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AFLP {amplified fragment length polymorphism) analysis was applied to Armillaria ostoyae isolates (single-spore isolates 
and field isolates from the same forest). For detection of AFLP, we have developed a modified method using DNA se- 
quencer with Texas Red-labeled selective primer. In analysis of single-spore isolates, this technique provided large 
numbers of highly polymorphic DNA markerS, which can be used to identify genets, The results suggested that out- 
breeding might be common in A. ostoyae, 
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Armillaria ostoyae (Romagn.) Herink causes Armillaria 
root and butt rot of woody plants. In studies of the ecol- 
ogy and infection biology of this fungus, identification of 
genets in the field has been carried out using the somatic 
incompatibility test (Legrand et al., 1996; Rizzo and Har- 
rington, 1993; Rizzo et al., 1995; Smith et al., 1994; 
Worrall, 1994). However, in earlier studies, somatic in- 
compatibility testing was not able to distinguish about 
half of the inbred isolates (Kile, 1983; Korhonen, 1978). 
Recently, molecular markers such as isozyme profiles, 
RFLP (restriction fragment length polymorphism) and 
RAPD (randomly amplified polymorphic DNA) analysis 
have been used to identify genets of Arm#/aria sp. (Guil- 
laumin et al., 1996; Legrand et al., 1996; Rizzo and Har- 
rington, 1993; Rizzo et al., 1995; Smith et al., 1994). 
Guillaumin et al, (1996) compared four methods (somatic 
incompatibility tests, mating-type allele analysis, iso- 
zyme profiles and RAPD analysis) to identify genets and 
found that RAPD analysis detected the highest number of 
polymorphic loci and could most readily distinguish close- 
ly related isolates. However, they also suggested that 
RAPD analysis was not proved to be a reproductive DNA 
marker. 

Vos et al. (1995) developed a DNA fingerprinting 
technique called AFLP (amplified fragment length poly- 
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morphism) analysis based on selective PCR (polymerase 
chain reaction) amplification of genomic DNA restriction 
fragments, and demonstrated that AFLP analysis could 
reproducibly detect a large number of polymorphic loci. 
AFLP analysis has been used to study genetics and popu- 
lation structure of many plants and some fungi (Beismann 
et al., 1997; Cervera et al., 1996; Julidn et al., 1999; 
Maughan et al., 1996; Majer et al., 1 996; Travis et al., 
1996). 

A number of different methods of AFLP analysis have 
been reported, and the procedure involving detection of 
DNA fragments with fluorescent primers is more con- 
venient than that with radio isotope. However, the use 
of fluorescent primers has some significant shortcom- 
ings: 1) it is impossible to isolate the labeled DNA frag- 
ments from acrylamide gels, and 2) expensive computer 
analysis is necessary to detect the labeled DNA frag- 
ments. On the other hand, Texas Red-labeled DNA mar- 
kers can be detected using DNA sequencers with appro- 
priate detection ranges (Hitachi SQ5500, Vistra DNA se- 
quencer 725 etc.). Furthermore, the labeled DNA frag- 
ments can be isolated from polyacrylamide gels using a 
fluorescence image scanner (Muramatsu, 1 997). 

We have developed a modified AFLP analysis proce- 
dure in which selective primers are labeled with Texas 
Red fluorescent dye. In the present study, we examined 
genetic variation among single-spore isolates of A. os- 
toyae and demonstrated that AFLP analysis with Texas 
Red-labeled primers was sufficiently powerful to identify 
genets. Furthermore, we discuss the breeding systems 
of A. ostoyae based on the AFLP profile similarity among 
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isolates examined in this study. 
Isolates Eight single-spore isolates and their parental 
isolate, HUA96175, were used in this study. The paren- 
tal isolate originated from Teshio, Hokkaido, Japan, and 
was identified as A. ostoyae using a mating test wi th 
tester isolates. The single-spore isolates were prepared 
from a basidiome obtained from a pure culture of the 
HUA96175 isolate using Togashi's method (Togashi, 
1996). In addition, six isolates (M333, M343, M350, 
M376, M387, and M388) originally collected from a 50 
m x 50 m plot in natural forest dominated by Quercus 
crispula Blume were also analyzed. These isolates are 
maintained in the culture collection of the Laboratory of 
Forest Resource Biology, Graduate School of Agriculture, 
Hokkaido University. Quercus crispula stakes were 
placed five meters apart, and fungal isolates were obtain- 
ed from rhizomorphs which developed on the stakes after 
1 yr. These isolates were identified as A. ostoyae using 
mating tests as above. The plot is located in forest 
stand No. 410, Uryu Experimental Forest of Hokkaido 
University, Horokanai, Hokkaido, Japan. 
AFLP procedure Armillaria ostoyae isolates were cul- 
tured in liquid medium (2~ soluble starch, 2% sucrose, 
0.15~ polypeptone, 0.3% malt extract, 0.05~ MgSO4 
�9 7H20, 0.05~ CaCI2, 10 ppm FeCI2, 10 ppm MnSO4,4 - 

5H20, 4 ppm ZnCI2, 10 mM phosphate buffer) with shak- 
ing (105 strokes/min) at 25~ in the dark for 4 w k .  
Mycelia were harvested onto cheesecloth, rinsed with 
distilled water, ground in liquid nitrogen, rinsed three 
times wi th methanol containing 0.1 ~ mercaptoethanol, 
and dried for 1 h at room temperature. 

Genomic DNA was then extracted according to the 
method of M611er et al. (1992) and treated with RNase A 
for 30 min at 55~ 

AFLP analysis was carried out using a modification 
of the procedure described by Vos et al. (1995) and the 
instruction manual of the AFLP Core Reagent Kit (Life 
Technologies, Rockville, USA). 

Digestion of genomic DNA and ligation with adaptors 
were carried out using the AFLP Core Reagent Kit. 
Genomic DNA (200 ng) was digested with restriction en- 
zymes (Eco RI and Mse I) using half of the reagent 
volumes recommended by the manufacturer. 

For preselective amplification, 20 #1 PCRs were per- 
formed in a PE-9600 or PE-2400 thermocycler (Perkin-EI- 
mer, Foster, USA) with the primers E+0  (5'-GAC TGC 
GTA CCA ATT C-3') and M + 0  (5'-GAT GAG TCC TGA 
GTA A-3') (Vos et a1.,1995). Reaction conditions and 
the thermocycler programming for preselective amplifica- 
tion were as described by Vos et al. (1995). Preselec- 
t ive amplification reaction mixtures were diluted 50-fold 
wi th TE (10 mM Tris-HCI, 0.1 mM EDTA pH 8.0) before 
being further amplified with selective primers. 

Selective amplification was performed in a PE-9600 
thermocycler using 1 pmol of the E-FAT primer (5'-GAC 
TGC GTA CCA ATT CAT-3') labeled with Texas Red and 
15 ng either of the primers M §  ( M + C A  (5'-GAT GAG 
TCC TGA GTA ACA-3') or M + C C  (5'-GAT GAG TCC TGA 
GTA ACC-3')) in a total reaction volume of 10/~1. The 
size of nucleotides extentions of these selective primer 

was according to Majer et al. (1996). The E-FAT primer 
was labeled with Texas Red using the 5' oligonucleotide 
Texas Red labeling kit (Amersham Pharmacia Biotech, 
Uppsala, Sweden) according to the manufacturer's in- 
structions, except that 2 nmol of E + A T  primer was used 
instead of the recommended 1 nmol, and purified using 
Sep-Pak C18 cartridges (Waters, Milford, USA). Ther- 
mocycling conditions and concentrations of all reagents 
except primers were as described by Vos et al. (1995). 

Electrophoresis and detection of amplified fragments 
were carried out using a SQ5500 DNA sequencer 
(Hitachi, Tokyo, Japan). Electrophoresis was carried 
out on 6% Long Ranger TM (FMC bioproducts, Rockland, 
USA) gels for 6 h, and gel images were saved at intervals 
of 60 min. 
AFLP in single-spore isolates and inbred isolates The 
presence (1) or absence (0) of specific DNA fragments 
was scored and recorded in binary notation as indicated. 
The pairwise similarities between samples were calculat- 
ed using Nei's similarity index (Nei and Li, 1979). We 
calculated the binary notation and the similarity index of 
inbred isolates as well as those of single spore isolates. 
The data of inbred isolates were based on the composite 
AFLP profiles of two single-spore isolates which were 
sexually compatible wi th different mating alleles. 

Part of a gel image from analysis of single-spore iso- 
lates is shown in Fig. 1A. In this examination, data anal- 
ysis was performed using DNA fragments of 100-350 
bp, because fragments of less than 100 bp showed low 
reproductibility, and fragments longer than 350 bp were 
not clearly resolved. 

Fig. 1. Gel images of AFLP analysis with Texas Red-labeled 
selective primer. The digitized image shows fragments be- 
tween 100 bp and 200 bp in length. These DNA frag- 
ments were produced with the E4-AT/M+CA primer combi- 
nation. A. Lanes 1-8, single-spore isolates; lane 9, paren- 
tal isolate HUA96175. B. Lanes 1-6, isolates M333, 
M343, M376, M350, M387, M388. 
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Table 1. Number of DNA fragments, and similarity indices among the single-spore isolates and among the 
inbred isolates. 
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Single-spore isolates Inbred isolateac 

E § AT/M + CA a~ 
Total number of DNA fragments 
Total number of polymorphic DNA fragments 
Number of DNA fragments in each isolate 
Similarity index 

E+AT/M+CC 
Total number of DNA fragments 
Total number of polymorphic DNA fragments 
Number of DNA fragments in each isolate 
Similarity index 

45 45 
22 13 
32-41 (35.4) b~ 35-44 (40.6) 
0.771-0.911 (0.848) b) 0.846-0.977 (0.921) 

49 49 
32 23 
29-37 (34.6) 38-44 (42.1) 
0.667-0.873 (0.762) 0.775-0.976 (0.889) 

Combined data with two primer combinations 
Total number of DNA fragments 
Total number of polymorphic DNA fragments 
Number of DNA fragments in each isolate 
Similarity index 

94 94 
54 36 
63-75 (69.9) 77-86 (82.8) 
0.755-0.867 (0.806) 0.840-0.959 (0.901) 

a) Selective primer combination used in AFLP analysis. 
b) Number in parenthesis indicates the average value. 
c) These data were calculated based on composite AFLP profiles of two single-spore isolates, which were 

sexually compatible with different mating type alleles. 

The results of AFLP analysis wi th eight single-spore 
isolates and eight inbred isolates are summarized in Table 
1. The use of the two primer combinations produced a 
total of 94 DNA fragments in single-spore isolates, in 
which 45 and 49 DNA fragments were detected wi th 
E § 2 4 7  and E + A T / M + C C  primer combinations, 
respectively. Each single-spore isolate showed 32-41 
(average 35.4) and 29-37 (average 34.5) DNA frag- 
ments wi th primer combinations E + A T / M + C A  and 
E+AT/M+CC, respectively. All of the DNA fragments 
detected in single-spore isolates also appeared in the 
parental isolate. Polymorphism in the single-spore iso- 
lates was revealed in 22 and 32 DNA fragments wi th the 
E + A T / M + C A  and E + A T / M + C C  primer combinations, 
respectively. The eight single-spore isolates produced 
eight sexually compatible combinations (inbred isolate), 
and the data were inferred from composite AFLP profiles 
of eight compatible single-spore combinations (Table 1). 
Primer combinations E + A T / M §  and E + A T / M + C C  
produced a total of 45 and 49 DNA fragments and a total 
of 13 and 23 polymorphic fragments, respectively. 
Overall similarity index ranged 0 .840-0.959 with an 
average of 0.901. 

Zolciak et al. (1997) examined single-spore isolates 
of A. ostoyae using RAPD analysis, and detected 5-11 
DNA fragments per primer, of which 2-5 DNA fragments 
revealed polymorphism. In this study, AFLP analysis dis- 
played 4-16 times as many polymorphic DNA fragments 
per reaction as RAPD analysis, and DNA fragments of 
100-350 bp were reproductively detected. 

In this study, we used preselective primers wi th no 
restriction site-specific nucleotide extensions and selec- 
tive primers wi th two nucleotide extensions. The useful 
size of nucleotide extensions depends on the genome 

size of the organism examined. In earlier studies of 
Thanatephorus cucumeris (Frank) Donk [anamorph: 
Rhizoctonia solani KL~hn] (Julian et al., 1999), Cladospo- 
rium fulvum Cooke and Pyrenopeziza brassicae B. Sutton 
and Rawl. (Majer et al., 1996), primers wi th  the same ex- 
tension size, two base pairs, as those used in the present 
study were shown to generate useful AFLP profiles. We 
therefore recommend the use of primers wi th these ex- 
tension sizes for attempts to apply AFLP analysis to other 
fungi. 
Genetic variation among the natural forest isolates Part 
of a gel image from analysis of the natural forest isolates 
is shown in Fig. lB. Using two primer combinations, 81 
and 82 DNA fragments were detected in the isolates 
M343 and M376, respectively, and all but one of them 
were identical between the two isolates (similarity index 
greater than 0.99). Analysis of the isolates M350, 
M388 (80 DNA fragments each) and M387 (81 DNA 
fragments) showed that the AFLP profiles of these iso- 
lates were identical wi th the exception of one fragment 
which was not detected in the M387 isolate (similarity in- 
dex greater than 0.99). The M333 isolate had an unique 
AFLP profile. The AFLP profile similarity indices be- 
tween M333 and M343, between M333 and M350 and 
between M343 and M350 were 0.78, 0.77 and 0.81, 
respectively. 

AFLP profile similarity indices among the isolates 
M350, M387 and M388, and between M343 and M376, 
were much higher than among the inbred isolates. So- 
matic incompatibil i ty tests demonstrated compatibil ity 
between these isolates which showed similar AFLP 
profiles (data not shown). Therefore, we considered iso- 
lates with highly similar AFLP profiles (similarity index 
greater than 0.99) to be genets which originated from 
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Fig. 2. Collection map of A. ostoyae natural forest isolates. 
Isolates represented by the Same symbol showed almost all 
identical AFLP profiles and are considered as putative ge- 
nets. 

one mat ing event  and spread by vegeta t ive  g rowth .  The 
max imum distance be tween the col lect ion points of ge- 
nets was  25 m (Fig. 2). Slight di f ferences in AFLP 
prof i les be tween genets were  observed in this study.  
Smith et al. (1994) also indicated the same phenomenon 
in DNA f ingerpr ints  of RFLP be tween isolates belonging 
to the ident ical genet.  They suggested these minor 
di f ferences in DNA f ingerpr ints are due to: 1) somat ic  
mutat ion during veg i ta t ive  g row th ,  or 2) part ial d igest ion 
by restr ict ion enzyme or chemical  modi f ica t ion of the en- 
zyme recogni t ion site. To clar i fy the cause of the minor  
di f ferences in DNA f ingerpr ints,  it is necessary to analyze 
the sequence of the loci showing  these DNA f ragments.  

The level of AFLP profi le s imi lar i ty be tween genets 
was  lower  than tha t  among the inbred isolates, suggest-  
ing that  outbreeding might  be common in A. ostoyae. In 
this s tudy,  genet ic  heterogenei ty  among single-spore iso- 
lates was  also indicated,  wh ich  meant  that  many loci in 
the parental  isolate HUA96175  were  heterozygous.  
These results also suppor ted the not ion that  an outbreed- 
ing system was  ef fect ive in A. ostoyae, because inbreed- 
ing wou ld  cause loss of heterozygos i ty  in many loci. 
Smith et al. (1 994) proposed that  breeding populat ions of 
A. ostoyae are panmic t ic  over a considerable area based 
on s imi lar i ty  value of DNA f ingerpr ints among genets in a 
red pine plantat ion.  The outbreeding system lies at the 

base of panmic t ic  populat ion.  Therefore,  we  considered 
that  their  results also suppor ted the outbreeding system 
in A. ostoyae. However,  we  have to accumulate more 
in format ion on the breeding system in A, ostoyae. For 
example,  inbreeding depression should be examined,  and 
it might  be useful to invest igate gene f requency among 
the populat ion.  
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