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Abstract

BinucleateRhizoctoniaanastomosis group (AG) D is the cause of rhizoctonia-patch and elephant-footprint diseases
of zoysiagrass, and winter-patch disease of bentgrass.RhizoctoniaAG-D is also known as the causal pathogen of
other diseases such as sharp-eye-spot of cereals, foot-rot of cereals and winter-stem-rot of mat rush. Isolates of AG-D
have been divided into the two subgroups AG-D (I) and AG-D (II), based on the results of cultural characteristics
and pathogenicity tests. Isolates obtained from zoysiagrass exhibiting symptoms of rhizoctonia-patch disease, from
bentgrass with winter-patch disease, from wheat with foot-rot disease, and from mat rush with winter-stem-rot
disease were reported to belong to subgroup AG-D (I). On the other hand, isolates obtained from zoysiagrass with
elephant-footprint disease were assigned to subgroup AG-D (II). To confirm the existence of these two subgroups
in AG-D, the genetic structure of AG-D isolates from turfgrass and other crops was compared. RFLP analysis of the
ITS region from rDNA after digestion with the restriction enzymesEcoRI, HaeIII, HhaI, HinfI, andMboI separated
AG-D isolates into two groups corresponding to AG-D (I) and AG-D (II). Furthermore, other AGs except AG-Q
(AGs-A, Ba, Bb, C, E, F, G, I, K, L, O, P, andR. solaniAG1-IC) did not have the same patterns that were seen
for the two AG-D subgroups. AG-Q isolates from bentgrass showed the same patterns as AG-D (I). The results of
the RAPD analysis also revealed the existence of two groups that corresponded to AG-D (I) and AG-D (II). These
analyses revealed thatRhizoctoniaAG-D isolates from turfgrass could be divided into two subgroups consistent
with those based on cultural characteristics and pathogenicity. In addition, isolates of foot-rot disease of wheat and
isolates of winter-stem-rot disease of mat rush whose cultural characteristics were the same as those of AG-D (I)
also showed similar RFLP and RAPD patterns to those of AG-D (I) isolates from turfgrass.

Introduction

Fungi in binucleateRhizoctoniaanastomosis group D
(Rhizoctonia cerealis= CeratobasidiumCAG-1 =
RhizoctoniaAG-D) are soilborne fungal pathogens that
cause foot-rot, root-rot, and damping-off diseases in
several crop plants (Boerema and Verhoeven 1977;
Ogoshi et al., 1979, 1983; Burpee, 1980; Burpee et al.,
1980; Lipps and Herr, 1982; Uchino et al., 1983; Oniki

et al., 1986b; Kataria and Hoffmann, 1988; Cubeta
et al., 1991; Damaj et al., 1993). These pathogens also
cause rhizoctonia-patch disease and elephant-footprint
disease of Japanese and Manila zoysiagrasses (Zoysia
japonicaSteud andZoysia matorellaErr), and winter-
patch disease of bentgrass (Agrostisspp.) (Oniki et al.,
1986b; Tani, 1989; Tanpo et al., 1990). These three turf-
grass diseases cause aesthetic damage to turfgrasses
on golf courses. Rhizoctonia-patch and winter-patch
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Table 1. Cultural characteristics and pathogenicity ofRhizoctoniaAG-D isolates obtained from three turfgrass-, one wheat- and one
mat rush-diseases

Disease Host Optimal temperature (◦C) Mycelial Sclerotial Pathogenicity to AG-D
color formation subgroup

Hyphal Causing Zoysiagrass Bentgrass
growth disease

Rhizoctonia-patch Turfgrass 23 10 Brown + + + I
Winter-patch Turfgrass 23 10 Brown + + + I
Elephant-footprint Turfgrass 25 20 White to yellow− + − II
Foot-rot Wheat 23 10 Brown + + + I
Winter-stem-rot Mat rush 23 10 Brown + + + I

diseases commonly occur during the cool season in
Japan, which is from December to May. On the other
hand, elephant-footprint disease occurs during the hot
season which is from June to September. Tanaka et al.
(1994) suggested that isolates of AG-D obtained from
turfgrasses exhibiting symptoms of these three dis-
eases could be divided into two subgroups based on
cultural characteristics and pathogenicity (Table 1).
Tanaka et al. (1994) proposed that isolates from the
rhizoctonia-patch and winter-patch diseases belong to
subgroup AG-D (I), while the fungus causing elephant-
footprint disease belongs to subgroup AG-D (II). From
their cultural characteristics, isolates obtained from
wheat with foot-rot disease and from mat rush with
winter-stem-rot disease also belong to subgroup AG-D
(I) (Table 1). In this study, the genetic structures of the
two subgroups ofRhizoctoniaAG-D were compared
by RFLP analysis of the ITS region from rDNA and by
RAPD analysis, to test whether these two subgroups
are genetically distinct.

Materials and methods

Isolates

Seventy-nine isolates ofRhizcotoniaspp. were used in
this study. The origins of these isolates are listed in
Tables 2 and 3. Twenty-one isolates were obtained from
zoysiagrass exhibiting symptoms of elephant-footprint
disease, twelve from zoysiagrass with rhizoctonia-
patch disease, and seventeen from bentgrass with
winter-patch disease. Two isolates obtained from
wheat (Triticum aestivumL.) with foot-rot disease
(Takamatsu, 1989) and three from mat rush (Juncus
decipiensNakai) with winter-stem-rot disease (Ikata
and Yoshida, 1940; Matsuoka, 1959) were also used.
Moreover, other binucleate isolates of AGs-A, Ba, Bb,

C, E, F, G, I, K, L, O, P, Q (Ogoshi et al., 1978; Oniki
et al., 1986a), and one isolate ofRhizoctonia solani
AG1-IC (Hyakumachi and Sumino, 1984) were also
used for comparison. All isolates were maintained on
potato dextrose agar (PDA) in test tube slants at 25◦C.

Hyphal anastomosis

Isolates used for hyphal anastomosis reactions are
listed in Tables 2 and 3. The methods for the micro-
scopical observation of hyphal anastomoses within and
between isolates of the two subgroups of AG-D or
between the isolates of AG-D and other AGs were
done as described by Ogoshi (1976). The isolates were
grown on PDA for 2–3 days at 25◦C. Mycelial plugs
of 3 mm diameter taken from the advancing margin of
the pure culture of each isolate were paired 3–4 cm
apart, on 2% water agar (WA), in a 9 cm petri dish, and
allowed to grow at 25◦C. After 2 days, the overlap-
ping portion of hyphae which was growing on WA was
transferred to a slide, stained with 0.1% cotton blue in
lactophenol, and observed for hyphal fusion at 100×
magnification. Percentage fusion frequency was deter-
mined using the equation:A(100)/B, whereA is the
sum of fusion points, andB is the sum of contact points
in 15 microscopic fields. The type of hyphal anastomo-
sis reactions categorized by Carling and Leiner (1987)
was determined by observation at 400×magnification.

DNA extraction

Seventy-two isolates used for DNA extraction are
listed in Tables 2 and 3. These isolates were cul-
tured in 10 ml of potato dextrose broth (PDB) at
25◦C for seven days. After incubation, the mycelial
mat was harvested by filtration and stored at−80◦C
until use. Total genomic DNA was extracted by
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Table 2. RhizoctoniaAG-D isolates used in this study

Working HAa ITSb RAPDc Isolate Disease Subgroup Host Origin
number name

R1 + + + SN16 Rhizoctonia-patch I Zoysiagrass Chiba
R2 + + TG-M-2 Rhizoctonia-patch I Zoysiagrass Kagawa
R3 + + + TG-SDS-1 Rhizoctonia-patch I Zoysiagrass Kagawa
R4 + + + B1-2 Rhizoctonia-patch I Zoysiagrass —d

R5 + + + T-9H-5 Rhizoctonia-patch I Zoysiagrass Mie
R6 + + YC-SDS-1 Rhizoctonia-patch I Zoysiagrass Mie
R7 + + ST-SDS-1 Rhizoctonia-patch I Zoysiagrass Kagawa
R8 + + HR-12-1 Rhizoctonia-patch I Zoysiagrass Shiga
R9 + BrG-SDS-1 Rhizoctonia-patch I Zoysiagrass Yamanashi
R10 + SD-SDS-1 Rhizoctonia-patch I Zoysiagrass Kagawa
R11 + IZ-SDS-1 Rhizoctonia-patch I Zoysiagrass Shimane
R12 + CY-SDS-1 Rhizoctonia-patch I Zoysiagrass Hiroshima
W1 + + + WG1B Winter-patch I Bentgrass Kagawa
W2 + + + AO-S-1A Winter-patch I Bentgrass Miyazaki
W3 + + + WT-G Winter-patch I Bentgrass Hyogo
W4 + + + MS-S-A2 Winter-patch I Bentgrass —
W5 + RF-WP-1 Winter-patch I Bentgrass Miyagi
W6 + + KF-1 Winter-patch I Bentgrass Fukuoka
W7 + + ST-WP-3 Winter-patch I Bentgrass Kagawa
W8 + WR2C Winter-patch I Bentgrass Kagawa
W9 + + YC-WP-3 Winter-patch I Bentgrass Mie
W10 + KuM-WP-2 Winter-patch I Bentgrass Ehime
W11 + + BIG-WP-2 Winter-patch I Bentgrass Yamagata
W12 + CS-WP-2 Winter-patch I Bentgrass Kumamoto
W13 + ST-WP-2 Winter-patch I Bentgrass Kagawa
W14 + AYu-WP-1 Winter-patch I Bentgrass Kagawa
W15 + BrG-WP-2 Winter-patch I Bentgrass Yamanashi
W16 + OK-WP-2 Winter-patch I Bentgrass Okayama
W17 + WK-WP-3 Winter-patch I Bentgrass Yamaguchi
E1 + + + UN-3-2 Elephant-footprint II Zoysiagrass Kagoshima
E2 + + + TG9R Elephant-footprint II Zoysiagrass Kagawa
E3 + + + SD-W4-5 Elephant-footprint II Zoysiagrass Kagawa
E4 + + KT-1-1 Elephant-footprint II Zoysiagrass Kagawa
E5 + + TG13R Elephant-footprint II Zoysiagrass Kagawa
E6 + + + OK-EF-1 Elephant-footprint II Zoysiagrass Okayama
E7 + + + MW-EF-1 Elephant-footprint II Zoysiagrass Yamaguchi
E8 + + MW-EF-2 Elephant-footprint II Zoysiagrass Yamaguchi
E9 + + WK-EF-1 Elephant-footprint II Zoysiagrass Yamaguchi
E10 + ST-EF-1 Elephant-footprint II Zoysiagrass Kagawa
E11 + + YC-EF-1 Elephant-footprint II Zoysiagrass Mie
E12 + YG-EF-1 Elephant-footprint II Zoysiagrass Yamagata
E13 + SB-EF-2 Elephant-footprint II Zoysiagrass Chiba
E14 + + CH-EF-1 Elephant-footprint II Zoysiagrass Aichi
E15 + HR-EF-2 Elephant-footprint II Zoysiagrass Shiga
E16 + Oak-EF-1 Elephant-footprint II Zoysiagrass Okayama
E17 + WK-EF-3 Elephant-footprint II Zoysiagrass Yamaguchi
E18 + MW-EF-3 Elephant-footprint II Zoysiagrass Yamaguchi
E19 + ST-EF-2 Elephant-footprint II Zoysiagrass Kagawa
E20 + SD-EF-1 Elephant-footprint II Zoysiagrass Kagawa
E21 + KM-EF-1 Elephant-footprint II Zoysiagrass Ehime
F1 + + + W-12 Foot-rot I Wheat Hokkaido

(ATCC76318)
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Table 2. Continued

Working HAa ITSb RAPDc Isolate Disease Subgroup Host Origin
number name

F2 + + + C-60 Foot-rot I Wheat —
M1 + C-27 Winter-stem-rot I Mat rush Fukuoka
M2 + C-58 Winter-stem-rot I Mat rush Fukuoka
M3 + + + C-160 Winter-stem-rot I Mat rush —

aUsed for hyphal anastomosis observation.
bUsed for RFLP analysis of ITS from rDNA.
cUsed for RAPD analysis.
dUnknown.

Table 3. Rhizoctoniaother than AG-D isolates used in this study

Working HAa ITSb RAPDc Isolate Group Host Origin
number name

A1 + + YS-10-1 AG-A —d —
A2 + YS-6-4-2A AG-A — —
Ba1 + + + C-314 AG-Ba — —
Ba2 + + C-484 AG-Ba Oryza sativaL. Fukuoka
Bb1 + + C-455 AG-Bb Oryza sativaL. Fukuoka
Bb2 + + C-350 AG-Bb — —
C1 + + 706 AG-C Dactylis glomerataL. Hokkaido
C2 + + N462 AG-C Dactylis glomerataL. —
E1 + + TMA1-1 AG-E Soil Hokkaido
E2 + + F-18 AG-E Linum usitatissimumL. Hokkaido
E3 + RH155 AG-E Dactylis glomerataL. —
F1 + + AH-6 AG-F Arachis hypogaeaL. Chiba
F2 + S1R-1 AG-F — —
G1 + + + AH-9 AG-G Arachis hypogaeaL. Chiba
G2 + + HAK1-1 AG-G Soil Hokkaido
I1 + + AV-2 AG-I Artemisia Tokyo
I2 + + 614 AG-I Dactylis glomesataL. —
K1 + + AC-1 AG-K Allium cepaL. Hokkaido
L1 + + — AG-L — —
O1 + + O3 AG-O — —
P1 + C-578 AG-P Thea sinensisL. Shizuoka
Q1 + + RK-2 AG-Q Agrostis(bentgrass) —
Q2 + RK-3 AG-Q Agrostis(bentgrass) —
1-IC + + + P-1 R. solaniAG1-IC Beta vulgarisL. Hokkaido

aUsed for hyphal anastomosis observation.
bUsed for RFLP analysis of ITS from rDNA.
cUsed for RAPD analysis.
dUnknown.

following a method modified from Yoder (1988).
Frozen mycelia were ground, suspended in extrac-
tion buffer (10 mM Tris-HCl pH 7.5, 100 mM EDTA,
0.5% sodium dodecyl sulphate (SDS) and 100 mM
LiCl) and heated at 50◦C for 15 min. The supernatant
obtained by centrifugation (15,000 rpm) was extracted
with phenol–chloroform–isoamyl alcohol (25 : 24 : 1).
The DNA was precipitated with isopropyl alcohol,

rinsed with 70% ethanol and redissolved in a 50µl
volume of TE buffer (10 mM Tris-HCl, pH 7.5,
1 mM EDTA). After treatment with 10µg RNase A
(Sigma Chemical, USA) at 37◦C for 1 h, the DNA
was extracted sequentially with Tris-saturated phe-
nol, phenol–chloroform–isoamyl alcohol, chloroform–
isoamyl alcohol (24 : 1) and diethyl ether. Isopropyl
alcohol was added to the resulting solution and the
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mixture was placed on ice for 10 min. The DNA pre-
cipitate collected by centrifugation was washed with
70% ethanol and dissolved in 50µl of TE buffer.

PCR of the ITS region

Amplification reactions were carried out for fungal
DNA of 71 isolates (Tables 2 and 3). The reaction mix-
ture consisted of a 50µl volume containing 100µM
each of dATP, dCTP, dGTP, and dTTP, 50 pmol each of
the oligonucleotide primers ITS1 and ITS4 (Rikaken,
Japan), 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM
MgCl2, and 1.25 unitsTaqpolymerase (Takara Shuzo,
Japan). ITS1 and ITS4 are designed for the amplifi-
cation of the ITS region from rDNA (White et al.,
1990). The sequences of ITS1 and ITS4 are listed in
Table 4. The reaction mixture was overlaid with mineral
oil prior to PCR amplification. A DNA thermal cycler
(The Perkin Elmer Cetus, USA) was programmed for
3 min at 94◦C, followed by 30 cycles of 1 min at 94◦C,
1 min at 59◦C, 1 min at 72◦C, and 7 min at 72◦C. After
extraction with chloroform, the amplification products
were separated by electrophoresis on 1.5% agarose gels
(Takara Shuzo, Japan) in TBE buffer. The gels were
stained with ethidium bromide (EB), and the DNA was
visualized under UV trans-illumination.

Restriction enzyme digestion of the
ITS region from rDNA

Amplified products of isolates used for ITS-PCR
were precipitated in 3 M sodium acetate and 99.5%
ethanol at−80◦C for 30 min, washed in 70% ethanol,
dried under vacuum, and resuspended in 50µl of TE
buffer. The ITS region from rDNA of each isolate was
digested separately, under conditions recommended by

Table 4. Sequence of primers used in the analysis of
RhizoctoniaAG-D isolates

Primer name Sequence

ITS1 5′-TCCGTAGGTGAACCTGCGC-3′

ITS4 5′-TCCTCCGCTTATTGATATGC-3′

P14 5′-CCACAGCACG-3′

R28 5′-ATGGATCCGC-3′

RC09 5′-GATAACGCAC-3′

A01 5′-TGCACTACAACA-3′

A07 5′-TGCCTCGCACCA-3′

A08 5′-GCCCCGTTAGCA-3′

A09 5′-CCGCAGTTAGAT-3′

R1 5′-GTCCATTCAGTCGGTGCT-3′

the manufacturer (Takara Shuzo, Japan), with seven
restriction enzymes:EcoRI,HaeIII, HhaI, HinfI, MboI,
PstI, and XbaI. The restriction fragments were sepa-
rated by electrophoresis on 2% NuSieve agarose gels
(FMC BioProducts, USA).

RAPD analysis

Amplification reactions were carried out using 28 iso-
lates. These isolates are listed in Tables 2 and 3. Except
for the primers, the reaction mixture was the same
as that used for the amplification of the ITS region
from rDNA. The primers used for the RAPD analy-
sis were P14, R28, RC09, R1, A01, A07, A08, and
A09 (Rikaken, Japan). The sequences of the RAPD
primers are listed in Table 4. Reaction mixtures were
overlaid with mineral oil prior to PCR amplification.
The DNA thermal cycler was programmed for 2 min at
94◦C, followed by 40 cycles of 1 min at 94◦C, 1 min
at 35◦C, 3 min at 72◦C, and with a final extension of
7 min at 72◦C. After extraction with chloroform, the
amplification products were separated by electrophore-
sis on 1.5% agarose gels (Takara Shuzo, Japan) in TBE
buffer. The gels were stained with EB, and the DNA was
visualized under UV trans-illumination. The banding
patterns of the DNA were estimated visually. A den-
drogram was constructed from the results of the cluster
analysis generated by similarity coefficients using the
unweighted pair group method with arithmetic aver-
age (UPGMA)(Sneath and Sokal, 1973). The similar-
ity coefficientF between two strains was detected by
the formula ofF = 2NXY/NX +NY, whereNXY is the
number of common fragments between the two iso-
lates, andNX andNY, are the number of fragments in
isolates X and Y, respectively. A dendrogram was also
constructed from a bootstrap analysis. Binary data were
taken from the banding patterns of the DNA and used
for phylogenetic analysis. Maximum parsimony trees
were produced using the heuristic method of PAUP
3.1.1 (Swofford, 1993). Clade stability was assessed
with 100 bootstrap replications.

Results

Hyphal anastomosis

Hyphae of the AG-D isolates fused within and between
the two subgroups, but failed to fuse with hyphae of
R. solaniAG1-IC and other binucleateRhizoctonia
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AGs, except AG-Q. A C2 reaction with both wall
and membrane fusion and death of anastomosing
cells was always observed in pairings made within
and between the two subgroups of AG-D isolates,
and between AG-D and AG-Q isolates. Within the
two subgroups, hyphal anastomosis frequencies were
42.2± 1.7 (39.7–48.2%) for AG-D (I), and 46.8± 4.3
(42.5–51.1%) for AG-D (II). Anastomosis frequencies
between subgroups were 44.7 ± 4.3 (30.5–48.4%).
The two subgroups were not distinguishable by hyphal
anastomosis frequency, and there was no difference
in anastomosis frequencies within and among isolates
causing the five different diseases and of AG-Q. For
example, anastomosis frequencies within the isolates
causing each disease were 40.9%±1.2 for rhizoctonia-
patch, 42%±4.5 for winter-patch, 44.8%±3.4 for foot-
rot, 43.5%± 2.2 for winter-stem-rot, and 46.8%± 4.3
for elephant-footprint. When isolates causing elephant-
footprint disease were tested against the other isolates,
the following anastomosis frequencies were found:
43.9%±3.0 with rhizoctonia-patch, 44.4%±4.4 with
winter-patch, 45.8%± 3.9 with foot-rot, 45.2%± 3.8
with winter-stem-rot, and 43.4%± 4.7 with AG-Q.
There was no statistically significant difference in the
means as determined by Duncan’s multiple range test.

RFLP analysis of the ITS region from rDNA

The primers ITS1 and ITS4 gave a product of the
ITS region from rDNA from all binucleateRhizoctonia

Table 5. Restriction fragment sizes (base pairs) of the representative isolates ofRhizoctoniaspp. after digestion of the
ITS region from rDNA with five endonucleasesa

AG Working number ITS EcoRI HaeIII HhaI Hinf I MboI

D(I) R1 740 380,360 540,120,80 390,350 300,130,110,60 260,260,130,90
D(II) E1 740 390,350 540,130,70 380,360 260,190,150,14 250,180,140,90
A A1 720 390,330 580,100,40 390,330 280,230,130,80 230,210,130
Ba Ba1 730 400,330 450,130,110 365,365 400,180,150 220,200,130,70
Bb Bb1 810 440,370 650,120,60 405,405 420,320,70 260,260,130,70
C C1 730 390,340 540,120,70 400,270,60 280,210,140 260,250,140,80
E E1 740 390,350 580,110,50 380,360 390,350 260,260,140,80
F F1 680 360,320 400,140,100,40 340,300,40 330,230,120 230,210,130,110
G G1 710 390,320 550,120,50 355,355 380,330 260,240,150,60
I I1 710 380,320 550,110,60 370,340 320,210,120,60 230,190,140,80,70
K K1 740 400,340 470,100,100,70 370,370 390,290,60 270,250,150,70
L L1 720 380,340 540,120,60 360,360 390,330 260,230,140,70
O O1 720 390,330 320,120,120,60 360,360 340,280 260,240,140,80
P P1 760 390,370 620,110,30 400,360 390,190,180 270,250,160,80
Q Q1 740 380,360 540,120,80 390,350 300,130,110,60 260,260,130,90
IC 1-IC 690 370,320 400,130,100,60 360,330 360,330 250,240,140,60

aList of the representative isolates ofRhizoctoniaspp. used in this experiment are shown in Tables 2 and 3.

isolates. The DNA fragments differed for restric-
tion digest patterns generated by the enzymesEcoRI,
HaeIII, HhaI, HinfI, and MboI. However, the PCR-
products were not cleaved byPstI and XbaI. The
length of PCR-products and restriction fragments
were the same within each subgroup of AG-D and
with isolates of the other AGs. Representative iso-
lates of each AG are listed in Table 5. TheEcoRI-
digested products of all isolates had one restriction
site and showed two fragments of different lengths.
HhaI digestion also indicated that all AGs, except
for AG-Bb, had one restriction site and showed two
different-sized fragments. AG-Bb had two restriction
sites and showed three fragments.HaeIII, Hinf I and
MboI digestion showed a variety of polymorphisms
among all AGs.Hinf I and MboI digestion patterns
are shown in Figure 1. AG-D showed two restriction
fragment patterns for these five endonucleases. One
pattern was composed of isolates from rhizoctonia-
patch and winter-patch, which belong to subgroup
AG-D (I); isolates causing foot-rot and winter-stem-
rot were also included in this pattern. Another
pattern was composed of isolates from elephant-
footprint, which belong to AG-D (II). No other AGs
except AG-Q had the same restriction patterns as
AG-D (I) and AG-D (II). These results indicated
that two subgroups of AG-D can be distinguished
based on restriction digest patterns generated by these
five enzymes. AG-Q showed the same patterns as
AG-D (I).
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Figure 1. Agarose gels showing DNA restriction digest patterns of the rDNA-ITS region ofRhizoctoniaisolates causing various diseases
using endonucleasesHinf I (a-1, a-2) andMbo I (b-1, b-2): Lanes 1–8, isolates (working number) E1, E2, E6, E7, E11, E13, E14 and E15
causing elephant-footprint; Lanes 9–13, isolates R1, R2, R5, R7 and R8 causing rhizoctonia-patch; Lanes 14–18, isolates W1, W2, W3,
W5 and W6 causing winter-patch; Lane 19, isolate F1 causing foot-rot; Lane 20, isolate M3 from winter-stem-rot; Lanes DI, DII, A, Ba,
Bb, C, E, F, G, I, K, L, O, P, Q and IC are representative isolates of the various groups and subgroups, and are working numbers R1, E2,
Ba1, Bb1, C1, E1, F1, G1, I1, K1, L1, O1, P1, Q1, and 1-IC, respectively.

RAPD analysis

RAPD-PCR using 28 isolates was performed with
eight primers that gave multiple PCR products. Isolates
from each AG had identical banding patterns using all
eight primers (data not shown). Representative banding
patterns for isolates from AG-D and three other AGs
(AG-Ba, G, andR. solaniAG1-IC) using three primers

(P14, R1 and A08) are shown in Figure 2. In isolates of
AG-D, banding patterns obtained using the individual
primers were clearly divided into two types. One type
was composed of isolates causing rhizoctonia-patch
and winter-patch diseases, which belong to subgroup
AG-D (I); isolates causing foot-rot and winter-stem-
rot diseases, which also belong to AG-D (I), were also
included in this type. Another type consisted of isolates
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Figure 2. Random amplified polymorphic DNA (RAPD) banding patterns using primers P14, R1 and A08 ofRhizoctoniaisolates causing
various diseases: Lanes 1–8, isolates E1, E2, E4, E5, E6, E7 and E8 causing elephant-footprint; Lanes 9–15, isolates R1, R2, R3, R4, R5,
R6 and R7 causing rhizoctonia-patch; Lanes 16–22, isolates W1, W2, W3, W4, W5, W6 and W7 causing winter-patch; Lanes 23–24,
isolates F1 and F2 causing foot-rot; Lane 25, isolate M3 causing winter-stem-rot; Lane 26, isolate AG-Ba1; Lane 27, isolate AG-G1; and
Lane 28,R. solaniAG1-IC isolate.

from elephant-footprint disease, which belong to AG-
D (II). The total number of bands from 28 isolates
using the eight primers was 175. A dendrogram con-
structed using UPGMA was made from the data of
these 28 isolates using all eight primers (Figure 3),

and showed that AG-D isolates were separated into
two clusters based on a similarity coefficient of 0.21.
Isolates from rhizoctonia-patch, winter-patch, foot-rot,
and winter-stem-rot formed one cluster with a mini-
mum similarity coefficient of 0.57, and isolates from
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Figure 3. Dendrogram obtained from RAPD analysis showing different levels of genetic relatedness amongRhizoctoniabinucleate AG-D
subgroups (I) and (II), AG-Ba and AG-G isolates. The dendrogram was constructed from the similarity coefficient of UPGMA. For
identification see Tables 2 and 3.

elephant-footprint formed another cluster with a mini-
mum similarity coefficient of 0.86. The mean similar-
ity coefficient between AG-D isolates and those in the
other AGs was 0.11. RAPD analyses clearly indicated
that AG-D could be divided into two subgroups repre-
senting AG-D (I) and AG-D (II). A phylogenetic tree
constructed using PAUP 3.1.1. from the same band-
ing data also showed that AG-D isolates were sep-
arated into two clusters corresponding to subgroups
I and II (Figure 4). Isolates from rhizoctonia-patch,
winter-patch, foot-rot, and winter-stem-rot formed one
cluster 98 times out of 100 bootstrap replicates. Isolates
of elephant footprint formed a cluster separate from
the cluster for the other diseases for all 100 bootstrap
replicates.

Discussion

Ribosomal RNA genes are known to be conserved,
and so sequence component analyses of these genes

are phylogenetically and taxonomically informative
(Bruns et al., 1991). Recently, analysis of ribosomal
DNA has been used for classification ofRhizocto-
nia species (Jabaji-Hare et al., 1990; Vilgalys and
Gonzalez, 1990; Liu and Sinclair, 1992, 1993; Liu et al.,
1993, 1995; Balali et al., 1996). Also, the delimitation
of binucleateRhizoctoniaAGs has been supported by
DNA analyses (Cubeta et al., 1991; Damaj et al., 1993).
In addition, some reports have indicated that RFLP
analysis of the ITS region from rDNA and RAPD analy-
sis could be used for inter- or intra-group differentiation
of Rhizoctoniaspp. (Liu and Sinclair, 1992, 1993;
Duncan et al., 1993; Boysen et al., 1996; Keijer et al.,
1996; Yang and Kharbanda, 1996; Schneider et al.,
1997). The present study has also demonstrated that
the two subgroups of AG-D are clearly distinguish-
able from each other. Restriction digest patterns of the
ITS region from rDNA by the enzymesEcoRI, HaeIII,
HhaI, HinfI, and MboI clearly distinguished two sub-
groups of AG-D, which were different from other bin-
ucleate groups except AG-Q. Hyphae of AG-Q isolates
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Figure 4. Phylogenetic tree of binucleateRhizoctoniaAG-D
subgroups (I) and (II), AG-Ba and AG-G isolates. The tree length
was 380 steps. Edges of length and bootstrap replication frequen-
cies above 50% are indicated on the branches. ARhizoctonia
solaniAG1-IC isolate was used as an outgroup to root the tree.
For identification see Tables 2 and 3.

could anastomose with those of AG-D isolates, and
they are now thought to belong to subgroup AG-D (I).
A dendrogram constructed from the RAPD data also
showed each of the two subgroups made an individ-
ual cluster with mean similarity coefficients of 0.62 for
AG-D (I) and 0.94 for AG-D (II). The values of these
two coefficients clearly show that the AG-D (I) group
consists of variant isolates, while the AG-D (II) group
consists of similar isolates. Although the isolates were
acquired from various areas in Japan, the data of RFLP
analysis of the ITS region from rDNA and of RAPD
analysis obtained from subgroups AG-D (I) and AG-D
(II) indicate that there are no geographical relationships
among the isolates in these groups.

Based on RFLP analysis of the ITS region from
rDNA and on RAPD analysis, isolates obtained from
wheat exhibiting symptoms of foot-rot disease, and

from mat rush with winter-stem-rot disease, belong
to subgroup AG-D (I). These disease symptoms were
found during the cool season in Japan (Ikata and
Yoshida, 1940; Takamatsu, 1989), and the cultural
characteristics and pathogenicity of these fungi are very
similar to those of AG-D (I) isolates (Table 1). Thus,
DNA analyses support the data for the season of occur-
rence, cultural characteristics, and pathogenicity for
these isolates. Thus, we propose that isolates of foot-
rot and winter-stem-rot diseases belong to subgroup
AG-D (I).

In addition, CAG-1 isolates, causal agent of sharp-
eye-spot of cereals, and of other diseases of several crop
plants, were obtained during the cool season and their
cultural characteristics were almost identical to sub-
group AG-D (I) (Burpee, 1980; Lipps and Herr, 1982).
Therefore, we also propose that the known CAG-1 iso-
lates possibly belong to subgroup AG-D (I).

Subgroup AG-D (II) isolates causing elephant-
footprint disease were clearly distinguished from
AG-D (I) based on cultural characteristics, pathogenic-
ity, and DNA analysis. Hyphae of all AG-D (II) isolates
anastomosed with all AG-D (I) isolates. The results
of RAPD analysis showed that the cluster composed
of AG-D (II) isolates had high similarity, and that lit-
tle variability was observed among the banding pat-
terns of AG-D (II) isolates. So far, isolates belonging
to subgroup AG-D (II) were not obtained from plants
other than zoysiagrass. It would be interesting to know
whether AG-D (II) isolates can be obtained only from
warm-season turfgrasses, or if they occur more widely.

From these data, we conclude that AG-D should
be divided into the two subgroups, AG-D (I) and (II),
based on RFLP analysis of the ITS region from rDNA
and on RAPD analysis.
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