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ABATRACT

Genetic diversity ol two intersterility groups of Ganoderma australe (Fr)) Pat. (subgenus Elfvingia) was

investigated by polymerase chain reaction (PCR) and DNA scquencing. G. neo-japonicum Imaz. (subgenus

Ganodermay was sclected for comparative studies. The DNA fragments containing internal transcribed spacer (ITS)

regions were amplificd by using oligonucicotide primers complementary to rRNA genes of Saccharomyces

cerevisiae. The PCR-amplificd products were subcloned into pGEM-T vector and sequenced. Phylogenic structures

constructed from analyses of IS regions suggest that two intersterility groups of G. australe are genetically

differentiated.
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Introduction

The  genus  Ganoderma, a  member  of
Aphyllophorales, was established by Karsten in 1881
and composed of over 250 species (Corner, 1983) with
worldwide geographical distribution and broad host
range including hardwoods, conifers, bamboos and
palms. Based on the structure of pilear crust, genus
Ganoderma is divided into subgenus Elfvingia (non-
laccate species) and subgenus Ganoderma (laccate-
containing species) (Corner, 1983). The macroscopic
(such as pileus, stipe, context, tubce) and microscopic
(such as hyphal system, basidiosporce) characters have
been used to distinguish specics within the genus
Ganoderma. However, characters such as basidiocarp
shape, basidiospore size and context color are influcnced

by environmental factors (Steyaert, 1975; Chen, 1993),

the species identification and circumscription are often

difficult and controversory (Steyaert, 1980; Corner. 1983:

Zhao, 1989). Additional taxonomic characters such as
cultural studies, isozyme electrophoretic phenotype and
intercompatibitity studies have been employed to verify
the systematics of the genus Gunoderma (Adaskaveg and
Gilbertson, 1986: Hseu, 1990: Peng, 1990; Yeh and
Chen, 1990; Wang and Hua, 1991).

Recently, sequence characterizations of ribosomal
RNA has brought great burgeoning of molecular
phylogeny (Hibbett, 1992; Olsen and Woese, 1993). The

IDNA  repeat of fungi contains coding (functional)
regions for 5 8S, 18S and 25S rRNAs along with internal
transcribed spacer (ITS) regions (Restrepo and Barbour,
1989). A high level of conservation in the restriction
endonuclease recognition sites has been observed in the
coding region of rDNA for different species of
Saccharonyces (Verbeet et al., 1983). The intergenic
regions, [TSs, were more variable than the coding
regions for all fungi (Bruns er al, 1991). The ITS

regions  have been applied for fungal systematics,
including  Leptosphaeria (Xue et al., 1992), Phyto-
phthora (Lee and  Taylor, 1992), Sclerotiniaceae

(Carbone and Kohn, 1993), rusts (Zambino and Szabo,
1993), Tularomyces and Pencillium (LoBuglio et al.,
1993), and Ganoderma (Moncalvo et al., 1995).

Isolates of G. australe (Fr.) Pat., collected from
hardwoods of different localities, were examined based
on morphology and taxonomy of basidiocarps (Yeh,
1990: Yeh, unpublished data). The mating system of .
ausirale was determined as heterothallic and tetrapolar
(Yeh and Chen, 1990). By compatibility and cultural
studies, (. australe complex is scparated into two
mtersterility groups (Yeh and Chen, 1990). Accordingly,
the genetic variation between the two intersterility
groups was investigated by polymerase chain reaction
(PCR) and restriction fragment length polymorphism
(RFLP) analysis of rRNA gene (Yeh e al., 1995).
Mecanwhile, we further examined rDNA sequence
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Table 1. List of Ganoderma isolates used in this study.

Isolate Locality Altitude  intersterility
(m) group
G, australe (Fr)Pat. Taipei. Taiwan < 500 1
TAI-01
G, australe F1.-01 Ilorida, USA <2500 1
G. australe TA1-08  Taoyuan, Taiwan 1630 2
G australe TAI-17  Taoyuan, Taiwan 1650 2

(. neo-japonicum Miaoli, Taiwan < 300

Imaz. CCRC 36049

Table 2. List of oligonucleotide primer sequences and
positions on S. cerevisiae TtDNA repeat.

Name Nucleotide sequence Position on

5> 3 S cerevisiae IRNA

BMB  GTACACACCGCCCGTCG 1624-1640 in 175 rRNA
5.88 CGCTGCGTTCTTCATCG 50-34 in 5.8S rRNA
3.85-R TCOGATGAAGAACGCAGC  34-50 in 5.8S rRNA
LR1 GGTTGGTTTCTTTTCCT 72-56 in 255 rRNA

variation on the above two groups by DNA sequencing.
Type strain of G. neo-japonicum Imaz. CCRC 36049
(subgenus Ganoderma) was selected for comparative
studies. Phylogenic structures based on analyses of ITS
regions suggest that two intersterility groups of G

australe are genetically differentiated.

Materials and Methods

Culture and DNA Preparation

Isolates used are listed in Table 1. Identification of
G. australe collected in Taiwan was based on Yeh
(1990). ;. australe FL-01, which was compatible with
monokaryotic culture of . «ustrale TAI-01 (Yeh,
unpublished data) was collected in Florida, USA. Type
culture of i neo-japonicum CCRC 36049 was obtained
from Culture Collection and Research Center, Hsinchu,
Taiwan. The culturing, harvesting, and DNA preparation
were done as previously described (Yeh e al., 1995).

PCR Amplification

Precautions were taken to avoid cross-
contamination from handling of many identical PCR
reactions (Kwok and Higuchi, 1989). The oligo-
nucleotide primers used and their locations on the rDNA
are shown in Table 2. Primers BMB and 5.8S were used
to amplify fragment containing I'TS I. Primers 5.8S-R
and LR1 were used to amplify fragment containing

e
PCR-amplified DNA fragment containing I'TS 1 (A) or
I'TS 2 (B). Lane M (Zugl digest of pUCTO DNAY is used
as stze markers. Tanes 1-20 G neo-japonicum CCRC
36049, Lancs 3-0. (. qustrale isolates TAL-O1. I1L-01.
TAI-08. and TAIL-17.

Figure 1. Photographs of 1.4% agarose gel clectrophoresis

I'TS 2. The PCK reactions were conducted with | U
DynaZyme DNA polymerase (Finnzymes Oy) in a total
volume of 25 pl, using 200 pM dN'TP, 0.08 nM primers,
100 ng DNA and buftfer conditions recommended by the
manufacturer. Thirty-five PCR cycles were performed on
an automated thermocycler (OminiGene, 1TYBAID),
using the following parameters: 95°C denaturation for 30
s, 37°C anncaling for 45 s, and 72°C extension for | min.
A final 7 min at 72°C was added after the final cycle to
ensure complete polymerization of any remaining PCR
products. PCR products were checked by running 2 pl of
cach reaction mixture on agarose minigels.

DNA Sequencing

PCR-amplificd DNA  [ragments  containing  1TS
regions were gel purified, subcloned into pGEM-T
(Promega), and scquenced by the dideoxynucleotide
chain termmation method (Sanger er af., 1977) with T7
DNA polymerase (Pharmacia | K3 Biotechnology AB).
The sequencing products were then separated on a 6%
polyacrylamide gel, and the separation was monitored on
line with an automated laser fluorescent DNA sequencer
(AL Pharmacia KB Biotechnology AB).

Data Analysis

DNA scquences were aligned with the HIBIO
DNASIS program (HITACHT) and later adjusted visually.
The sequences of (. aunstrale TW (GenBank SAO7051T
and GAS2, 1994) were included for analyses. The
cladistic analyses of sequencing data from separate 1'TS ]
and ITS 2 and from combined values were performed by
maximum parsimony with Phylogenctic Analysis
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Figure 3-4. Aligned sequence data of ITS 1 (3) and ITS 2 (4) from isolates listed in Table 1. DNA sequences were aligned with the
HIBIO DNASIS program (IHITACHI. A dash (-) indicates a gap inscrted to maintain alignment. Dots () in the sequences

indicaic conserved bases. Stars (*) indicate phylogenetically informative sites as defined in the PAUP manual. The sequences
ot G australe TW were from GenBank SAO703IT (ITS 1) and GAS2 (ITS 2), 1994.
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Table 3. Thce numbcers of indels of different lengths in
amplified ['1S T and I'1'S 2 regions.

94

Table 4. Perceniage? sequence divergence between taxa, basced
on nucleotide sequence of ITS 14 and 118 2%,

IS 1 (bp) IS 2 (bp) Total
1 23 4 5 6 12 3 4 5 ¢
TAIOL 4 0 0 0 0 0 50100 0 0 10
™W 30 0 0 0 0 6 L 0 0 0 0 10
FL-01 30 0 0 00 6 | 0 0 06 0 10
TALO8 4 2 0 0 0 0 7 2 010 0 0 10
TAIL7 4 2 0 0 0 0 6 2 1 0 0 0 15
CCRC 2 2 0 0 0 |1 300 0 0 0 9
Total 206 0 0 0 1 338 2 0 0 0 70

Using Parsimony (PAUP, version 3.0, Swofford, 1990).
Parsimony analyses were conducted using heuristic
searches with TBR branch swapping, pairwise addition
of 10 random replicates, accelerated transformation
(ACCTRAN), and rectention  of  multiple  most
parsimonious trees (MULPARS). The fit of character
data on phylogenetic hypotheses was evaluated and
calculated by the consistency index, CI and the retention
index, RI. The confidence of the internal branches of the
tree was tested by bootstrapping with 200 replicates of
heuristic scarches on the 50% majority rule trees. The
nodes with bootstrap values greater than 0.70 are
significantly supported with >95% probability.

Results and Discussion

Amplification and sequencing of rDNA

The locations of primer sites for PCR amplification
of portions of the rDNA repcat are shown in Table 2.
These  oligonucleotide  primers  represent  highly
conserved consensus regions between published rRNA
sequences for scveral fungi and cukaryotes (White et af.,
1990). Fragments containing ITS 1 and ITS 2 were
successtully amplified from all isolates tested (Figure 1).
The length of amplified fragments is about 400 bp for
both [TS regions. No gross length heterogeneity was
obscrved. The PCR-amplified products were subcloned
into pGEM-T vector and sequenced by automated DNA
sequencer. The sequencing results from ITS regions of G,
australe FL-01 isolate are shown in Figure 2. The ITS
regions from (. vustrale FL-01 are 204 bp for I'TS T and
198 bp for ITS 2 in length.

ITS sequences variation

Alignment of nucleotide sequences in the TS
regions i1s shown in Figures 3 and 4. The size of TS |
ranged from 195 to 204 bp and scquences were aligned

1 2 3 4 5 6
1. TAI-01 - 1.5 25 8.5 8.0 7.3
2.TW 1.5 - 3.0 8.5 8.0 7.3
3. FL-01 2.5 3.0 - 7.0 6.5 7.3
4. TAI-08 84 8.4 8.4 - 0.5 8.9
5. TAL-t7 84 8.4 8.4 0.5 - 8.4

6. CCRC 8.7 9.8 9.2 9.5 8.9 -
“Pairwisc comparisons of percentage sequence divergence as
determined in PAUP.
hValues above and below the diagonal are the ITS 1 and TS 2

regions, respectively.

in 207 positions, of which 29 (14.0 %) were variable and
15 (7.2 %) were phylogenetically informative. ITS 2
ranged from 192 to 201 bp and sequences were aligned
in 206 positions, of which 31 (15.0 %) were variable and
17 (83 %) were phylogenetically informative. The
frequency of nucleotide substitutions was similar in the
two ITS regions. Variations were mostly located in the
central region in I'TS 1 and close to the termini in I'TS 2
as reported (Moncalvo et al., 1995).

A number of 1-6 bp insertions/dcletions (indels)
contribute to the length variation were observed. Indels
of different size are catalogued in Table 3 In 70 indel
events, 53 (75.7 %) are single basc indeis. 14 (20.0 %)
are two-basc indels, 3 (4.3 %) are three- 1o six-basc
indels. In 19 Ganoderma species studied. the lengths of
ITS I and ITS 2 ranged from 197 to 204 bp and 185 to
196 bp, respectively (Moncalvo ef al | 1433).

Genetic Distance and Phylogeny Reconstruction

Pairwise comparison of ITS scquence divergence
between isolates is shown in Table 4. Nucleotide
divergence among isolates ranged from 0.5 to 9.8 %.
Three G. australe group | isolates (TAI-01, TW and FL.-
01) diverged in 1.5-3.0 % in both ITS regions. (.
australe FL-01 was shown to be closely rclated to group
| isolates of . australe in Taiwan by cultural and
intercompatibility studies (Yeh, unpublished data). Two
G. australe group 2 isolates (TAI-08, TAI-17) diverged
in 0.5 % in both ITS regions. Sequence divergence
between two groups of G. australe were 6.5-8.5 % in
ITS 1 and 8.4 % in ITS 2, which is close to those
between G. neo-juponicum and G. australe (7.3-8.9 % in
ITS 1,8.7-9.8 % in ITS 2).

Fifteen phylogenctically informai: e sites were
unambiguously aligned in the ITS | region and sceven-
teen in the ITS 2 region. Phylograms depicted were
produced from ITS 1, ITS 2 and combined valucs ol ITS
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Figure 5. Phylogenctic relationships of isolates inferred from

sequences of TI'S regions. Only cladistically informative
PAUP
phylogenctic analysis. Phylogram was generated from

sites as defined in o the were used in the
200 bootstrap replications. The confidence levels of
bootstrap replications (numbers in percentage) above the
branches are averaged from ITS 1L ITS 2 and combined

values of 1S regions.

regions. (. nco-japonicum  (subgenus  Ganodermay),
which is shown more distant related while it is compared
to G. australe (subgenus Elfvimgia), is sclected as an
outgroup for analyses. Different analyses produced the
same topological wee (Figure 5). . australe TAI-01,
TW and FL-01 fall in one group, whereas TAI-08 and
TAI-17 fall in aroup. groups  are
reproductively scparated by compatibility and cultural
studies (Yeh and Chen, 1990; Yeh, unpublished data). ¢
australe TAI-08 and TAI-17 (group 2 isolates) were
collected from mountain arca (altitude above 1600 m)
whereas (. australe TAI-01 {group | isolate) and TW
were collected from lower land (altitude below 500 m) in
Taiwan (Ych, 1990; Hseu, 1990). . aqustrale FL-01 was
collected from lower plain in Florida, USA (Yeh,
unpublished data). (/. awustrale is habitated primarily in
subtropical and tropical regions. Our results demonstrate
that (/. awstrale nabitating in two different ecological
environments (temperate region of above 1600 m and
subtropical  region 500
differentiated.

In conclusion. the phylogenic structures of G,
australe complex revealed by PCR and RFLP analysis of
rRNA gene (Ych et al, 1995) and DNA sequencing
analysis of I'TS regions suggests that the two intersterility

groups arc genetically differentiated.

another The two

below m} arc genctically
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