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The ribosomal RNA genes (rDNA) in fungal cells are organized
in a single linkage group as an array of tandemly repeated multi-
gene units. Each of the approximately 100 units present in the
haploid genome (Fig. 1) contains the genes for large subunit
ribosomal RNA (Is-rRNA), small subunit rRNA (ss-rRNA), and
5.8S rRNA (34) along with transcribed and nontranscribed spacer
regions. Sequence homogeneity-of rDNA repeat units is main-
tained for populations of many species (7) apparently through
gene conversion (26) and unequal chromosome exchange (re-
viewed in 7) in the process referred to as molecular drive or con-
certed evolution. Because of the abundance of rRNA in cells
and the conserved sequences contained there, TRNA has been
viewed as a prime molecule for phylogenetic reconstruction of
organismal histories (35).

In 1985, Lane and associates (23) described a method for rRNA
sequencing with reverse transcriptase in a dideoxynucleotide chain
termination technique. Crude RNA preparations can be sequenced
because the oligonucleotide primers used to initiate the sequence
anneal only to particular unique sequences found in ss-rRNA,
which is abundant in growing cells. This method is extended to
Is-TRNA sequencing by choice of appropriate primers (13). Although
the method is rapid, it is limited to single-strand sequencing and
some nucleotide positions are occasionally unresolvable. Poly-
merase chain reaction (PCR) amplification of genes (34) uses
similar site-specific oligonucleotide primers and allows sequencing
of both DNA strands, extending our ability to rapidly and accu-
rately determine the sequences of particular genes. The advent
of these rapid, low-cost techniques for nucleotide sequence deter-
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minations of genes has made it possible for many laboratories
to use gene sequence comparisons for systematic and taxonomic
studies.

Sequence determination of the complete rRNA molecule or
its gene (rDNA) is possible, but doing so is time consuming.
For purposes of taxonomy and systematics, it may be just as
informative to examine and compare only parts of the molecules
(23).

Identifying variable sequence regions of rRNA. Secondary
structure models (14) and comparisons of nucleotide sequences
from diverse organisms show rRNAs to be composed of a core
structure along with additional, noncore sequence regions (35).
Eukaryotes have sequence regions inserted (16) into the basic
rRNA structure that prokaryotes do not have. The sequences
in these regions often are less constrained than the core-structure
sequences and have been called variable domains and referred
to as D regions (17). The patterns of descent among diverse (22,35)
or closely related species (12,13) have been determined using
sequences from conserved or variable rRNA regions.

Ribosomal DNA Repeat Unit

18S 5.8S 2558

Fig 1. Ribosomal DNA repeat unit, including genes for small subunit
(16-18S) rRNA, 5.8S rRNA, and large subunit (23-28S) rRNA that are
separated by transcribed and nontranscribed spacer regions (lighter lines).
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Fig 2. Nucleotide differences between aligned large subunit (Is) rRNA
sequences from distantly or closely related fungi. A, The proportion of
nucleotide mismatches between aligned sequences of Saccharomyces
cerevisiae (11) and Mucor racemosus (19). The D numbers refer to the
variable domains defined by Hassouna et al (17) after comparison of
Is-rRNA from Escherichia coli and five eucaryotic organisms. Alignment
in the D2 region is ambiguous due to a 104 nucleotide insert in the
M. racemosus sequence, but total similarity could not be further improved
by alignment changes. B, Comparison of D2 and D7 regions of Is-rRNA
from the sibling yeast species S. cerevisiae and S. pastorianus (28)
demonstrating greater variability in the D2 than in the D7 region. C,
Comparison of D2 and D7 regions of the less closely related, but con-
generic, species S. cerevisiae and S. kluyveri (28) showing the relative
variability of these regions. D, Comparison of D2 and D7 region sequences
from Fusarium poae and F. tricinctum sensu stricto showing the usefulness
of D2 region sequences for comparisons of species from Fusarium (data
from A. Logrieco, S. W. Peterson, and A. Bottalico, unpublished).
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To examine the variability between two distantly related fungi,
the complete Is-rRNA sequences from Mucor racemosus (19) and
Saccharomyces cerevisiae (11) were obtained from GenBank,
aligned, and the areas of sequence differences determined (Fig.
2A). M. racemosus has an insertion of about 104 bases in the
D2 region when compared with the sequence of S. cerevisiae,
and because the sequences from these two species cannot be
unambiguously aligned, meaningful comparison of the species
on the basis of D2 region sequences is impossible. However, the
great difference between them suggests that the D2 region will
be useful for comparisons of more closely related species.

Sequences from four regions of ss-rRNA and two regions of
Is-rRNA (200-300 nucleotides per sequence region) were deter-
mined and compared to assess intraspecific and interspecific se-
quence variation (28) among very closely related yeast species.
No intraspecific variation was found in the six sequence regions
examined. Of two Is-rRNA insertion regions examined (D2, D7),
only one would consistently display differences between closely
related species (Fig. 2B,C). This region corresponds to the D2
variable domain of Is-rRNA (17) and is about 200 bases long
in yeasts and Fusarium species. Other regions of Is- and ss-TRNA
showed few or no differences between closely related species (28).

Among Fusarium species, the D2 region is much more variable
than the D1 domain (12) or the D7 domain (Fig. 1D). Sequence
variation at the species or strain level also has been found in
the spacer regions of rDNA from some organisms (e.g., 25,32),
but most sequencing in Fusarium has been conducted using rRNA
template that does not include the spacer regions. The D2 region
of rRNA has been informative for closely related fungi (13,21,24)
from several phylogenetically diverse groups. Because the D2
domain sequences are highly variable in many different groups
of organisms, it seems a good sequence region to examine when
comparing Fusarium taxa.

Intraspecific sequence variation. While rRNA sequence homo-
geneity is maintained in many species (8,12), IDNA from some
higher organisms contains sequence heterogeneity in both individ-
uals and species (9,30). Knowing the amount of intraspecific
variation is fundamentally important for data interpretation.
Because organisms have been found that display different levels
of intraspecific sequence variability, it is necessary to determine
this characteristic for representative taxa in any group being
studied.

Peterson and Logrieco (29) determined partial TRNA sequences
(Fig. 3) for seven strains of Gibberella pulicaris (Fries) Sacc.
(anamorphic state F. sambucinum Funkel) and two strains each
of intraspecific taxa of G. fujikuroi (Sawada) Wollenw. to deter-
mine the amount of sequence variation present in the D2 region
(17) of species and varieties of Fusarium. G. pulicaris has a
heterothallic mating system and interfertility has been assessed
(4). Vegetative compatibility has been tested among the G.
Sfujikuroi varieties studied here (20). The use of fully interfertile
strains or those that are vegetatively compatible avoids the
difficulties of data interpretation that misidentified strains would
cause.

The strains of G. pulicaris (F. sambucinum), isolated from
substrates found on three continents, could be placed in two
sequence groups (Fig. 3) that differ from each other at only one
nucleotide position. Sequence variability within individual strains
was not detected. Some strains with different sequences were iso-
lated from similar geographic regions while some isolates with
the same sequence came from different continents. This may reflect
the normal variability of this species, but it is also likely that
commerce has spread fungal strains found on agricultural products
to many areas where natural dispersal might not take them. Those
strains with different sequences may represent populations of the
fungus that evolved differences under geographic separation
without evolving any reproductive isolating mechanisms. Studies
of larger numbers of strains from different geographic areas may
resolve this question.

Sequence differences (Fig. 3) were not detected among strains
of each of the other biological species examined: G. f. fujikuroi,
G. f. var. intermedia Kuhlman, and G. f. var. moniliformis



(Wineland) Kuhlman. Additionally, no rRNA sequence differ-
ences were found between G. f. intermedia and G. f. fujikuroi.
The significance of this will be discussed later.

Guadet and associates (12) examined sequences from the DI
and D2 insertion regions of the Is-rRNA for 51 strains of several
taxa with Fusarium anamorphs. Several strains of each species
were sequenced and 0.35% sequence difference was found between
strains of Nectria haematococea Berk. & Br. (12), but other species
examined had uniform sequence among different strains. Logrieco
and co-workers (24) examined the D2 region rRNA sequence
of Michrodochium nivale (Fries) Samuels & Hallett (formerly
F. nivale) strains and found no intraspecific sequence variation.

Low intraspecific sequence variation of rRNA sequences suggests
that most Fusarium species could be identified on the basis of
rRNA sequence. Restriction endonuclease fragment length poly-
morphism (RFLP) studies have detected species-specific, and
sometimes strain-specific, bands in fungal biological species (1).
Species-specific sequences (seen as TDNA RFLP bands) have been
used to differentiate entomopathogenic fungi (15) and sibling
species of mosquitos (6). Similarly, oligonucleotide probes that
identify particular rRNA sequences are used to identify and quan-
titate bacterial species in the bovine rumen (31). Techniques for
presumptive identification of Fusarium strains based on RFLP
analysis or oligonucleotide identification of species-specific rDNA
sequences may be possible, given the low level of intraspecific
variation of rRNA encountered to date.

Phylogenetic analysis. Guadet et al (12) obtained rRNA se-
quences from 51 strains of Fusarium species and some related
taxa. Species with Gibberella teleomorphs clustered together, and
the species with Nectria teleomorphs grouped together. M. nivale
sequences were widely different from any Fusarium species
sequences. Current morphological distinctions between the species
examined by Guadet et al (I12) are supported by the lack of
sequence variation among strains of these species. Species of
teleomorphic genera clustering together adds another confirma-
tion that the generic concepts are valid. M. nivale, on the other
hand, is so different from either Nectria or Gibberella species
that Guadet et al (12) consider it to be phylogenetically distinct.

The lack of D2 region sequence differences between G. f.
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Sfujikuroi and G. f. intermedium (29) points out limits of resolution

in this rRNA sequence analysis. It also suggests that the fertility
barriers between these species arose relatively recently and that
they are quite closely related phylogenetically. G. f. moniliforme,
which differs from the varieties mentioned above by two nucleotide
substitutions in the D2 region, apparently became genetically
isolated before the divergence of the other varieties. This interpre-
tation is supported by the measurements of genetic distance
between these varieties made by Ellis using reassociation of nuclear
DNA (10).

M. nivale strain NRRL 3289 is difficult to identify morpho-
logically, presumably because it was maintained in culture for
many years before its storage in liquid nitrogen (24). It is of
interest because it is the only strain of M. nivale that is reported
to produce trichothecene mycotoxins (referenced in 24). Ribo-
somal RNA sequences were determined for this strain and for
two morphologically typical strains. The sequences of all three
isolates were the same. The typical strains have been identified
as M. nivale var. major (24). When these sequences were compared
to those of the M. nivale var. nivale (12) D2 region, there was
a sequence difference of about 3%. This information strongly
supports the distinction between these taxa. In repeating the
mycotoxin analysis, no trichothecene mycotoxins were detected
in cultures of strain NRRL 3289 (24).

If rRNA sequences are changing with a clocklike regularity
in the regions examined, it should be a good molecule for phylo-
genetic reconstruction. However, short and long repetitious se-
quence motifs (16,32,33) have been identified in the D2 variable
domain of human rDNA (16) and other higher organisms (9).
These are presumably generated by slippage mechanisms (16,33)
that would not produce clocklike changes in the sequence. Not
all organisms or all insertion regions have these characteristics
of slippage-generated sequence mutation and sequence regions
should be analyzed for repetitive motifs before use in phylogenetic
analysis (9,16,32,33). Kurtzman and Robnett (21) have found
different rates of rRNA sequence divergence among genera of
yeasts, and thus distance measurements based on D2 region se-
quences may not be comparable between genera. Introgression
of RN A genes has been detected in insects (2), which adds another
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Fig. 3. Aligned nucleotide sequences from the D2 region of large subunit rRNA. The reference line is an arbitrary sequence used to facilitate
comparison of these data to those of Guadet et al (12). Dots indicate that the species has the same nucleotide as the reference sequence. N indicates
the correct nucleotide could not be established. An asterisk is used to indicate spaces added to the sequence to help align the sequences. The
# sign is placed over base positions that Guadet et al (12) found readable and contained the same nucleotide for 51 Fusarium strains examined,
thus suggesting that unresolved bases provide no significant bias in data interpretation. @ marks the Gibberella pulicaris heteromorphic site. Sequences

were determined by direct sequencing of the rRNA (29) and the species

are represented by G. pulicaris (A), five strains; G. pulicaris (B), two

strains; two strains for each of the G. fujikuroi varieties; and Saccharomyces cerevisiae, six strains. (Data from 28,29.) Numbers above the reference
strain refer to the corresponding sequence positions in the published S. cerevisiae sequence (11).
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problem element to phylogenetic analysis because species of hybrid
origin may have patterns of descent that are not indicated by
rRNA sequence (18).

Phylogenetic reconstruction of organismal histories using
nucleotide sequence data has been performed using distance-
matrix calculations (27), parsimony analysis (5), maximum likeli-
hood programs (13), or operator metrics (22). A prime concern,
regardless of the analytical method, is the quality of the data,
and as Avise (3) points out, multiple sources of data may be
needed to confirm phylogenetic histories. Ribosomal RNA se-
quence data from the D2 region are a good measurement of genetic
similarity at the species level and form the basis of phylogenetic
hypotheses, but they should be used in conjunction with other
data for phylogenetic reconstructions.

The addition of rRNA sequences from more strains and species
to our current knowledge of Fusarium will provide a fuller
framework for determining the genetic affinities of Fusarium
species. Sequences of rRNA in conjunction with other data,
especially from unlinked genes, will provide the basis for forming
a phylogenetic reconstruction of the species in this genus.
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