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Laccate polypores of the Ganoderma lucidum species complex are widespread white rot fungi of economic
importance, but isolates cannot be identified by traditional taxonomic methods. Parsimony analysis of nucle-
otide sequences from the internal transcribed spacers (ITS) of the ribosomal gene (rDNA) distinguished six
lineages in this species complex. Each ITS lineage may represent one or more putative species. While some iso-
lates have identical ITS sequences, all of them could be clearly differentiated by genetic fingerprinting using ran-
dom amplified polymorphic DNA (RAPD). To investigate the suitability of RAPD markers for taxonomic identi-
fication and grouping of isolates of the G. lucidum complex, RAPD fragments (RAPDs) were used as phenotypic
characters in numerical and parsimony analyses. Results show that data from RAPDs do not distinguish the
same clades as ITS data do. Groupings based on analysis of RAPD data were very sensitive to the choice of the
grouping method used, and no consistent grouping of isolates could be proposed. However, analysis with RAPDs did
resolve several robust terminal clades containing putatively conspecific isolates, suggesting that RAPDs might
be helpful for systematics at the lower taxonomic levels that are unresolved by ITS sequence data. The
limitations of RAPDs for systematics are briefly discussed. The conclusion of this study is that ITS sequences
can be used to identify isolates of the G. lucidum complex, whereas RAPDs can be used to differentiate between

isolates having identical ITS sequences. The practical implications of these results are briefly illustrated.

Ganoderma lucidum (W. Curt.: Fr.) P. Karsten and allied
species are widespread polypore fungi causing white rot of
hardwoods, conifers, and palms. In the natural forest, these
fungi attack preferably old and declining trees and decay dead
wood and stumps, but severe diseases have been reported for
plantations of khair (8), grapevines (3), oil palm (32, 42, 48),
betel palm, rubber, tea, and other economically important
tropical crops (27, 32, 54). The type of decay caused by Gano-
derma species is influenced by several parameters, including
the Ganoderma species and type of wood, and can range from
simultaneous decay of all wood components to selective delig-
nification (1, 6, 7). The potential importance of identifying
these species and the practical applications of white rot fungi
have been reviewed (6, 18, 23), white rot fungi constituting the
only group of microorganisms shown to be effective in the
biological degradation of lignin.

In the Orient, Ganoderma species are regarded as the herb
of longevity. These fungi have been used in folk medicine for
hundreds of years, and strains are commercially cultivated for
preparation of health tablets. Medicinal benefits of Gano-
derma spp. were reviewed by Jong and Birmingham (19). Iso-
lates used in pharmaceutical and medicinal studies and, con-
sequently, commercially cultivated isolates are generally
named G. lucidum. However, as used in the pharmaceutical
literature, this name encompasses several laccate Ganoderma
species that might differ in their bioactive compounds.

The G. lucidum species complex includes Ganoderma tsugae
Murr., Ganoderma valesiacum Boud., Ganoderma oregonense
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Murr., Ganoderma resinaceum Boud., Ganoderma pfeifferi
Bres., Ganoderma oerstedii (Fr.) Torr., Ganoderma ahmadii
Stey., and several other taxa that are restricted to tropical areas
(2,9, 14, 37-39, 43). The use of traditional taxonomic methods
has been inconclusive for establishing a stable classification of
the group, and these methods are useless for characterization
of individual strains. However, an accurate identification sys-
tem and a phylogenetically based classification of Ganoderma
taxa together with the development of genetic markers for
individual strains would have practical implications in epide-
miology studies, the wood industry, and pharmacology. For
instance, it would help in the monitoring fungal propagation
within and between fields and in bioprospecting for new genes
and new metabolites and would provide useful information for
genetic engineering or breeding of commercial strains.

In a previous study using parsimony analysis of sequences of
DNA coding for rRNA (rDNA), six monophyletic groups of
the G. lucidum complex were identified (34). Delineation of
these groups was in agreement with other sources of taxonomic
data. Intragroup rDNA sequence variation was too low for
further taxonomic segregation, but several lines of evidence
suggested that each group is composed of more than one
species. Some isolates had identical nucleotide sequences in
the internal transcribed spacers (ITS) and other rDNA re-
gions. The results also indicated that several strains were mis-
named.

In this work, the PCR (40) was used with arbitrary primers
to randomly amplify DNA fragments (random amplified poly-
morphic DNA [RAPD]-PCR) (50, 52) of 36 isolates of the G.
lucidum species complex. The purpose of the study was to
investigate the use of RAPD profiles in the species complex for
(i) differentiation of individual strains, (ii) grouping and iden-
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TABLE 1. Fungal isolates and nucleotide sequence accession numbers in the European Molecular Biology Laboratory (EMBL) data library

Phyletilc Isolate no.” Given name(s) (reference or source of information)” Geogr.aphlcal w
group origin ITS 1 1TS 2

I.1 FWP 143297 G. ahmadii (43) Pakistan 737047 737098
L1 CBS 282.33¢ G. valesiacum (CCRC) United Kingdom 737056 737081
L1 CBS 223.48¢ G. tsugae — G. valesiacum (CCRC) Canada 737054 737079
I.1 CBS 428.84¢ G. tsugae — G. valesiacum (CCRC) United States X78735 X78756
L1 ATCC 467544 G. lucidum — G. tsugae (CCRC) United States 737055 737080
I1 ATCC 46755¢ G. lucidum (CCRC) — G. valesiacum aggregate (34) Canada 737052 737076
L1 CBS 177.30¢ G. oregonense (CCRC) United States 737060 737100
L1 ATCC 46750¢ G. oregonense (CCRC) Canada 737061 737101
1.2 RYV 33217¢ G. lucidum (37a) Norway 737096 737073
1.2 CBS 270.81¢ G. lucidum (CCRC) France 737049 737099
1.2 ATCC 52409¢ G. oerstedii (CCRC) Argentina 737058 737083
1.2 ATCC 524107 G. oerstedii (CCRC) Argentina X78739 X78760
II.1 ATCC 524114 G. oerstedii (CCRC) — G. resinaceum (52a) — Ganoderma sp. 1 (34) Argentina 737059 737084
1.1 RSH RZ¢ G. lucidum (17) — Ganoderma sp. 2 (34) Taiwan® X78743 X78764
I1.1 RSH G001 G. lucidum (17) — Ganoderma sp. 2 (34) Taiwan X87345 X87355
II.1 RSH 0630/ G. lucidum (17) — Ganoderma sp. 2 (34) Taiwan X87346 X87356
II.1 RSH 0708 G. lucidum (17) — Ganoderma sp. 2 (34) Taiwan X87347 X87357
1.1 RSH 0926/ G. lucidum (17) — Ganoderma sp. 2 (34) Taiwan X87348 X87358
1.1 RSH 0922 G. lucidum (17) — Ganoderma sp. 2 (34) Taiwan X87350 X87360

1.1 RSH 0815 G. lucidum (17) — Ganoderma sp. 2 (34) Taiwan ND# ND
II.1 RSH 0709 G. lucidum (17) — Ganoderma sp. 2 (34) Taiwan X87349 X87359
1.1 RSH 06267 G. lucidum (17) — Ganoderma sp. 2 (34) Taiwan 737048 737072
II.1 ATCC 324714 G. lucidum (CCRC) — Ganoderma sp. 2 (34) India X78744 X78765
1.1 ATCC 32472 G. lucidum (CCRC) — Ganoderma sp. 2 (34) India X87351 X87361
11.2 RSH J2 G. lucidum — G. tsugae (17) — Ganoderma sp. 3 (34) Japan® X78746 X78767
1.2 RSH BLC G. lucidum — G. tsugae (17) — Ganoderma sp. 3 (34) Taiwan® 737097 737078
11.2 RSH 1109* G. lucidum — G. tsugae (17) — Ganoderma sp. 3 (34) Taiwan® X78747 X78768
IIL.1 CBS 430.84¢ G. lucidum (CCRC) — Ganoderma sp. 4 (34) United States 737051 737075
IIL.1 RSH TEX.1¢ G. lucidum (26a) — Ganoderma sp. 4 (34) United States® 737053 737077
II1.2 CBS 194.767 G. resinaceum (CCRC) Netherlands X78737 X78758
II1.2 CBS 152.27¢ G. resinaceum (CCRC) — G. pfeifferii (34) United Kingdom 737062 737085
II1.2 CBS 747.844 G. pfeifferi (CCRC) Netherlands X78738 X78759

ZHANG 0932 G. tsugae (53a) China ND ND
RSH J1 G. lucidum (40a) — Ganoderma sp. (R. S. Hseu) Japan® X87352 X87362
ACCC 5.65 G. lucidum (ACCC) China X87354 X87364

ACCC 5.75 G. lucidum (ACCC) China ND ND

“ Phyletic group numbers are as described by Moncalvo et al. (34).

b Strains were from the collections of X. Q. Zhang (ZHANG), R.-S. Hseu (RSH), L. Ryvarden (RYV), the herbarium of the Jardin Botanique de Belgique (Meise,
Belgium) under the label Fungi of West Pakistan (FWP), the American Type Culture Collection (ATCC; Rockville, Md.), the Agriculture Culture Collection Center
(ACCC; Beijing, China), and the Culture Collection and Research Center (CCRC; Hsinchu, Taiwan).

¢ Original identification is followed by name change(s). Sources of identification were the catalog of the Agriculture Culture Collection Center (ACCC), Beijing,
China, the catalog of the Culture Collection and Research Center (CCRC), Hsinchu, Taiwan, and as otherwise indicated.

@ Isolates used in a previous TDNA systematic study (34).
¢ Commercially cultivated strains.

/Hybrid between I1.1 RSH RZ and II.1 RSH G001.
&ND, ITS sequence not determined.

tification of isolates, and (iii) systematics of taxonomic aggre-
gates that were unresolved by ITS sequence data. RAPD-PCR
is one of the most sensitive and efficient methods currently avail-
able for distinguishing between different strains of a species (10).
For instance, RAPD markers distinguished between individual
strains and meiotic progeny of the cultivated mushroom Agar-
icus bisporus (22) and between clinical isolates of the fungal
pathogens Histoplasma capsulatum (21) and Cryptococcus neo-
formans (31). RAPD markers identified strains of the bacterium
Xanthomonas campestris pv. pelargonii (29), races of Gremme-
niella abietina (15), ZG groups of Rhizoctonia solani (12), geo-
graphically distinct populations of Phytophthora megasperma
(26), and different populations and species of arbuscular-mycor-
rhizal fungi (53). RAPD fingerprintings were also used in system-
atic studies of species aggregates: they delineated three distinct
species of Borrelia (spirochete) (51), four intersterility groups of
low-temperature basidiomycetes (24), and five putative species
in the Stylosanthes guianensis complex (higher plants) (20).

The suitability of RAPD analysis for systematic studies still
needs to be tested by comparison of RAPD data with other
systematic data. This study evaluates RAPD grouping in com-
parison with ITS-based phyletic groups. The suitability of
rDNA sequencing for phylogenetic reconstruction and system-
atics of fungi has been widely demonstrated and reviewed by
Bruns et al. (11) and by Hibbett (16). This work is the first
study comparing RAPD fingerprinting with rDNA sequencing
in fungal systematics. Because RAPD profiles are simpler and
faster to produce than DNA sequences, they may present sev-
eral advantages for taxonomic identification and grouping of
isolates in the G. lucidum species complex.

MATERIALS AND METHODS

Fungal isolates. Table 1 lists the 36 fungal isolates used in this study. Isolates
labelled with an asterisk in Table 1 were classified into six phyletic groups on the
basis of a previous phylogenetic study using rDNA sequences (34). In Table 1,
these groups are labelled 1.1, 1.2, I1.1, I1.2, III.1, and IIL.2, of which I.1 and 1.2,
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II.1 and II.2, and III.1 and III.2 were monophyletic (34). Isolates RSH G001,
RSH 0630, RSH 0708, RSH 0926, RSH 0922, RSH 0815, RSH 0709, and ATCC
32472 were classified in II.1 because they are interfertile with group II.1 isolate
RSH RZ (II.1 RSH RZ) (17). Isolates ZHANG 0932, RSH J1, ACCC 5.65, and
ACCC 5.75 were not classified. With the exception of G. ahmadii FWP 14329
(fragment of basidiocarp of the type specimen), all isolates were maintained as
mycelial colonies on potato dextrose agar (Difco). Mycelia were grown in potato
dextrose broth (Difco) for 1 to 2 weeks at 25 to 30°C and then harvested,
lyophilized, and stored at —20°C until DNA extraction. Both tissue of the context
of the basidiocarp and in vitro-grown mycelia of III.1 RSH TEX.1 were used in
the experiment.

DNA isolation, PCR amplification, sequencing, and phylogenetic analysis of
ITS sequences. DNA isolation, PCR amplification, and cycle sequencing of the
ITS region were done as described elsewhere (33). Nucleotide sequences were
aligned by eye.

Determination of nucleotide sequence variation between isolates was by com-
parison of pairwise distance in the program package PAUP version 3.0 (46)
configured for the Macintosh. Phylogenetic analysis based on parsimony was
performed by use of PAUP (46) with cladistically informative characters only.
When two or more taxa had an identical sequence, only a single sequence was
used in the analysis. We performed a heuristic search by use of random taxon
addition sequence with the number of replicates set to 20. Other settings in
PAUP were as follows: gaps were coded as fifth base, all characters were
weighted equally, MAXTREES was unrestricted, the MULPARS option and
steepest descent option were in effect, branches having maximum length zero
were allowed to collapse to yield polytomies, and tree bisection-reconnection
(TBR) branch-swapping was performed on starting trees. Isolates of group III.2
were designated as an outgroup to root the tree. The robustness of the tree was
evaluated by 100 bootstrap replications by use of simple addition sequence.

RAPD using arbitrary primers. RAPD profiles were produced by the method
of Williams et al. (52) and Welsh and McClelland (50). The oligonucleotide
sequences of the primers used are given in Table 2. Reagents were from Perkin-
Elmer Cetus. The reaction mixtures were prepared on ice. To determine exper-
imental conditions yielding several amplification products and the reproducibility
of RAPD profiles, preliminary experiments were conducted with a limited num-
ber of isolates by varying the concentrations of MgCl,, deoxyribonucleotide
triphosphates (ANTPs), AmpliTaqg DNA polymerase, primer and template DNA,
and annealing temperature in the PCR. However, we did not try to create
conditions that yielded the highest number of RAPDs for each primer. Ampli-
fication reactions were performed with a total volume of 25 pl and standardized
as follows for taxonomic analysis of RAPDs: 0.2 to 5 ng of template DNA (in 10
wl of H,0), 0.6 uM primer, 50 wM each dNTP, 2.5 mM MgCl,, 50 mM KCl, 10
mM Tris-HCl (pH 8.3), and 0.5 U of AmpliTaq DNA polymerase. In each
amplification reaction, a control sample without DNA was included. Reaction
mixtures were covered with a drop of sterilized mineral oil. Ice-cold samples
were quickly transferred in a Perkin-Elmer Cetus thermal cycler (model 480)
preheated at 98°C and incubated at this temperature for 2 min to denature the
DNA completely. Samples were then subjected to 45 cycles of amplification as
follows: 1 min at 95°C to denature the DNA, 1 min at 36°C to anneal the primers,
2 min at 72°C to extend the annealed primers. A final extension step of 10 min
was programmed to ensure complete extension of the amplified products. Each
DNA was amplified one to three times by use of the conditions described above.
The amplified fragments were analyzed by electrophoresis of 10 wl of the am-
plification reaction mixture in 2% agarose gels run in Tris-acetate-EDTA buffer
(28). A molecular size marker (Boehringer Mannheim marker VI) was loaded in
the external lanes of the gel for correction of a possible “smiling effect” during
electrophoresis and to facilitate comparison of RAPD profiles from gel to gel.
RAPDs were visualized after staining with ethidium bromide (28) and photo-
graphed with a UV transilluminator. Scanning gels into a computer and using the
program package NCSA Gel Reader (University of Illinois at Urbana, Cham-
paign) for measuring fragment size and resolving bands of low intensity did not
offer better precision than the hand-and-eye method, and the latter was finally
preferred for recording data.

Taxonomic analysis of DNA amplification fingerprints. Amplified fragments
were scored 1 for presence and 0 for absence and recorded in a data matrix.
Similarity between isolates was determined by the band-sharing coefficient (F)
calculated by the formula of Nei and Li (36), i.e., F = 2N,,/(N, + N,), where N,,
is the number of common amplified fragments between two isolates and N, and
N, are the number of fragments in isolates X and Y, respectively. The functional
form of the relationships between RAPD similarity coefficient and ITS sequence
difference was examined by use of Cricket Graph 1.3 (Cricket Software, Malvern,
Pa.). Amplified fragments were treated as phenotypic characters, and numerical
analyses were performed with SYSTAT 5.1 for the Macintosh (1990-91;
SYSTAT Inc.) by use of normalized percent disagreement (NPD) as the distance
metric and the average-linkage clustering method. The NPD distance produces
a distance index that is the percentage of comparisons of values resulting in
disagreement in two profiles and was preferred to the band-sharing coefficient F
for cluster analysis because NPD takes in consideration the whole structure of
the data set. The sensitivity of the phenogram to the clustering algorithm was
determined by use of the complete-linkage and Ward minimum variance meth-
ods. Although we did not consider RAPDs to be phylogenetic characters, the
data matrix was also subjected to parsimony analysis in PAUP (46) to identify
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TABLE 2. Oligonucleotide primers used in this study

Primer

designation Sequence Reference
R1 TGCCGAGCTG 2
R2 AGTCAGCCAC 2
R3 AATCGGGCTG 2
R4 GAAACGGGTG 2
R5 GCGATCCCCA 21

taxonomic groups by use of a character-based method and to determine whether
RAPD-based phenetic groups were robust independently of the analytical
method used. PAUP settings were as described for parsimony analysis for the
ITS data set.

RESULTS

ITS variation and phylogenetic analysis. ITS sequences en-
compassing the entire ITS 1 and ITS 2 regions were deposited
in the European Molecular Biology Laboratory and given the
accession numbers shown in Table 1. Sequence alignment was
unambiguous except for three small regions showing several
deletion or insertion events. Different possible alignments in
these small regions had no effect on the overall topology of the
phylogenetic trees (34); therefore, all characters were included
in this study. ITS sequence variation between isolates is shown
in Table 3. No sequence difference was found between II.1
RSH RZ, II.1 RSH G001, and their progeny (II.1 RSH 0630,
I1.1 RSH 0708, and II.1 RSH 0926) and between other phylo-
genetically closely related organisms (Table 3). Parsimony
analysis of the ITS data set used 76 phylogenetically informa-
tive characters and produced 52 equiparsimonious trees of 104
steps in length. The strict consensus tree is depicted in Fig. 1.

The result of phylogenetic analysis was similar to that of our
previous work, which used a rather similar sample (34), and
will therefore not be presented in detail here. In Fig. 1, group
II1 is paraphyletic as a consequence of group III.2 being chosen
as an outgroup to root the tree, but group III is monophyletic
if the tree is rooted either with 1.1, 1.2, II.1, or IL.2 (34).
Bootstrapping the data matrix showed that monophyly of lin-
eages I, II, and III and of groups I.1 to III.2 is strongly sup-
ported (91 to 100% confidence level). Strains not used in our
previous study (Table 1) were grouped as follows. Isolates that
were classified in II.1 from interfertility studies all grouped
with other isolates of II.1, and isolates J1 and 5.65 clustered in
group IL.2. ITS sequences of strains ZHANG 0932 and ACCC
5.75 were not produced, and taxonomic identification of these
isolates will be discussed later.

Figure 1 shows that basal relationships between lineages I,
II, and III and intragroup relationships of groups 1.1 to II1.2
remain unresolved. Our sample was biased both toward re-
cently diverged isolates (0 to 10 nucleotide differences in ITS)
and distantly related taxa (>25 nucleotide differences) (see
Fig. 4), suggesting that there is room for additional taxa in the
G. lucidum complex, which might help in resolving basal phy-
logenetic relationships between lineages I, II, and III. Intra-
group ITS variation was 0 to 2.5% in I.1 (two to four putative
species), 0 to 0.25% in 1.2 (two putative species), 0 to 3% in
IL.1 (two species), 0 to 1.25% in 11.2 (including strains RSH J1
and ACCC 5.65), 0.5% between the two isolates of III.1, and
0.5 to 1.75% in II1.2 (two species) (Table 1 and 3).

DNA amplification polymorphisms (RAPD-PCR). Prelimi-
nary experiments using selected isolates with primers R1 to RS
showed that the concentrations of MgCl,, AmpliTaq DNA
polymerase, dNTPs, template DNA, and annealing tempera-
ture in the PCR were all critical experimental parameters for
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TABLE 3. Pairwise comparison between nucleotide sequence differences in ITS* and RAPD similarity coefficients (F value) between isolates.

No. of sequence differences and similarity coefficient (10%) for isolate”:

Isolate Taxa
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
1 1.1 FWP 14329 3 4 8 3 6 6 6 910 9 9 ND° 30 30 35 33 34 37 37 37 37 37 37 ND 37 39 38 37 38 45 42 43 44 44 ND
2 1.1 CBS 282.33 21 1 2 0 3 3 3 6 7 6 6 ND 31 31 34 33 34 34 34 34 34 34 35 ND 35 36 37 35 36 43 40 40 38 38 ND
3 1.1 CBS 223.48 19 78 4 0 2 2 2 5 6 5 5 ND 30 30 33 32 33 33 33 33 33 33 34 ND 34 35 36 34 35 42 39 39 37 37 ND
4 1.1 CBS 428.84 25 42 37 2 2 2 2 5 6 5 5 ND 29 29 31 30 31 31 33 33 33 33 34 ND 34 33 34 34 34 40 37 37 37 37 ND
5 1.1 ATCC 46754 22 89 75 36 0O 0 0 3 4 3 3 ND 28 28 31 30 31 31 31 31 31 31 32 ND 32 33 34 32 33 40 37 37 35 35 ND
6 1.1 ATCC 46755 6 35 35 29 38 0 0 3 4 3 3 ND 26 26 33 32 33 33 31 31 31 31 32 ND 32 35 36 32 30 42 39 39 35 35 ND
7 1.1 ATCC 46750 19 20 19 19 18 22 0 3 4 3 3 ND 28 25 31 30 31 31 31 31 31 31 32 ND 32 33 34 32 35 40 37 37 35 35 ND
8 1.1 CBS 177.30 13 22 21 17 20 20 79 3 4 3 3 ND 28 28 34 33 34 30 31 31 31 31 32 ND 32 32 33 32 35 41 38 38 35 35 ND
9 1.2 RYV 33217 25 54 45 18 50 48 33 26 0 0 0 ND 27 27 35 33 34 30 30 30 30 30 31 ND 31 32 33 31 29 41 38 38 36 36 ND
10 1.2 CBS 270.81 25 42 39 22 44 41 33 26 67 1 1 ND 27 27 34 33 34 30 29 29 29 29 30 ND 30 32 33 30 29 41 38 38 37 37 ND
11 1.2 ATCC 52409 21 41 31 21 39 20 27 35 51 56 0 ND 28 28 34 33 34 30 30 30 30 30 31 ND 31 32 33 31 33 41 38 38 36 36 ND
12 1.2 ATCC 52410 20 35 35 24 33 36 23 21 44 53 60 ND 30 30 35 34 35 33 30 30 30 30 31 ND 31 35 34 31 33 41 38 38 36 36 ND
13 ZHANG 0932 24 39 27 24 37 32 42 29 44 41 28 40 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
14 1111 CBS 430.84 21 31 41 8 33 43 31 22 25 30 41 49 32 2 17 14 15 32 32 32 32 32 33 ND 33 32 33 33 35 38 35 36 36 34 ND
15 III.1 RSH TEX.1 26 29 28 11 30 29 31 35 54 54 58 45 29 43 17 14 15 32 32 32 32 32 33 ND 33 32 33 33 34 38 35 45 36 34 ND
16 12 CBS 194.76 43 19 25 22 24 5 13 27 17 23 23 26 22 30 28 5 7 43 43 43 43 43 43 ND 43 45 46 43 44 48 45 45 44 44 ND
17 1.2 CBS 15227 15 29 28 21 23 10 20 22 19 26 29 33 33 25 37 27 2 41 41 41 41 41 41 ND 41 42 43 41 45 44 41 43 42 42 ND
18 III.2CBS 747.84 18 24 18 18 17 5 18 24 7 7 8 23 28 15 11 41 59 43 43 43 43 43 43 ND 43 49 45 43 46 45 42 44 43 43 ND
19 II.1 RSH RZ 35 30 26 16 28 30 39 36 43 49 48 37 33 54 56 32 31 15 0 0 0 0 0 ND 0 1 2 0 9 41 29 29 30 30 ND
20 II.1 RSH G001 26 42 39 22 37 29 25 26 29 26 26 36 36 32 42 35 30 33 46 0 0 0 1 ND 1 1 2 2 9 31 29 29 30 30 ND
21 II.1 RSH 0630 15 33 28 15 35 24 20 22 23 29 25 33 33 44 37 32 30 34 52 68 0 0 0 ND O 1 2 1 9 31 29 29 30 30 ND
22 II.1 RSH 0708 24 34 27 24 32 31 20 25 33 36 34 41 34 31 43 33 32 31 50 67 71 0 0 ND 0 1 2 1 9 31 29 29 30 30 ND
23 II.1 RSH 0926 26 26 24 21 31 34 12 19 26 33 26 34 30 30 37 37 31 35 46 58 67 76 1 ND 1 1 2 2 9 31 29 29 30 30 ND
24 1I.1 RSH 0922 22 19 18 17 20 20 39 36 26 32 23 36 33 29 36 31 42 33 46 43 45 48 58 ND 0 2 3 0 9 32 30 30 30 30 ND
25 II.1 RSH 0815 10 28 26 10 29 22 30 35 34 28 28 35 43 31 18 26 37 32 46 57 45 47 46 46 ND ND ND ND ND ND ND ND ND ND ND
26 II.1 RSH 0709 13 38 31 13 30 24 21 23 31 31 32 32 29 29 29 19 41 29 48 43 44 44 38 52 49 2 3 0 9 32 30 30 30 30 ND
27 11.1 RSH 0626 38 35 38 21 33 32 31 29 43 51 51 43 29 57 56 38 22 12 8 49 48 50 49 39 39 45 3 3 10 32 30 30 31 31 ND
28 II.1 ATCC 32471 35 29 29 15 25 22 32 27 43 51 41 36 33 59 58 25 31 15 79 42 44 43 38 42 42 45 81 4 12 33 31 31 33 33 ND
29 II.1 ATCC 32472 22 29 32 13 27 12 32 30 32 32 39 40 22 32 33 27 30 25 46 40 42 48 35 57 50 52 43 45 10 31 29 29 30 30 ND
30 II.1 ATCC 52411 6 38 33 13 36 24 19 13 22 15 13 15 35 21 15 6 26 30 12 27 21 17 22 23 24 22 13 12 22 33 33 33 31 31 ND
31 112 RSH J2 19 46 40 22 45 32 34 41 39 29 31 25 29 31 40 27 26 32 36 35 30 39 36 21 31 29 29 30 26 33 3 5 4 4 ND
32 11.2 RSH BLC 0 33 36 24 35 33 23 33 21 25 29 33 24 30 33 16 35 29 27 26 25 28 26 21 19 21 25 23 17 31 55 2 1 1 ND
33 I1.2 RSH 1109 9 36 32 22 38 33 36 43 29 29 23 19 22 26 33 20 19 21 31 34 23 29 27 17 29 23 20 22 17 18 69 57 1 1 ND
34 RSHIJ1 27 26 21 13 17 21 32 30 35 35 30 44 44 39 42 28 42 34 47 41 42 42 35 37 29 43 47 52 31 9 36 206 31 0 ND
35 ACCCS5.65 20 30 30 8 25 34 26 28 55 60 45 44 31 59 48 22 28 12 58 31 32 36 32 38 30 34 38 60 38 16 28 24 22 44 ND
36 ACCCS.75 23 23 22 15 21 21 25 29 29 39 32 26 16 32 46 34 23 18 44 27 30 37 27 27 16 35 47 44 30 0 27 19 33 48 45

“ITS length of these isolates being about 400 bp in size (34), four sequence differences between two isolates correspond approximately to 1% of nucleotide variation in ITS.
® Numbers of ITS sequence differences are shown in the upper triangle of data. RAPD similarity coefficients (10?) are shown in the lower triangle of data.
¢ ND, not determined.
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FIG. 1. Phylogenetic relationships between isolates listed in Table 1 inferred
by ITS nucleotide sequence data. The tree depicted represents the strict con-
sensus tree of 52 equiparsimonious trees by use of a heuristic search in PAUP
(46) from 76 cladistically informative characters. Tree length = 104; consistency
index = 0.808; retention index = 0.923. Values above branches are confidence
levels estimated by 100 bootstrap replicates. Asterisks indicate the taxa not used
in our previous molecular phylogeny for the G. lucidum species complex (34),
and arrows indicate isolates not classified in Table 1 for which ITS sequences
have been produced in this work.

producing RAPDs (data not shown). Amplification products
were detected only in the range of 1 to 4 mM MgCl,. RAPD
profiles were not routinely reproducible at enzyme concentra-
tions higher than 1 U/25 pl. Concentrations of template DNA
in the range 0.5 to 5 ng (a twofold higher dilution than that
used to amplify ITS) yielded higher numbers of bands, but in
some samples, a two- to fivefold-higher dilution enabled better
visualization of bands of lower intensity in agarose gels stained
with ethidium bromide. Higher DNA concentrations resulted
in the loss of bands of low intensity, as did DNA concentrations
lower than 0.1 ng. We therefore routinely used 0.5 to 5 ng of
template DNA in our standardized procedure and ran a two-
fold-diluted sample when the interpretation of a profile was un-
clear. We observed that some DNAs yielded more bands when
the MgCl, and dNTP concentrations were increased to 3 mM
and 200 p.M, respectively (data not shown). In the comparative
analysis, we scored only bands visualized by the standardized
amplification procedure. This point will be discussed later.
With the standardized amplification procedure, primers R1
to R5 (Table 2) yielded 2 to 11, 2 to 10, 2 to 10, 1 to 11, and 1
to 10 amplification products, respectively. RAPD profiles were
reproducible for all isolates. In all experiments, the RAPD
profile of strain RSH TEX.1 generated from DNA prepared
from dry basidiocarp tissue was identical to that produced from
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FIG. 2. RAPD fingerprinting of dikaryotic strains II.1 RSH RZ and II.1 RSH
G001 and their progeny by use of primers R3 (lanes 2 to 6) and R5 (lanes 8 to
12). Lanes: 1, 7, and 13, molecular size marker VI (Boehringer GmbH, Mann-
heim, Germany); 2 and 8, strain II.1 RSH RZ; 3 and 9, strain I1I.1 RSH GO001; 4
and 10, strain I1.1 RSH 0630; 5 and 11, strain I1.1 RSH 0708; 6 and 12, strain II.1
RSH 0926.

DNA isolated from cultivated mycelium. Each primer-DNA
combination produced a distinct PCR fingerprint, with the
exception of R5-II.1 RSH G001 and R5-II.1 RSH 0630 (Fig.
2). Figure 2 shows RAPD fingerprints produced by primers R3
and R5 with II.1 RSH RZ and II.1 RSH G001 and their
progeny. All strains employed in this study were clearly distin-
guished when RAPD profiles produced by the five primers
were pooled.

No bands or profiles were diagnostic for groups 1.1 to II1.2.
Taken together, the five primers yielded 125 scorable bands
(polymorphic DNA fragments) that ranged from 0.1 to 2.83 kb
in size. The presence or absence of bands was scored for each
isolate to produce the data matrix shown in Fig. 3. All visible
bands were recorded. It was sometimes difficult to score bands
of lower intensity correctly, but the overall topology of RAPD
phenograms was not affected by minor differences in the data
matrix that could result from misinterpretation of bands of
lower intensity (data not shown).

Comparison of RAPD similarity and ITS sequence diver-
gence. The RAPD similarity coefficients (F value) between
isolates ranged from 0 to 0.89 and are given in Table 3 together
with ITS sequence differences. To facilitate pairwise compar-
ison, RAPD similarity and ITS divergence are plotted in Fig. 4.
The figure shows that isolates having higher levels of RAPD
similarity (0.60 to 0.89) also have lower ITS sequence diver-
gence (0 to 5 nucleotide substitutions, ca. 98.75 to 100% ITS
sequence similarity). Figure 4 also indicates that there is little
overall relationship between ITS and RAPD similarities
throughout our sample: RAPD similarity coefficients of strains
having identical ITS sequences or differing by 1 to 5, 6 to 25,
and 26 to 49 nucleotides largely overlap (F = 0.18 to 0.89, 0.05
to 0.85, 0.06 to 0.55, and 0 to 0.60, respectively). As a conse-
quence, intraphylum RAPD similarity coefficients (F,,,,,) over-
lap with interphyla similarity coefficients (Fiyer): Finga and
Fer values were 0.09 to 0.78 and 0 to 0.54, respectively, in 1.1
(8 isolates), 0.44 to 0.67 and 0.07 to 0.58, respectively, in 1.2
(4 isolates), 0.12 to 0.85 and 0.10 to 0.56, respectively, in II.1
(12 isolates), 0.22 to 0.69 and 0 to 0.60, respectively, in IL.2 (6
isolates), 0.43 and 0.08 to 0.59, respectively, in II1.1 (2 isolates),
and 0.27 to 0.59 and 0.05 to 0.43, respectively, in I1I1.2 (3
isolates) (Table 3). The interfertility group (biological species)
labelled Ganoderma sp. 2 in Table 1 included 11 isolates from
India and Taiwan that differed by only 0 to 3 nucleotides, and
RAPD similarity coefficients were 0.35 to 0.85 (Table 3).

Taxonomic analysis of RAPD profiles. The data matrix in
Fig. 3 was used for numerical and parsimony analyses to iden-
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2 5 7 0 2

1 5 4 9 1 5

I.1-14329 600000000000101001000100000000000000000000010060060100000000000000000000110000000000000011010000000000000000000011001611000000
I.1-282.33 110100100010001001000000000010010110110000000101000000010010010010101110000000000600000001001000000000000010001010100101010000
I1.1-223.48 11010010001000100100000000000000001001001000000100000001001001021000101000010000000000101001000000000000010001000000101010000
I.1-428.84 00001000001010000100000000000001000001000101000100000000000100001010001000000000000000001001000000000000000000000000000001000
I.1-46754 1101001000100010010000000001100101101100600000161000000010010010010001000100000000000000010010000000000000100010060100101000000
1.1-46755 10001000101000000000000000000010001011010100000000000000110001000001000000001000000000000001000000000000010001000001000000000
I.1-46750 00001011000100010101000000000000000010001000000000001000100110010100010100000000000001000001001000000000101010000101010000010
I.1-177.30 00001001000101010111000010000000000010011000000000100000100110010100110100000000000001000001001000000010101010000100100000010
1.2-33217 10100010001000101100000000000110011010011011010000000001110002000101011010100000000100000001000000000100010001100101011110000
1.2-270.81 00010010001010101100000000000001001010010000000010000001110001000101001010100000010101100111011001000100010101100101010000000
1.2-52409 000000000001010001100100000000010110000000011101000000011000010001012210100000000101011001000000000006010000101200100010000000
I.2-52410 00010010001001010010000000000001001100000101000000000001100001000101011010000000000006100100000000000000000101001001000000000
II.1-R2Z 00001100010010100111000100000000011111000010000000000000010000010101010100000000100001110110000000000010000101100101011000000
II.1-G001 00011000010000000010000100000000001101000000000000000000000010011001011110000000000010001000000000110001010001010111101000100
I1.1-0630 00011000010010000011000100000000000101000000000000000000001000101001010610000000000001000100000000010001010001000101101000000
I1.1-0708 00000000010010000010000100000000000111010101000000010000001000601001011111000000001001000100000000110001010101000111101000000
II.1-0926 00000000010010000010000102000000000001010100000000010000000000001001000110000000000000000100000000000001010101000101101000000
II.1-0922 00001010010010011001100001000000100001010100001000000000000010000100010110000000100010100100000000000001000100000101101000010
II.1-0815 000000000100000100106001000000100001111000000000000000000000010011101010110100100100000100000000000000001010000000100100100000
II1.1-0709 00000000010000000001101000000000101011000010000000000000001101100001011000100200100010110100000000000001000101010100101000010
II.1-0626 00001000010010100110000100000000011101000010000000000000010001010101101100000000000001110110000000000000000101000101011000000
II.1-32471 00000000010010101111000100000000011101000010000000000000010001010101011100000000100001110110110111000000000000000101011000000
II.1-32472 00000000010000010011100000000000101001001001001000001001001010000100011010000000101001110010000000000001010100000100001000000
II.1-52411 10010010000100000000000001000100011001000000000000010000001020000000000000000000000000000001000000000001000000010000000000000
II.2-J2 00100101001100100010000000011100016011001101000000000110101001011000010100000000010011000001010000001010110001010000101000000
II.2-BLC 00000010001001000010030000000000010001000100000000000000101000010000000000000000000011000001010000000010000001000000100000000
IT.2-1109 00000101001001000001000000011000010011001100000000000000100000011000000100100010000101000001010000000010110001010000100000100
III.1-430.84 10010010111010101011000000000110001100001000100000000001110001010001000000000000000001100110010000000000000001000101010000000
III.1-TEX.1 00000000000100000100000000000100011100010111000001000001110000010101110110000000010101100110110100000000000001100101101000100
III.2-194.76 00011000000010100010000000000000000000101001000000100000000000001000100110000000000010010110000000000000000100000000100100100
III.2-152.27 00000010000011001110000000100000001000000100000000001000001000001000010000000100100010100100000000000001001000110000100000000
III.2-747.84 0001000100001001001000000110000000000000010000000000000000100000100001000000000000001.0010000000000000001001000010000100100000
Jl 00000001000010101011000000000000001100100110000000001000000000000101011000100000000011000100100000000000100011011001101000000
5.65 00100010110010101011000000000000001100010010000000000000110001000100111000000010000000100010110000000110010101100101010000000
5.75 00000100100010100001200000000000000100100100000000101000010101000101101001000011000101010110010000100000101001100100101000101
0932 00010010000100101010000000200000001011000100000000000000000000000101010011100000000000001001000000000000000010010101000101000

FIG. 3. Matrix of presence (1) or absence (0) of RAPDs for isolates of Table 1 developed by use of primers R1 (lanes 1 to 24), R2 (lanes 25 to 53), R3 (lanes 54
to 78), R4 (lanes 79 to 100), and R5 (lanes 101 to 125).

strain III.1 RSH TEX.1 can be classified with 1.2 ATCC 52409

tify robust taxonomic groups. The phenogram depicted in Fig.
5 shows that average-linkage, complete-linkage, and Ward
minimum variance methods produced identical terminal clus-
ters except in their placement of isolate 5.65. Deeper branches
of the phenogram, however, were sensitive to the choice of
clustering algorithm. The strict consensus tree of parsimony
analysis resolved terminal groups that were rather similar to
those found in numerical analysis (Fig. 5) and did not resolve
deeper branches (data not shown). Parsimony analysis partially
summarized the different cluster analyses since it collapsed
most branches that were in conflict when different clustering
methods were used. By parsimony analysis, 15 groups were
detected by bootstrapping the data matrix, four of which were
found in 80% or more of bootstrap replications (Fig. 5). The
only significant difference between cluster and parsimony anal-
yses was in the placement of isolate 1.1 ATCC 46755, which
either clustered in 1.2 (average linkage and complete linkage
clusterings), stood alone (Ward minimum variance clustering),
or grouped with 1.1 CBS 428.84 in 9% of the bootstrap repli-
cations in parsimony analysis. Terminal groups that were
present in all analyses or were meaningful for further compar-
ison with I'TS-based phyla are labelled groups 1 to 9 in Fig. 5.

Phyletic groups 1.1 to III.2 were not differentiated by taxo-
nomic analysis of RAPD profiles (Fig. 5): isolates of I.1 were in
groups 2, 7, and 9; isolates of 1.2 were all in group 8 but mixed
with the two isolates of III.1; isolates of II.1 were in groups 3,
5, and 6; isolates of I1.2 were in groups 1 and 4; isolates of I11.2
were in groups 6 and 7. However, terminal clades that were
present both in cluster and in parsimony analyses of RAPD
profiles and that were still present in bootstrapping the data
matrix in parsimony analysis grouped isolates of the same
ITS-based phyletic group with the exception of I.1 FWP 14329
and II1.2 CBS 194.76 in group 7. If we consider RAPD groups
found in cluster analyses and in the strict consensus tree of
parsimony analysis but not supported by bootstrapping, then

and 1.2 ATCC 52410. If we consider only the results of cluster
analysis, then II.1 ATCC 52411 can be classified with isolates
of III.2 (group 6), and strains of 1.2 and III.1 and 1.1 ATCC
46755 composed a well supported group (group 8).
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FIG. 4. Relationships between RAPD similarity coefficient and ITS sequence
difference. The functional form of the relationships between the two types of
measurements is not known but was roughly approximated as logarithmic (log),
first-order polynomial (P1), and second-order polynomial (P2). When all data
were examined, correlation coefficients (%) were 0.242 for log compared with
0.192 for P2 and 0.169 for P1 and 0.440 for P2 compared with 0.434 for P1 and
0.291 for log when the data set was restricted to ITS sequence differences not
exceeding 12 nucleotides (<3%).
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FIG. 5. Taxonomic analysis of RAPD profiles. The phenetic tree depicts average-linkage clustering of NPD distances calculated from the data matix in Fig. 3. Bold
lines in the phenogram show branches that were also present in Ward minimum variance and complete-linkage clustering. Vertical bold lines on the left indicate clusters
that were found in parsimony analysis (strict consensus of 10 equiparsimonious trees, 539 steps in length; consistency index = 0.212; retention index = 0.490). Branches
present in bootstrapping the data matrix in parsimony analysis are indicated by bootstrap values above branches (percentage of 100 replications). Clusters that were
present in all analyses or are meaningful for further discussion are labelled groups 1 to 9. Strain IL.2 ACCC 5.65 (labelled with an asterisk in group 4) classified with
II1.1 CBS 430.84 (group 8) in Ward minimum variance clustering and parsimony analysis (28% of bootstrap replications). Bootstrapping the data matrix in parsimony
analysis slightly modified group 8 by clustering strain 1.1 ATCC 46755 (labelled with #) with 1.1 CBS 428.84 (9% of bootstrap replications), while strains III.1 RSH

TEX.1 clustered with 1.2 ATCC 52409 and 1.2 ATCC 52410 stood alone.

To examine whether taxonomic groupings of RAPD profiles
at lower taxonomic levels were consistent with those of earlier
data (34) (Table 1), lineages I and II were analyzed separately
(Fig. 6 and 7) because NPD distance takes into account the
whole structure of the data matrix. Groups that were found in
all analyses of the entire data set (Fig. 5) were generally also
found in analyses of the reduced data sets (Figs. 6 and 7).

Figure 6 shows that RAPD data did not support the taxo-
nomic distinction between 1.1 and 1.2 within group I, although
the four strains of 1.2 did group together in all analyses except
in complete-linkage clustering. In group 1.2, RAPD profiles
supported the distinction between G. oerstedii and G. lucidum,
which were not distinguished by ITS sequences (0 to 1 nucle-
otide difference; Table 3). G. ahmadlii, a distinctive species (34,
43) and the most divergent taxon of I.1 in ITS sequence dif-
ferences (Table 3), nested with 1.1 CBS 428.84 (G. valesiacum
complex) in cluster analyses and in the strict consensus tree of
parsimony analysis of RAPD data (Fig. 6); the grouping of
these two strains, however, had no bootstrap support (Fig. 6).
In contrast, RAPD profiles clearly identified isolates labelled
G. oregonense (Fig. 6) that had an identical ITS sequence with

1.1 ATCC 46754 (G. valesiacum complex) (Table 3). Distinc-
tion or conspecificity between G. oregonense, G. tsugae, and G.
valesiacum was largely discussed elsewhere (4, 5, 14, 34, 39,
41), and the observed segregation of these taxa in Fig. 6 will
need further scrutiny by use of a larger sampling and reference
to host relationships, geographical origin, and mating data.
Figure 7 shows that RAPD profiles did not distinguish be-
tween II.1 and II1.2 within lineage II. RAPD analysis split I1.2
into two groups. The first group (I1.2 RSH J2, I1.2 RSH 1109,
and II.2 RSH BLC) represents a biological species (17) (spe-
cies 3 in Table 1) and was not distinguished from the second
group (II.2 RSH J1 and I1.2 ACCC 5.65) by ITS analysis (Fig.
1 and Table 3). To evaluate this delineation, cultural and
mating behaviors of these taxa were studied; differences were
found in growth rates between isolates of the two groups, and
monokaryons of II.2 RSH J2 were incompatible with the
dikaryotic culture of 1.2 RSH J1. Taken together, these results
strongly suggested that RAPD markers might have identified
two species in I1.2. II.1 ATCC 52411 represents a distinct
species (Table 1) and stood alone in the phenogram (Fig. 7).
The other isolates of II.1 were interfertile (17) and roughly
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FIG. 6. Taxonomic analysis of RAPD profiles of isolates of groups 1.1 and
1.2. See the legend to Fig. 5 for an explanation of the bold lines and the values
above the branches. The branch marked with an asterisk was not present in the
complete-linkage clustering. Parsimony analysis found two equiparsimonious
trees, 179 steps in length (consistency index = 0.497; retention index = 0.543). G.
valesiacum cplx designates strains belonging to the G. valesiacum species aggre-
gate.

segregated in three subgroups on the basis of RAPD profiles
(Fig. 7). These subgroups were unexplained: they did not sep-
arate Indian isolates (II.1 ATCC 32471 and II.1 ATCC 32472)
from Taiwan isolates, and they separated strains II.1 RSH
G001, II.1 RSH RZ, and their progeny (II.1 RSH 0630, II.1
RSH 0926, and II.1 RSH 0708) that had identical ITS se-
quences (Table 3). II.1 RSH RZ clustered with II.1 RSH 0626
and II.1 ATCC 32471, with which it differed by 1 and 2 nucle-
otides, respectively (Table 3).

Lineage III was not analyzed separately, but Fig. 5 showed
that II1.2 CBS 152.27 strongly grouped with II1.2 CBS 747.84
(group 6), while III1.2 CBS 194.76 classified apart (group 7).
The result was in agreement with differences in ITS sequence
(Table 3) and ITS phylogeny (Fig. 1) and supported the change
of the name of the former isolate to G. pfeifferi, as proposed
elsewhere (Table 1).

Identification of isolates ACCC 5.75 and ZHANG 0932. To
evaluate whether taxonomic identification of isolates of the G.
lucidum complex was possible in the absence of ITS data,
nucleotide sequences were deliberately omitted for isolates
ACCC 5.75 and ZHANG 0932. RAPD fingerprinting strongly
suggested that isolate ACCC 5.75 should be classified with I1.2
RSH J1 (Fig. 5) together with I1.2 ACCC 5.65 (Table 3 and

1.2-J2
. 91
G. species 3 | 11.2-1109
11.2-BLC
G.species 1 IL1-52411 *
G. species 2 | 1.1-0922 8
11.1-32472
G. species 2 I1.1-0709
9 I IL.2-J1 o4
11.2-5.65
11.1-0626
G. species 2 || 11.1-32471 8
11.1-RZ
I1.1-0815
oo — 1
G. species 2 | 11.1-0630

1.1-0926
miors —
FIG. 7. Taxonomic analysis of RAPD profiles of Ganoderma (G.) isolates of
groups II.1 and I1.2. See the legend to Fig. 5 for an explanation of the bold lines
and the values above the branches. Parsimony analysis found two equiparsimo-
nious trees, 247 steps in length (consistency index = 0.405; retention index =

0.516). The branch marked with an asterisk collapsed in 90% of the bootstrap
replications in parsimony analysis.
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Fig. 7); this seems to be correct, because the three strains have
similar cultural characteristics (data not shown) and geograph-
ical origins (Table 1). The basidiocarp morphology, culture
characteristics, and geographical origin of strain ZHANG 0932
suggested its placement in I.1 or 1.2 (data not shown). However,
ZHANG 0932 could not be unequivocally placed by RAPD fin-
gerprinting. Higher RAPD similarity coefficients (F = 0.40 to
0.45) of strain ZHANG 0932 were with 1.1 CBS 177.30, I.1
ATCC 46750, 1.2 CBS 270.81, 1.2 ATCC 52410, and II1.1 RSH
815 (Table 3), but ZHANG 0932 classified with I1.1 ATCC
52411 (group 6) in cluster analysis of NPD distance (Fig. 5),
with which it had a similarity coefficient of 0.35 (Table 3), and
stood alone in parsimony analysis (data not shown). Therefore,
the ITS sequence will be necessary for taxonomic identification
of isolate ZHANG 0932.

DISCUSSION

This study shows that strains of the G. lucidum complex can
be differentiated by RAPD fingerprinting with the primers
listed in Table 2; the potential of RAPDs as genetic markers
throughout prokaryotes and eukaryotes was suggested in the
original description of the method (50, 52). In contrast, RAPDs
produced by primers R1 to R5 did not identify the ITS-based
groups of the G. lucidum complex which were supported by
high confidence levels (Fig. 5 to 7). RAPD groupings were
sensitive to clustering methods and generally poorly supported
by bootstrapping the data matrix in parsimony analysis, indi-
cating that our RAPD data set lacks internal robustness.
Therefore, no alternative taxonomy to that based on ITS data
can be proposed on the basis of our RAPD data. It remains
possible that lineage sorting, among-site rate variation (44), or
other phenomena result in a gene tree that is internally robust
but incongruent with the organismal phylogeny. However,
there are good reasons to assume that the ITS phylogeny
shown in Fig. 1 reflects the correct phylogeny of the taxa
investigated in this study: our ITS tree is independently sup-
ported by characters developed by mycelia in culture, host
relationships, geographical origin of the isolates, and/or mating
data (34).

In cluster analysis, the RAPD profiles produced in this work
failed to distinguish between phyletic groups I.1 to III.2 be-
cause intragroup similarities were not higher than intergroup
similarities (Table 3). The lack of resolution of the RAPD
phenograms at high taxonomic levels (Fig. 5 to 7) can be
attributed to the fact that as genetic divergence between taxa
increases, the probability that comigrating RAPDs are homol-
ogous (and thus taxonomically informative) rapidly decreases.

Inferring character homology is a major problem for the use
of RAPDs in systematic studies. Lack of homology of comi-
grating fragments would preclude their use as taxonomic char-
acters in both phylogenetic and phenetic analyses. As currently
used in systematic studies, comigrating fragments are often
assumed empirically to be homologous; however, many primer
site sequences can produce identical bands, and bands of dif-
ferent molecular weights may be homologous and differ in
weight because of deletion or insertion. Therefore, assessment
of homology of comigrating RAPDs would always remain ten-
tative in the absence of sequence information on the amplified
fragments. This could be obtained either by cloning RAPD
markers and using these as probes in Southern hybridizations
or by sequencing. However, the main advantages of the
method (ie., speed and simplicity) in producing taxonomic
data would be lost.

Other difficulties in applying RAPD data in systematics are
direct consequences of the extreme sensitivity and mechanism
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of RAPD-PCR. Artifactual variations in RAPD profiles and
reliability of the method have been discussed over a wide range
of parameters (13, 25, 35, 47, 50, 52), and it was shown that
experimentation must be set up carefully and rigorously stan-
dardized for producing reproducible and consistent profiles. In
this work, RAPD profiles were easy to reproduce by use of the
standardized protocol, and consistency was shown in producing
identical RAPDs from both basidiocarp tissue and culture-
grown mycelium of III.1 RSH TEX.1. However, a problem
largely overlooked in earlier systematic studies was encoun-
tered when RAPDs were used for systematics of the G. luci-
dum complex: it was observed that some isolates produced
more RAPDs when higher MgCl, and dNTP concentrations
were used in the amplification reaction. These fragments were
qualitatively scorable in our data matrix but could not be in-
cluded in the comparative analysis because different experi-
mental conditions cannot be set for quantitative comparison. It
was found that differences in PCR conditions in producing a
higher number of amplification products were taxonomically
related (data not shown). It is speculated that for Ganoderma
spp., these differences arise when DNAs isolated from different
taxa carry over different impurities which interfere with
RAPD-PCRs. DNA isolation from Ganoderma spp. generally
yields polysaccharides and phenolic compounds that are diffi-
cult to remove. High-quality DNA is not required for conven-
tional PCR amplification targeting specific DNA fragments,
but it is not known how important DNA quality is as a param-
eter in producing RAPDs. If matches between an arbitrary
primer and the template DNA in RAPD-PCR (that occur at
low stringency) are sensitive to taxon-specific impurities, arti-
factual RAPDs that are reproducible and taxon specific may be
produced. That would not provide a correct estimation of
overall sequence relatedness between primer and DNAs and
would be misleading for systematic studies.

On the basis of RAPD data, only groups detected consis-
tently by all analyses were considered meaningful. These
groups are composed of recently diverged isolates that are
putatively conspecific, as indicated by low ITS divergence be-
tween these isolates (ca. 0 to 1%). Meaningful groups were
better evidenced by parsimony analysis since maximum parsi-
mony collapsed most branches having little taxonomic support.
Unlike clustering analysis, parsimony analysis revealed the lack
of taxonomic structure in the RAPD data set at higher taxo-
nomic levels while still recognizing robust groups at lower
taxonomic levels. This observation suggests that cladistic algo-
rithms can serve as an explicit character-based method to iden-
tify groups of isolates within a discrete data set, even if the data
set is inappropriate for inferring hierarchical classification of
these groups (i.e., for reconstructing phylogenies).

The robust RAPD-based groups detected in all analyses
were not detectable or else poorly resolved in the ITS analysis
(Fig. 1 and Table 3). Most of these groupings are in agreement
with other sources of data. For instance, RAPDs distinguished
two morphologically and geographically distinct taxa in group
1.2 (G. lucidum and G. oerstedii) (Fig. 6), identified two puta-
tive biological species in group I1.2 (IL.2 RSH J2, RSH BLC,
and RSH 1109 versus I1.2 RSH J1, ACCC 5.65, and ACCC
5.75) (Fig. 7), and supported identification of II1.2 CBS 152.27
as G. pfeifferi instead of G. resinaceum (Fig. 5 and Table 1). In
contrast, RAPD groupings in interfertility group II.1 were not
consistent with the geographical origins of the isolates (India
and Taiwan) and did not indicate a close relationship between
strains II.1 RSH RZ and II.1 RSH G001 and their progeny
(I1.1 isolates RSH 0630, RSH 0926, and RSH 0708) (Fig. 7),
which have identical ITS sequences (Table 3). A lack of cor-
respondence between RAPD similarities and other sources of
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taxonomic data in intraspecific groupings was also found, for
instance, for Botrytis cinerea (49) and Septoria tritici (30).

This study shows that while RAPDs cannot serve as a sub-
stitute for ITS sequencing for taxonomic identification and
groupings in the G. lucidum complex, RAPDs might still be
useful in identifying taxonomically meaningful groups for the
systematics of the more recently diverged taxa having identical
or nearly identical ITS sequence. The results indicate that our
RAPD data matrix contains taxonomic information for the
more related taxa only, also suggesting that character homol-
ogy inferences for RAPDs might be correct only at the popu-
lation or variety level in species of the G. lucidum complex.
More generally, the use of RAPDs in systematics has several
limitations, and the relevance and taxonomic meaning of
RAPD groupings always need careful comparison with that of
other sources of data. Although RAPD markers can serve in
distinguishing taxa by producing taxon-specific amplified frag-
ments or grouping closely related taxa in numerical or cladistic
analyses (references 12, 15, 20, 24, 26, 29, 49, and 51, and
present work), the utility of RAPDs as systematic characters is
limited because of difficulties in assessing character homolo-
gies. However, RAPD-PCR has the potential to survey entire
genomes, and RAPDs may provide insights into organismal
evolution that are overlooked by single-gene comparisons.
Combining RAPD-PCR and sequencing methods to produce
phylogenetic characters thus still may hold some promise in
evolutionary genetics and systematics: by determining the nu-
cleotide sequences of randomly amplified products, homolo-
gies between RAPDs could be inferred with greater confidence
and nucleotide sequences that are variable in homologous
RAPD fragments could be used as phylogenetic characters.
Such an approach was explored recently in cichlids by Sult-
mann et al. (45), who showed that the RAPD-PCR technique
followed by sequencing of selected fragments produced phylo-
genetic characters.

The conclusion of this work is that ITS sequencing can be
used to identify collections of the G. lucidum species complex
and RAPD fingerprinting can be used to differentiate between
isolates having identical ITS sequences. The nucleotide acces-
sion numbers given in Table 1 form an expandable ITS data
base for Ganoderma spp. with which the ITS sequence of any
isolate can be compared. In the G. lucidum species complex,
strains showing less than 1.5% sequence differences are puta-
tively conspecific (34), but ultimately, conspecificity has to be
determined by interfertility studies. Correct naming of most
isolates still depends on further taxonomic work. The practical
implications of this study are numerous. For instance, ITS
phylogeny showed that commercial Ganoderma strains in the
Orient (and probably also pharmaceutical strains) belong to
different species and were largely misnamed in the scientific
literature. RAPD data showed that commercial isolates of this
study that were conspecific were not from a clonal line. In
epidemiological studies of crops infected by Ganoderma spp., it
has been suggested that the infection might spread by hyphal
propagation from tree to tree by root-to-root contact or by the
intermediary of vegetation debris (32). Clonal propagation in a
field could be monitored with RAPD markers, while ITS se-
quencing would help in the identification of the pathogen and
in determination of host specificity and distribution of virulent
Ganoderma species.
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