished from S. schenckii

biochemically
or by their lack of pathogenicity, but not morphologically
(
1974; Mendonca-Hagler
et al., 197’4
iat, 1977; Travassos, 1985). S. s~~e~~k~i is
morphologically
distinct from the asexual
form of 0. minus (Hegc.)
(Maria& 1977), but was closer to
than to other Ophiostoma species
DNA-DNA
hybridizatio
(Mendonca-Hagler
et al., 1974).
Because the important taxonomic characters of perithecium and ascus
ogy are missing in the asexu
the fungus could not be pl
ically or nomenclatorially
Ophiostoma.
However,
and asexual, have riboso
genetic trees inferred from riboso
have the potential to resolve relatio~s~~~s
between fungi irrespective of their sexual
condition (Bruns et al., 1991;
Taylor, 1991).
We used the pattern of riboso
base substitutions to determine w
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not S. schenckii lies phylogenetically
within
the genus Ophiostoma. As outgroups, we
chose Leucostoma persoonii Hohnel and
Neurospora crassa Shear and Dodge. We
had previously sequenced the 18s ribosoma1 RNA gene from L. persoonii and 0.
ulmi and shown that both L. persoonii and
N. crassa (GenBank NEURRNAS)
are related to 0. ulmi at the class level. L. persoonii clustered with 0. ulmi within the
class Pyrenomycetes
(Berbee and Taylor,
1992). We amplified the gene for the 18s
ribosomal RNA subunit from crude (miniprep) total genomic DNA, using the polymerase chain reaction and then performed a
series of overlapping, asymmetrical amplifications to generate the single-stranded
DNA that we sequenced (Lee and Taylor,
1990; White et al, 1990; Berbee and Taylor,
1992).
We sequenced over 1700 nucleotides
from each fungus, the entire 18s ribosomal
RNA gene except for about 50 nucleotides
at the 5’ end and about 20 nucleotides at the
3’ end which we could not reach using our
primers. The sequence is based on both
strands of DNA except for about 30 nucleotides 5’ to the primer NS 8 and in an approximately 100 nucleotide long region near
NS 5. The sequences are deposited in GenBank, and fungal strains are: Ophiostoma
stenoceras,
University
of California,
Berkeley 57.013 (also in T. Harrington’s,
Iowa State University collection as C447),
Sporothrix schenckii American Type Culture Collection (ATCC) 14284. We also sequenced the gene for the 18s ribosomal
RNA subunit from S. schenckii ATCC
10213. We found no differences between
the two strains and used the completed,
corrected sequence ‘of one strain, ATCC
14284, for our analysis. The sequences
from the five fungi were easily aligned
across their whole lengths, by first using
the Genalign option in the Intelligenetics
Inc. package and then visually changing the
positions of single-nucleotide
gaps to max-

imize aligned sites. Aligned sequences are
available on request.
We analyzed sequence data using maximum parsimony algorithms and PAUP 3.01
(Kluge and Far-r-is, 1969; Swofford, 1989) in
order to distinguish between the three possible phylogenetic relationships for 0. ulmi.,
S. schenckii, and 0. stenoceras in Fig. 1.
From over 1700 nucleotides of sequence
data, 149 sites were variable and 32 were
informative. The branch and bound option
in PAUP produced a single most parsimonious tree requiring
164 steps (Fig. 2).
Bootstrapping is a statistical method for assessing the strength with which data support the branches in the most parsimonious
tree or trees. If a branch appears in 95% of
the bootstrap replicates, this support can be
roughly translated into a 95% confidence
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FIG. 1. The possible phylogenetic relationships between S. schenckii,
0. stenoceras,
and 0. ulmi are
diagrammed in these three trees rooted on the branch
to L. persoonii. Trees A, B, and C each predict a different distribution of DNA characters. Tree A predicts
the distribution of DNA changes that we actually
found in analysis of our sequence data.
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FIG. 2. This is the single most parsimonious phylogenetic tree generated from our ribosomal DNA sequence data by the branch and bound option in PAUP
3.01. The percentages are the frequencies with which
branches appeared in 1000 bootstrap replications.
Above the percentages are the numbers of characters
that changed unambiguously on the branches. In the
tree, the clustering of the asexual species S. schenckii
with the sexual species 0. stenoceras inside the genus
Oghiostama receives strong statistical support, appearing in well over 95% of the bootstrap replicates.
Diagrammed to the right is the perithecial sexual state
found in the Ophiostoma
species but missing from S.
schenckii.
Grouping of 0. ulmi with S. schenckii and
0. stenoceras
is also strongly supported by bootstrapping. Sympodulospores, asexual conidia borne on dentitles, characterize both of the Ophiostoma
species as
well as S. schenckii and are diagrammed to the far
right.

level for the grouping (Felsenstein, 1985).
In 1000 bootstrap
replicates,
the two
Ophiostama
species grouped with S.
schenckii 100% of the time, indicating that
the confidence level on the branch grouping
the three is better than 95%. 0. stenoceras
and S. schenckii grouped together 99% of
the time, indicating
that the confidence
level on the branch leading to the two exceeds 95%. To further examine the strength
with which our data support the most parsimonious tree, we used the exhaustive
search option in PAUP which evaluated 15
trees requiring from 164 to 191 steps. The
second and third most parsimonious trees,
grouping 0. ulmi with either 0. stenoceras
or S. schenckii, required 5 additional steps.
The fourth most parsimonious tree, including Neurospora within the Ophiostoma and
Sporothrh group, required an additional 18
steps. Using distance criteria, 0. stenoceras and S. schenckii are much more sim-

IN

Ophiostoma

ilar to each other than to 0. &ml’.
quences of 0. stenoceras and S. s
are identical except at 3 sites of over 470
sites, while S. schenckii and
fered at 28 sites and 0. steno
ulmi differed at 30 sites.
We have demonstrated with st
tistical confidence that S. schenclc
closely related to 0. stenoce
stenoceras is to 0. ulmi. Ophios
a monophyletic
genus unless it
schenckii.

Previous studies used DN
tion, antigenicity,
content: virulence
teristics, and morphology to
close relationship between S, s
Ophiostoma species (Taylor,
donca-Hagler
et al., 1974;
Travassos, 1985).
however, resolve t
schenckii and ~p~iostoma species sedative
to an outgroup or distinguish bet
possibilities
outlined in Fig. 1
1977). The strength of DNA se
acters is that they nest S.
Ophiostoma relative to an outgroup.
Phylogenetic
taxonomy would
St
in
hiostoma. At present,
Article 59 of the Botanical Code of N
clature makes no provisions for inc
asexual fungi in holomo~hic
or ”

fungi lacking sexual states lack ~rn~~rt~~~,
morphological taxonomic characters necessary for generic placement, ~owev~~~ as
we have shown, DNA sequence
aracters
can compensate for missing sex
ClXXESters.
0. ulmi and S, schenckii are two closely
related, economically
impor
Both have been objects of si
search by people whose prim
not taxonomy. That they
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3. Are medical researchers studying the physiology of S. s&en&i aware of research by plant pathologists on 0. ulmi and vice-versa? If they rely on
indexing services in their fields for literature citations,
they might not be. This histogram illustrates a lack of
cross-referencing in the papers cited by medical and
agricultural indexing services. Medline includes only
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under the subject “Ophiostoma”
in either data base.
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same genus is an impediment to communication between the medical mycologists
working on S. schenckii and the plant pathologists working on 0. ulmi (Fig. 3). In
the data base Medline, indexed from 1987
to October 29, 1991, no paper on molecular
transformation
systems was indexed under
and
the key words “transformation”
“Sporothrix.”
However, a protocol for
transforming 0. ulmi (Royer et al., 1991),
which could probably be adapted to transformation
of S. schenckii with minimal
modification,
was indexed under the key
and “transformawords “Ophiostoma”
tion.”
The teleomorph
or sexual state for S.
schenckii, if one existsj may turn out to be
a previously described or a new species but
it will certainly be an Ophiostoma species.
This is the first example where DNA sequence techniques have demonstrated an
anamorph-teleomorph
connection in a statistically supported, evolutionary sense.
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