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Phylogenetic Relationship of Ganoderma Species with
the Polyporaceae Based on RFLP Analysis of
the Nuclear ITS Region
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Restriction-polymorphic patterns of nuclear-ITS were examined for the genetic relationships
among 12 basidiomycetous mushrooms belonging to Aphyllophorales and Agaricales. The taxonomic
affinity of Ganoderma species with the family Polyporaceae also was examined. With 13 restriction
endonucleases, 159 restriction characters were generated from the 12 species examined. UPGMA
and neighbor-joining analyses separated the 12 species into two genetically distinct groups that
correspond to orders (Agaricales and Aphyllophorales) where each species is included. This result
indicates that there is clear genetic demarcation between Agaricales and Aphyllophorales.
Dendrograms constructed by several data analyses showed that even though Ganoderma species are
somewhat in intermediate taxonomic position between the Polyporaceae and families of the
Agaricales, they are genetically more related to the Polyporaceae. These results are consistent with
morphological characters observed in those mushrooms. However, it is premature to conclude

taxonomic status of Ganoderma species in the present study employing small sample size.
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Mushrooms have attracted great interest because of
their economic and industrial potential. However, ap-
plication of these mushrooms to economic or industrial u-
tility 1s limited due to lack of efficient systems for iden-
tification and taxonomy of mushrooms. Taxonomic stu-
dies of mushrooms have been mainly based on mor-
phological features of fruitbodies (1). However, it is dif-
ficult to obtain fruitbodies at the time required because
production of fruitbodies depends on the season and is
limited to certain species under artificial condition. As a
result, the state of mushroom taxonomy has remained
unsatisfactory (19). Taxonomic confusion can also be
found in the genus Ganoderma. The genus Ganoderma
has been known as a group of fungi whose pileus and
stem are covered by a crust with the consistency and ap-
pearance of lacquer (1). Even though previous studies
(13, 16, 20) have described many Ganoderma species,
there have been conflicting species concepts among tax-
onomists due t the highly varying features encountered
and the different criteria used (1). Karsten (7) had plac-
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ed the genus (ranoderma in the Polyporaceae. However,
Donk (3) erected a new family Ganodermataceae for
Ganoderma species because they have different mor-
phological features from those of typical Polyporaceae
members. However, Donk's view of these species has
not been supported by all taxonomists because each tax-
onomist has ditferent concepts and criteria to distinguish
the genus Ganoderma. In order to resolve such disagree-
ments, molecular investigative approach should be used.

Advances in molecular biology have provided new
tools for exam:ning genetic variations in fungi (2, 8, 10,
22). DNA restriction fragment length polymorphisms
(RFLPs) represent heritable differences in the lengths
of DNA fragments that are generated by digestion with
a restriction endonuclease (6, 11, 15, 17, 21, 23). In par-
ticular, RFLPs of nuclear internal transcribed spacer
(ITS) have becn successfully used for the taxonomy of
mushrooms (2. 5, 12) in conjunction with polymerase
chain reaction (PCR).

The presen: study attempts to resolve disagreements
regarding taxonomic affinity of the Ganoderma species
with the Polyporaceae by characterizing restriction pat-
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Table 1. The strains used in this study and size of PCR products

Jour. Microbiol

Size of KCTC
Order Family Strains PCR products No.
Aphyllophorales Fomes fomentarius 678 6363
Lenazites betulina 660 6354
Polyporaceae Fonutella fraxinea ” 6355
Glocophyllum abietivam # 6355
Coriolus versicolor ” 6356
Ganodermataceae Gavoderma lucidum ” 6365
Ganoderma adspersum 632 6366
Agaricales Pleurotus ostreatus 728 6359
- Pleurotaceae Hohenbuehelia sp. ” 6362
Agaricaceae Agrocybe semorbicularis " 6364
Bolbitiaceae Macrolepiota procera 771 6361
Tricholomataceae Flanmwudina velutipes 833 6367

terns of nuclear ITS1-5.85-ITS2. Thus, we examined
species in the Polyporaceae as well as Ganoderma
species. This study also examined the genetic re-
lationships among 12 mushrooms belonging to A-
phyllophorales and Agaricales.

Materials and Methods

Organisms

Cultures of 12 basidiomycetous mushrooms were ob-
tained from Korean Collection for Type Cultures (KCTC)
(Table 1). Agar plugs carrying mycelium were transf-
erred to flasks containing 200 ml of 2.5% PDB, and cul-
tured for approximately one week at 28°C. Mycelia were
harvested by vacuum filtration after through rinsing in
distilled water. Mycelia were freeze-dried overnight for
DNA isolation.

Isolation of genomic DNA

Isolation of genomic DNA was performed by mod-
ification of previously described methods (4, 24). After
lyophilized mycelium was broken into small fragments
with a spatular in 1.5 ml tube, 100 pl of lysis buffer (50
mM Tris-HCl, pH 7.2, 50 mM EDTA, 3% sodium dodecyl
sulfate, 1% 2-mercaptoethanol) was added (9), and mix-
ed thoroughly. The samples mixed with lysis buffer
were placed in a microwave oven (Little Litton, 400 W)
with the lids open and heated on full power for a total of
30~40 sec, step wise, 15~20sec, 10~15sec, and 5~10
sec, respectively (4). In order to prevent boiling over,
samples were covered with 1 mm beads. Immediately aft-
er heating, 400~500 pl of lysis buffer was added. These
samples were then incubated at 80°C for 10 min, fol-
lowed by adding 500 ul of mixture of chloroform and
phenol (1:1). They were vortexed thoroughly and then

Table 2. Twenty restriction endonucleases used for digestions

Restriction endonucleases Digestion
Four cut enzyme Hhal, Mbol, Rsal, Taglm Hsp92Il, digested
Accll, Ahd, Mspl, Hpall, Haell undigested
Five cut enzyme Avall digested
Hinfl undigested
Six cut enzyme  Accl, Qal, Hindlll, Sall digested
Apal, EcoR1, Hincll, Pstl undigested

centrifuged at 12,000Xg for 15 min. The upper phase
was transferred into a new tube, followed by cen-
trifugation at 12,000x<g for 10 min with one volume of
Isopropanol and 10 pl of 3M sodium acetate. The su-
pernatant was discarded, and the pellet was rinsed with
70% ethanol. DNA pellet was resuspended in 100 pl of
RNase solution (100 ug of RNase A/ml) and incubated at
37°C for 2h to digest RNA. DNA concentration was es-
timated prior to PCR by comparing the intensity of
ADNA bands in 0.8% agarose gel with a series of DNA di-
lutions, and by viewing them over a UV transilluminator
(310 nm) after staining with ethidium bromide.

PCR amplification and enzyme digestion
Amplification reaction mixtures were 100 u! in volume,
and contained 10 ul of 10Xbuffer (Promega), 100 uM
each of deoxyribonucleotide triphosphates (Perkin-Elmer-
Cetus), 50 pmoles of each of ITS1 and ITS4 primers (24),
20~25 ng of genomic DNA, and 0.7 unit of Tag DNA po-
lymerase (Promega). The reaction mixtures were over-
laid with mineral oil (Sigma) and placed in an M]
Research DNA thermal cycler (Model PTC-100-60), in
which the heating/cooling block was preheated to 90°C.
Subsequent amplification reactions were performed after
2min of pre-incubation at 94°C to enhance denaturation
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Table 3. Distribution of restriction fragments generated from 13 restriction endonucleases

Line: 1, L. betuding; 2, F. fraxineaea; 3, G. abietinum; 4, G. adspersum; 5, P. ostreatus; 6, M. procera; 7, Hohenbuehelia sp.; 8, F. Jomentarius;
9, A. semiorbicularis; 10, C. versicolor; 11, G. lucidum; 12, F. velutipes

1234567891011 12 123456789101 123456789 1011 12
Acel
1 0000000000 0 1 4 010000111 90 2 0100001110 0 0
20000000000 1 0 5 0000000001 o 1 30001010000 0 0
31T000000000 0 0 6 001100111090 4 0010000000 0 0
4 0000000001 0 0 7 0000011000 1L 0 5 1000100001 0 0
50010011010 0 0 8 0000010000 9 0 6 0000000000 0 1
6 0000010000 0 0 9 1010100000 9D 0 7 0000000000 0 1
770100000000 0 0 1000100000000 0 0 8 1000000000 0 0
8 0000000100 0 0 1 111111111010 9 0010100000 0 0
9 00010000 0 0 0 12 0000000100 9 0 1000000000 0 0 1
100000000010 0 0 130100000000 0 0 Sa
110000000100 0 0 4 0001100001 0 0 1 0000000000 01
120000100000 0 0 5 1000000000 0 0 2 0000000000 1 0
BO111011000 0 0 Hyoel 3 0000000001 0 0
140000000001 0 0 1 6000000000 0O 4 00000 0010 0 0
Tagl 000000C00O0CO0 0 1 5 001011000 0 0
1 0060000000 0 1 000 00C0 000 01 6 1010100000 0 0
2106110110111 1 4 0001000000 0 0 7 0000000100 0 0
30000000010 0 0 5 0000000111 00 8 0100000000 0 0
4 1001000 00 0 0 6 110001000 ¢ 0 9 0100000100 0 0
5 00001 0100 0 0 7 0011000000 0 0 Mgl
6 0000011000 0 0 8 001 000000 ¢ 0 1 0000000000 01
70100000000 0 0 9 1100111000 6 2 0000000111 0 0
80000000000 1 0 10 00000 0C100C0C 0 3 0000000000 1 0
9 0000100000 1T O 1. 0000001120 060 4 0001000000 0 0
10011000010 0 0 206000000011 ¢ 0 5 0010000000 0 0
110100000101 0 0 13000000000 ¢ 0 6 1000010000 0 0
121011111010 0 1 4 0000000100 ¢C 0 7 0000100000 0 0
130000000001 0 0 15 1000000000 ¢ 0 8 0100000000 0 0
Hhal Alul 9 0100010000 0 0
1 000000 100 0 0 1 00000G000GC0O0T1 0 101000100000 0 0
20000000001 0 0 2 0000000111 ¢ 0 11 0000011000 0 0
30000000010 0 0 3 0001000000 C 0 120000000000 1 0
4 1111110000 0 0 4 0000011000 CO0 130000001001 0 0
5 011001000 1 0 5 0100000000 ¢ 0 Hud
6 110 110000 00 6 0010100000 C 0 1 0000000000 0 1
7000000000 1 0 7 10060000000 ¢ 1 200000000001 0
80000000001 0 O 8§ 0000000000 ¢ 1 30000000011 0 0
9 0000001000 0 1 9 1010100000 C 0 4 0000001000 0 0
100000000000 1 0 10 0000000000 ¢ 1 5 1111000000 00
110000001010 01 Accll 6 0000000100 0 0
120000000100 0 0 1 000000000 O 7 0000110000 0 0
30000000001 01 2 0 00000001 C O 8 0000010000 0 0
Ual 30000000010 G 0 9 0000100000 0 0
1 00000 0000 01 4 0010010000 C 0 100000000100 0 0
2000001111110 5 0000000000 0 1 Al
31111100000 0 0 6 00 00000C100 C 0 1 0000000000 1 0
4 0000000000 1 O 7 0001 00000 ¢ 0 2 00000006011 0 0
5 0000000 61 0 1 8 1000100000 0 0 3 0101010000 0 0
6 0000000100 00 9 0100000000 0 0 4 0000100000 0 0
70000000100 0 0 10 0000001000 0 0 5 0000000000 0 1
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Table 3. Continued

Jour. Microbiol

1234567891011 12 12345
8 0000011000 0 0 11 10010
9 1101000000 0 0 12 00001
000010100000 0 0 1301000
Rsal 14 01000
10000000000 0 1 1500000
2 00000000 1 0 0 M
30000000021 0 0 1 00000

cccoCc o

789 10 11 12 1234567891011 12
0000 0 0 6 0010000000 0 0
0000 0 ¢ 71000001000 0 0
1100 0 0 8 0000D0CO0OODO0OCO0DO0L O
0000 0 0 9 00000000CO0O0CGC 0O 1
0000 01 101000001000 0
10e¢ 10000000 0 0
0000 1 0 120000000010 0 0

of genomic DNA. The amplification protocol consisted of
35 cycles of 1 min of denaturation at 94°C, 1 min of an-
nealing at 57°C, and 2 min of extension at 72°C. After 35
cycles, 5min of an additional extension step was run at
72°C..

Twenty restriction enzymes were used for digestions
according to manufacturer's instruction (GIBCO BRL)
(Table 2). Digested fragments were resolved on 1.5% ul-
tra pure agarose-gel electrophoresis, and detected by
staining with ethidium bromide and viewing with UV
transilluminator. For each experiment, a 123bp DNA
ladder was also run on the gel to serve as a size marker.
Gels were photographed over a UV transilluminator us-
ing a Polaroid camera (Model DS-34), and black and
white film (Type 667, Polaroid Corp.).

Analysis of RFLPs

Restriction fragments were scored for all samples on
two possible character states: 0 (fragment absent) and 1
(fragment present) (Table 3). Estimation of genetic re-
lationships between all pairs of samples was determined
using distance values (D) generated from the following
formula (7, 20):

D =1-2Cy/(Nx + Ny +2Cy)N

in which C,, equals the number of fragments in common
to samples x and y, and N, and N, represent the number
of unique bands. D values range from 0 to 1. When the
D values for a comparison of two sample are close to 0,
a high degree of genetic similarity is indicated. D values
close to 1 indicate a low degree of genetic similarity.
The goodness of fit of the phenogram was examined on
the basis of cophenetic correlation using the program
MXCOMP. The average genetic distance value rm(D)
was used to assess the degree of genetic variation among
samples in each group. These values were calculated us-
ing the following formula:

Y Dy

N

B:

in which D,, represents the distance value between sam-
ples x and y in a pair of groups to be compared or

between samples x and y in a group, and N equals the to-
tal number of comparisons between or within groups.

UPGMA and neighbor-joining analyses were used to
construct dendrograms by the software package NTSYS
(version 1.8) developed by Rohlf ef al. (18).

Results and Discussion

PCR amplification

Approximately 50~100 ug of DNA was obtained from 1
mg of fresh mycelia. Size of ITS1-5.85-ITS2 fragments
amplified from each of 12 strains ranged from 632 to
833bp (Table 1), suggesting existence of length mu-
tations. None of PCR products was observed in any of
controls without the template DNA. As shown in Table 1,
PCR products from strains of Polyporaceae and Gano-
dermataceae were approximately 660bp in size except
for those from F. formentarius (678 bp) and G. adspersum
(632 bp). Five strains belonging to the Agaricales, howev -
er, resulted in varying size of PCR products ranging
from 728 to 833 bp. This result indicates that members
in the Agaricales are genetically more variable than
those in the Aphyllophorales. More genetic variation in
the Agaricales may be ascribed to use of taxonomucally
more diverse families in the Agaricales than in the A-
phyllophorales. Strains within a family, however, result-
ed in similar size of PCR products except for Ganoderma
spectes. Two  Ganoderma species showing different
length of PCR products might have resulted from genet -
ically heterogeneous origins.

Polymorphic Restriction Patterns

Among 20 restriction endonucleases used, 13 en-
donucleases generated polymorphic restriction patterns
(Table 2). The sum of fragments digested by each en-
zyme was close to the size estimate of PCR products gen-
erated from each of 12 species. A 159 phenotypes by 12
strain matrix was generated from 13 restriction en-
donucleases and 12 strains (Table 3). As shown in Fig.
la and b, Tagl-digest revealed more polymorphic pat -
terns than Clal-digest did. Avall, Hindlll, and Sall gen-
erated sufficient polymorphisms but they did not digest
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Fig. 1. Restriction digests with Tagl (a) and CQlal (b). Fragments were electrophoresed on 1.5% ultra pure agarose in 1 X TAE buffer at 7.8
volts/em for 2.5 h and stained with ethidium bromide. A, 123bp DNA ladder: B, F. fomentarius; C, L. betuling; D, F. Jraxinea! E, (. a-
betimm: ¥, C. versicolor, G, G. lucidum: 1, G. adspersum; 1, P. ostreatus; ], Hohenbuchelic sp.; K. A. sewmiorbicularis; L, M. procera; M, F. velu-

f1ipes’ N, 123 bp DNA ladder

Table 4. Distance matrix based on restriction phenotypes of ITS

Line 2 1, L. betuling, 2, F. fraxinea; 3. G. abietimem. 4, F. Jometarius: 5, C. versicoor; 6, G adspersum; 7, G. lucidum; 8, Hohenbuehelia sp..
9, P ostreatus’ 10, A. semiorbicularis; 11. M. proceras 12, F, velulipes

1 0.0000

2 0.686.3 0.0000

3 0.6400 0.7551 0.0000

4 0.6250 0.7021 0.5652 0.0000

5 0.5385 0.8039 0.5600) 0.7917 0.0000

6 0.6735 0.7083 0.7021 0.6444 0.7551 (0.0000

7 0.7692 0.8039 0.7200 0.7093 0.8846 0.4694 0.0000

3 0.9608 0.7600 0.8776 0.9149 0.9216 0.9167 0.7647 (10000

9 0.8776 0.9167 0.7872 0.8222 0.9184 0.7826 0.6327 (6250 0.0000

10 0.9184 0.9583 0.9575 09111 0.9184 0.9130 0.8776 (7500 0.6522 0.0000

11 0.9184 0.9167 0.8723 0.9111 0.9592 (1.8261 0.7351 (.8750 0.9130 0.9130 0.0000
12 0.88638 1.0000 0.9216 0.9184 0.9623 0.9200 0.8491 1.0000 0.8800) 0.8400 0.9600 0.0000

PCR products amplified from certain strains. This result
indicates that 1TS1-5.88-1TS2 fragments amplified from
certain strains do not have recognition sites for those en-
zymes. Nevertheless, polymorphic restriction patterns ob-
served on 12 strains appeared to correspond with the tax-
onomic relatedness among strains. In general, similar res-
triction patterns were observed between strains of the
Polyporaceae the the A-
phyllophorales except for . adspersum (Fig. 1a). Distinct

and (ranodermataceae in
restriction patterns of G. adspersum may be a conse-
quence of smaller size of the PCR products than those
from other stratns. Such similar patterns were also oh-
served among families in the Agaricales. However, M.
procera of the Bolbitiaceae and F. wvelutipes of the Tri-
cholomataceae exhibited distinct restriction patterns due
to length mutations occurring in the region amplified. In
general, restriction patterns generated from each of 13

enzymes were similar among strains within the same
family.

Genetic relationships among 12 species

In order to determine genetic relationships among 12
strains, dendrograms were constructed by UPGMA and
neighbor-joining analyses on the basis of distance values
(Table 4). The cophenetic correlation coefficients of the
UPGMA and neighbor-joining analyses were (.8514 and
L0000, respectively. These results show that the den-
drogram constructed by neighhor-joining analysis pro-
vides the bes: fit to the data. In the phenogram from
UPGMA analysis, 12 strains fell into two distinct groups,
corresponding with orders where each strain belongs to
{(Fig. 2). Group-A consists of seven strains in the A-
phyllophorales including Ganoderma species, and group-13
1s composed of five strains in the Agaricales. Fomitells
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Lenzites betulina
-Polyporaceae

Coriolus versicolor
-Polyporaceae

Gloeophy! lum abietinus
-Polyporaceae

Fomwes fosentarius
-Polyporac.eae

Ganoderma adspersus
-Ganodersataceae

Ganoderma lucidus
-Ganoderaataceae

Fomitella fraxinea
-Polyporaceae

Pleurotus ostreatus
-Pleurotaceae

Hohenbuehelis sp.
— -Pleurotaceae

Macrolepiota procera
-Bolbitiaceae

Agrocybe semiorbicularis
-Agaricaceae

Flagsulina velutipes
~Tricholomataceae

1.0 0.8 0.6 0.4
—

] 1 1 i 1 J

Fig. 2. Dendrogram based on ITS-restriction phenotypes gen-
erated from 13 restriction endonucleases and 12 basidiomycetous
mushrooms belonging to Aphyllophorales and Agaricales. The den-
drogram was constructed from distance values using the UPGMA
method in the software package NTSYS-pc. Two distinct groups
were delimited, corresponding with orders where each species be-
longs to.

fraxinea in Polyporaceae was distantly related to other
members in Polyporaceae. The average distance value
between group-A and group-B was 0.8836, indicating
quite distant relationship between the two groups. The
average distance values within group-A and group-B
were 0.6908 and 0.8408, respectively. Neighbor-joining
analysis also distinguished 12 strains into two distinct
groups (Fig. 3). Dendrograms constructed from both of
UPGMA and neighbor-joining analyses showed that
Ganoderma strains are closely related to the family Po-
lyporaceae. This results conflict with Donk's (21) view
which transferred Gamoderma species from the Po-
lyporaceae to the Ganodermataceae.

As shown in the phenogram by the UPGMA analysis
(Fig. 2), F. fraxinea in the Polyporaceae is more closely
related to Ganoderma species than other strains of the
same family. Even though the dendrogram (Fig. 3) by
neighbor-joining analysis separated Ganoderma species
from the Polyporaceae, they were placed in a close af-
finity within the same group. These results indicate that
there is no clear genetic demarcation between the Po-
lyporaceae and the Ganodermataceae. In order to draw a
clear conclusion about taxonomic status of Ganoderma

Jour. Microbiol

Lenzites betulina
-Polyporaceae

Coriolus versicolor
-Polyporaceae

Gloeophyllum abietinum
-Polyporaceae

Fomes fosentarius
-Polyporaceae

Fomitella fraxinea
-Polyporaceae

Ganodersa adspersum
-Ganodermataceae

Ganoderma lucidum
-Ganodermataceae

Pleurotus ostreatus
-Pleurotaceae

Hohenbushelia sp.
-Pleurotaceae

Agrocybe semiorbicularis
-Agaricaceae

Flammulina velutipes
-Tricholomataceae

Macrolepiota procera
-Bolbitiaceae

7 6 5 4 3 2 1

L 1 1 1 i J

Fig. 3. Dendrogram based on ITS-restriction phenotypes gen-
erated from 13 restriction endonucleases and 12 basidiomycetous
mushrooms belonging to Aphyllophorales and Agaricales. The den-
drogram was constructed by neighbor-joining method in the
software package NTSYS-pc. Two distinct groups were delimited,
corresponding with orders where each species belongs to.

species, additional strains from both families should be
examined using varying molecular approaches.

Evolutionary relationship

As shown in the phenogram (Fig. 2), strains in the
Agaricales were placed at the base of a cluster of strains
in the Aphyllophorales. Such a topology indicates that
members in the Agaricales are evolutionally more prim-
itive than those in the Aphyllophorales. However, our
data from the present study are not sufficient to con-
clude an evolutionary relationship between the two
groups because of the limited number in tested sample
size. In order to resolve specific patterns of evolutionary
history, additional strains and approaches need to be in-
vestigated.

In conclusion, RFLP analyses of nuclear ITS indicate
that 12 strains used in this study were clearly dis-
tinguished into two genetically distinct groups which cor-
respond with morphology-based classification
(Aphyllophorales and Agaricales). These results indicate
that RFLPs of ITS could be used as an aid in classifying
mushrooms at orders as well as at families. Because
there is no clear genetic demarcation between the Po-
lyporaceae and the Ganodermataceae, these families
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seem to be in a close taxonomic affinity. Branching pat-
terns seen in the dendrograms indicate that members in

th

e Agaricales are evolutionally more primitive than

those in the Aphyllophorales are.
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