
Mycol. Res. 93 (3):  247-256 (1989) Printed in Great Britain 247 

Restriction fragment length polymorphisms in mitochondrial 
DNAs of Armillaria : identification of North American 
biological species 

MYRON L. SMITH A N D  JAMES B. ANDERSON 
Department of Batany, University of Toronto, Erindale Campus, Mississauga, Ontario, Canada t 5 L  1C6 

Restriction fragment length polymorphisms in mitochondrial DNAs of Armillaria: identification of North American biological species. 
Mycological Research 93 (3): 247-256 (1989). 

Mitochondrial DNA (mtDNA) restriction fragment patterns of 23 isolates from eight North American biological species of Armillaria 
were compared. Whole-cell or mtDNAs were digested separately with Eco RI, Bum HI and Hin dIII and probed with either mtDNA 
or cloned fragments of mtDNA in Southern hybridizations. Cluster analysis (UPGMA, Unweighted Pair-Group Method using 
Arithmetic means) indicated that mtDNA fragment patterns were similar among isolates of the same, and dissimilar among isolates 
of different, biological species. Furthermore, analysis of mtDNA fragment patterns allowed correct identification of the biological 
species to which each of the 23 isolates in the sample belonged. Although mtDNA fragment patterns were very similar within 
biological species, each isolate had a unique overall pattern. Because of the dissimilarity of mtDNA fragment patterns between 
biological species, other approaches are needed to resolve phylogenetic relationships within Armillaria. 
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The genus Arrnillaria (Fr.:Fr.) Staude is an important root-rot 
pathogen with a worldwide distribution and a broad host 
range. In both Europe (Korhonen, 1978), and North America 
(Anderson & Ullrich, 1979), the genus is comprised of several 
reproductively isolated groups, or biological species. While 
the European biological species are recognized as distinct 
taxonomic species (Termorshuizen & Amolds, 1987), only 
two North American biological species have as yet been 
formally recognized as taxonomic species (Motta & Korhonen, 
1986). Recently a great deal of information on the geographical 
distributions, host preferences and virulence characteristics of 
Armillaria species has become available (Guillaumin & Lung, 
1985 ; Guillaumin e f  al., 1985 ; Rishbeth, 1985; Morrison, Chu 
& Johnson, 1986; Proffer, Jones & Ehret, 1987) and it is 
apparent that identification of biological species is of primary 
importance in understanding the epidemiology of Arrnillaria 
root rot. 

Within biological species of Armillaria, compatibility 
between monosporous isolates is controlled by a bifactorial 
sexual system commonly found in the Homobasidiomycetes 
(Hintikka, 1973; Korhonen & Hintikka, 1974; Ullrich & 
Anderson, 1978). There are multiple alleles at each locus and 
a compatible mating reaction occurs when paired isolates 
cany different alleles at both loci. The genetic mechanism 
which is responsible for intersterility between isolates from 
different biological species is distinct from this mating-type 
system but is not yet understood. 

Identification of Amil lar ia  biological species is determined 

by testing the compatibility of monosporous isolates with 
tester strains from each biological species (Anderson, 1986). 
Mating interactions, however, are not always the best means 
for identifying Armillaria species. Vegetative material from 
the field is usually diploid and reactions between diploids and 
haploid testers are not always definite. Furthermore, investi- 
gators unfamiliar with matings among sibling and non-sibling 
haploids may have difficulty interpreting mating reactions 
with testers. Fortunately, other criteria can be used for the 
identification of biological species. First, many Arrnillaria 
groups can be distinguished by fruit-body or rhizomorph 
morphology. Some groups, however, such as Armillaria lufea 
and A. cepistipes (Termorshuizen & Amolds, 1987), group I 
and group I1 (J. BCrubC, pers. comm.), and group 111 and group 
VII (Smith & Anderson, unpubl.), respectively, are very similar 
morphologically. Second, isozyme analysis (Morrison, 1982; 
Morrison ef  al., 1985), and immunological techniques (Lung- 
Escarment, Mohammed & Dunez, 1985) have been applied - - 
with some success to differentiate groups within Armillaria. 

Recently use of DNA restriction fragment length poly- 
morphism~ (RFLPs) has been proposed to characterize 
taxonomically difficult groups of fungi (Kozlowski & StepiCn, 
1982; Taylor, Smolich & May, 1986; Malloch, Castle & Hintz, 
1987; Natvig, Jackson & Taylor, 1987). North American 
biological species of Amil lar ia  were shown to be genetically 
distinct from one another based on RFLPs of nuclear and 
mtDNAs, and the potential use of these characters toward the 
taxonomy of Armillaria has been pointed out (Anderson, 
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Petsche & Smith, 1987). RFLPs of mtDNA were also 
successfully used to delimit three European Armillaria species 
(Jahnke, Bahnweg & Worrall, 1987). 

The purpose of the present study was to examine variation 
in mtDNA restriction fragment patterns within and between 
North American biological species of Armillaria. 

MATERIALS AND METHODS 

Isolates 

At least two isolates, collected from areas as far apart as 
possible, were chosen for each of eight North American 
biological species of Armillaria (Table 1). All isolates were 
obtained from single spores except 34 and 35, which were 
derived from fruit-bodies and are diploid. 

DNA purification 

Armillaria isolates were grown in liquid CYM as described by 
Anderson et al. (1987). Whole-cell DNAs were extracted from 
freeze-dried mycelium by the method of Murray & Thompson 
(1980), and purified by caesium chloride-ethidium bromide 
density gradients (Maniatis, Fritsch & Sambrook, 1982). 
Mitochondrial DNA from isolate 301-2 (biological species I) 
was isolated in the same manner except ultracentrifugation 
was in caesium chloride-bisbenzimide (Hoechst 33258, Aldrich 
Chemical Co.) according to the method of Hudspeth ef  al. 
(1980). Bacteriophage lambda clone DNAs were isolated by 
the liquid - culture method (Maniatis et al., 1982). 

DNA cloning 

To reduce the possibility of ligating two or more non- 
contiguous mitochondria1 fragments into the same clone a 
genomic library was prepared and then screened for mtDNA 
inserts. The genomic library of Armillaria isolate 301-2 was 
constructed in the bacteriophage lambda vector EMBL3 
(Gigapack, Stratagene, San Diego, CA) by partly digesting 
whole-cell DNAs with a series of two-fold dilutions of M b o  
I. Fractions which contained fragments between 10 and 25 
kilobase pairs (kb) were ligated to the Bam HI ends of the 
EMBL3 vector and packaged according to the supplier's 
instructions. The genomic library was screened with 301-2 
mtDNA by in s i fu  plaque hybridization following the 
membrane manufacturer's directions (Genescreen Plus, Du 
Pont Canada, Inc., Lachine, Quebec). Sixteen plaques were 
selected from several hundred that gave strong hybridization 
signals. Southern analysis of clone DNAs from these plaques 
with 301-2 mtDNA probes revealed that eight clones 
contained mtDNA inserts, five contained only mtDNA, and 
three contained mtDNA plus DNA of unknown origin. Four 
clones which contained mtDNA only were used as probes in 
RFLP analysis of the Amil lar ia  isolates. 

DNA blots and hybridization conditions 

Restriction endonuclease digestions, electrophoresis condi- 
tions, preparation of radioactive probes, and autoradiography 
were performed as in Anderson ef  al. (1987). DNA fragments 
were transferred to re-usable nylon membranes (Genescreen 

Table 1. Isolates of Armillaria 
Biological species Original* isolate no. Geographical origin Substrate/host 

I 301-2 Mississauga, Ont. Pinus strobus 
28-7 Mt Mansfield, VT Abies balsamea 
70-1 Orleans Co., VT Abies balsamea 
27-1 Mt Mansfield, VT Picea glauca 

113-2 Klickitat Co., WA Abies grandis 
418-l t  British Columbia Undetermined 

34 Camel's Hump, VT Undetermined 
35 Camel's Hump, VT Undetermined 
35-5 Camel's Hump, VT Undetermined 

160-8 Smuggler's Notch, VT Undetermined 
72-1 Franklin Co., VT Acer saccharurn 

I11 11-9 Underhill, VT Acer saccharurn 
21-2 Underhill, VT Acer saccharurn 

V 48-6 Ithaca, NY Acer sp. 
205-4) Babine Lake, B.C. Hardwood 

VI 49-8 Provincetown, MA Undetermined 
97-1 Provincetown, MA Acer rubrum 

VII 90-4 Burlington, VT Fraxinus sp. 
137-1 Ann Arbor, MI Undetermined 

IX 139-2 Moscow, ID Soil surface 
207-4t Southwestern B.C. Hardwood 

X 140-7 Moscow, ID Abies gandis 
206-lt  Southeastern B.C. Conifer 

" First number indicates fruiting body, second number indicates monosporous isolate. 
t Strain no. 418.1, 205-4, 207-4 and 206.1 were from Dr D. J. Morrison, Pacific Forest Research Centre, Victoria, Canada, as nos 

Sp-84-7-3, 81-1-12. 81-32-11, 81-20-1, respectively. 
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Plus, Du Pont Canada, Inc., Lachine, Quebec) by capillary 
blotting using the procedure of Southern (1975) or Reed & 
Mann (1985). Prehybridization and hybridization were carried 
out at 65 OC as recommended by the membrane manufacturer. 

Restriction fragment patterns were coded using a binomial 
system of presence or absence. Fragment mobility was 
calculated by measuring the migration distance from the 

Fig. 1. Autoradiogram of whole-cell DNAs from eight biological 
species digested with Eco RI and probed with mtDNA from isolate 
301-2. Arabic numerals indicate isolate, Roman numerals indicate 
biological species. Fragment sizes (kilobase pair) for isolate 301-2 an  
given in the left margin. 

origin, corresponding to the loading wells in the agarose gel, 
to the centre of the hybridization signal. Molecular size of 
each fragment was estimated using a standard curve of log 
migration versus log molecular size of Hin dIII digested 
bacteriophage lambda DNA. Jaccard's similarity matrixes 
(Sneath & Sokal, 1973) were analysed by UPGMA (Un- 
weighted Pair-Group Method using Arithmetic means) cluster- 
ing with the program NT-SYS (Numerical Taxonomy System 
of Multivariate Statistical Programs) (Rohlf, Kishpaugh & Kirk, 
1982) on a VAXIVMS 8200 computer. 

RESULTS 

Through a summation of restriction fragment sizes from Eco 
RI, Hin dIII, and Barn HI digests, the 301-2 (biological species 
I) mtDNA was estimated to be 140 kb. The Eco RI pattern 
(Fig. 1) had the best distribution for fragment resolution and 
was therefore chosen for cluster analysis of entire fragment 
patterns. A Jaccard's similarity matrix was constructed from 
this autoradiogram through a side by side comparison of each 
lane and UPGMA clustering was performed on the similarity 
matrix (Fig. 2). The dendrogam places the biological species 
into tight clusters at a similarity level of 47% or greater, well- 
separated from each other. The degree of clustering between 
different biological species is substantially lower than within 
species, ranging from 33 % between groups I1 and I11 to as low 
as 19%. 

The four lambda clones designated C4, C8, C23 and C45 
carried mtDNA inserts that hybridized to between 31  and 
52 % of 301-2 mtDNA based on Hin dIII, Eco RI and Barn HI 
hybridization data. All four clones were used to probe 
Southern blots of Armillaria DNAs, except C4, which was not 
used on isolates 27-1, 113-2, 418-1 (all of biological species I) 
and isolates 34, 35 and 72-1 (all of biological species 11). An 
example of one of the more complex fragment pattems is 
given in Fig. 3. In this case, Southern hybridizations of whole- 
cell DNAs from 23 isolates, digested with Hin dIII, were 

Fig. 2. UPGMA cluster dendrogram of similarity matrix based on Eco RI restriction fragment pattems of mtDNAs. 

Percent similarity 
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Table 2. Binomial matrix of restriction hagments from DNA-DNA hybridizations between cloned mtDNA and whole-cell DNAs 
digested with Barn HI, Eco RI, and Hin dIII with molecular size (kilobase pairs) of each fragment. Fragment present (I), fragment absent 
(O), not tested (9) 

Isolate 

Molecular 
Clone size 

Barn HI restriction fragments 
C8 23.00 

18.90 
17.28 
16.14 
13.43 

8.54 
723 
6.67 
5.17 
4.20 

c23  31.42 
23.50 
1744 
11.41 

8.01 
3.64 
292  
2.3 7 
2.10 

C4 28.42 
1250 

700 
4.69 

C45 26.64 
20.42 
16.44 
15.38 
14.79 

Eco RI restriction fragments 
C8 20.41 

14.45 
11.48 
10.70 

946 
8.08 
755 
6.89 
6.24 
5.94 
5.44 
5.04 

c23  11.48 
6.76 
6.35 
4.85 
4.62 
4.10 
3.07 
1.61 
1.50 

c4 23.39 
17.54 
14.50 
12.05 
8.6 1 

c45 24.51 
1989 
13.71 
12.05 

8.73 
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Table 2. (Cont.) 

Isolate 

Molecular 
Clone size 

5.56 
5.30 
5.14 
4.80 
4 5  7 
279 
1'41 

Hin dIII restriction fragments 
cs 937 

8.66 
8.24 
7.95 
7.61 
695 
5.44 
3.29 
277 
257 
2.27 
2.21 
1.66 
1.38 
1.33 
1.27 
P I 8  
1.17 
0.87 
0.86 
0.81 
0.64 
0.60 
0.59 

C23 11.30 
8.95 
8'14 
6.89 
4'80 
4.05 
3.76 
3.75 
2.87 
228 
0.74 
0.64 

C4 12.83 
8.39 
5.77 
5.63 
5.48 
5.21 
4.05 
1.04 

C45 12.83 
941 
8'55 
7.37 
6.69 
5.81 
5.07 
3.36 
2.99 
2.15 
1.68 
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Fig. 3. Autoradiogram of Hin dl11 digested DNAs probed with cloned mtDNA fragment C8. Lambda molecular size marker (LM); 
nuclear DNA hom isolate 301-2 (301-2 nu); mtDNA horn isolate 301-2 (301-2 mt). 

Z E  I I1 111 v VI VII IX X I I1 ------- - -  - 

N N N  ~ : ~ ~ : ~ ' ? ~ ? & + : ~ ; ; ~ s  d - N g 2 2  - - 
r - - -  f 2 4 2 % ~ , " ? ? z ; ; Z Z 3 ~ 8 z z ; r ; 2 ,  - * Z Z $  

Figs 4-6. UPGMA dendrograms of similarity matrices hom clone hybridizations to whole-cell DNAs digested with Barn HI (Fig. 4), Eco 
RI (Fig. 5), and Hin dIII (Fig. 6). 
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Fig. 5. 
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Fig. 6. 

Percent similarity 
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probed with clone C8. The binomial code of fragment patterns 
from each enzyme-probe combination is given in Table 2. 
Small differences in mobility (< 1 mm) were attributed to 
experimental error; however, it is possible that some of the 
variation is due to small size differences in fragments. 

Clones C4, C8, C23 and C45 hybridized to five of eleven 
Bam HI fragments from isolate 301-2 mtDNA. This accounted 
for 52% of 301-2 mtDNA. UPGMA clustering indicated 
more than 40% similarity in Bam HI fragment patterns among 
isolates of the same biological species (Fig. 4). Two exceptions 
were isolates 418-1 and 160-8 which cluster with their 
respective groups, I and 11, at 23 % similarity. Similarity values 
between different biological species were usually less than 
22% with the exception of biological species 111, VII, and IX 
which clustered together at greater than 40% similarity. 
Isolate 35 is a diploid isolate from the fruit body from which 
the monosporous isolate 35-5 was derived. In this analysis 
isolate 35 was only 75% similar to 35-5. This discrepancy 
arose when a weak hybridization signal with clone C23 at 2.3 
kb was scored as present in isolates 34, 35 and 72-1 but as 
absent in a separate experiment with isolates 35-5 and 160-8. 
Isolates 35 and 35-5 were identical in Eco RI and Hin dIII 
analyses. 

Eco RI cut 301-2 mtDNA into 20 fragments, seven of which 
hybridized to the four clones (38% of total size) used in this 
study. In all cases isolates from the same biological species 
were greater than 37% similar (Fig. 5) .  Clustering between 
different biological species was at, or below, 23% similarity. 

In the cluster analysis of Hin dIII fragment pattems all 
biological species formed tight clusters at values of 38% 
similarity and greater (Fig. 6). Between biological species, 
clustering was always at a level of 20% and lower. Hin dIII 
generated the largest number of mtDNA fragments. The 
clones used hybridized to thirteen out of a total of 28 
fragments from isolate 301-2 and accounted for 31% of the 
molecule. 

Cophenetic correlations for analyses were 0.86, 0.94, 0.94, 
and 0.96 for Figs 2, 4, 5, and 6, respectively, indicating that 
the dendrograms presented are good representations of the 
similarity matrices. 

DISCUSSION 

In this study, mtDNA restriction fragment patterns for 23 
isolates of Armillaria were investigated in Southern hybrid- 
izations with a whole mtDNA (140 kb) probe and with four 
cloned mtDNA probes. As expected, the fragment patterns 
detected with cloned mtDNA probes were simpler than those 
detected with the whole mtDNA probe. Furthermore, the 
probability that two fragments of similar electrophoretic 
mobility are homologous is correspondingly higher in the 
patterns detected by cloned mtDNA probes. The fragment 
patterns were coded with a binomial system and analysed 
using methods of numerical taxonomy (Sneath & Sokal, 1973). 
Jaccard's similarity coefficient was favoured over indices that 
estimate the amount of nucleotide substitution (Upholt, 1977; 
Nei & Li, 1979), because site changes could not be 
distinguished from length mutations (insertions, inversions 
and deletions) in our data set. To estimate nucleotide 

substitution values, it would be necessary to assume that all 
RFLPs were due to site changes. This assumption is not 
justified because length mutations are common in fungal 
mtDNA (Taylor, 1986; Bruns et al., 1988). Likewise, the data 
for each restriction enzyme were anal~sed separately because 
pooling data would place greater weight upon length 
mutations than site mutations, since a length mutation would 
be expressed within each data set for a given probe. For 
comparison of mtDNA fragment patterns with cloned 
probes, it is best to choose restriction enzymes that cut the 
DNA into fragments of optimal size for measurement, 
preferably between 0.5 and 15 kb. In our sample of Armillaria 
mtDNAs, the largest number of fragments of optimal size was 
produced by Hin dIII. In contrast, Bam HI provided fewer 
fragment characters, and the size of these fragments was often 
too large to determine accurately (> 20 kb). 

UPGMA clustering of mtDNA restriction fragment patterns 
(Figs 2, 4, 5, 6) is consistent with the biological species 
classification of all 23 isolates. Interspecific similarities were 
around 22% and lower, while intraspecific similarities were 
37% and greater. These similarity values are, in general, lower 
than those reported for three European species, A. obscura, A .  
mellea and A. bulbosa, where interspecific similarities ranged 
from 0 to 50% and intraspecific similarities were 67 to 100% 
(Jahnke et al., 1987). However, in both European and North 
American Armillarias there is a minimum gap of 15 % between 
inter- and intraspecific similarity values that clearly separates 
species. 

We conclude that analysis of mtDNA restriction fragment 
patterns is an accurate and practical means of identifying 
North American Armillaria isolates. In our laboratory, 
identification of several isolates with mtDNA fragment 
patterns requires about six man-hours, over five days, once 
mycelium is harvested. Unlike isoenzyme or serological 
analyses, restriction fragment pattems do not depend upon 
gene expression and are stable despite variations in growth 
conditions or DNA extraction. An advantage of mtDNA 
analysis over mating tests is that haploid or diploid mycelium 
may be used equally well for identifications. With direct 
identification of diploid cultures by mtDNA analysis, diploid x 
haploid matings or generating haploid segregants by in vikro 
fruiting or by destabilizing diploids with benornyl (Anderson 
& Yacoob, 1984) can be avoided. The ability accurately and 
quickly to identify field-collected, vegetative material such as 
rhizomorphs or mycelial fans can greatly simplify work on 
natural populations of Armillaria. 

While most of the variation in mtDNA restriction fragment 
patterns was between biological species, there was sufficient 
variability within species to distinguish the mtDNA of all 22 
independent isolates. Such variation in mtDNAs would be 
useful in strain identification and should allow comparison of 
the spatial distributions of nuclear and mitochondrial geno- 
types of Arrnillaria isolates in the field. To  date, only the 
spatial distribution of nuclear markers has been examined 
(Korhonen, 1978; Ullrich & Anderson, 1978; Anderson et al., 
1979; Kile, 1983), yet in Hornobasidiomycetes nuclear 
migration appears not to be accompanied by mitochondrial 
migration (Baptista-Ferreira, Economou & Casselton, 1983; 
Hintz, Anderson & Horgen, 1988; May & Taylor, 1988). 
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Some observations on  geographical distribution of mtDNAs 
within biological species may be  made from this study. Six 
group I isolates were chosen from a wide range of hosts and 
localities across North America. Group 11, being more limited 
in distribution, was sampled from Vermont only, using four 
independent isolates. Variation in restriction fragment patterns 
does not appear to  be greater in the widely distributed group 
I than in the narrowly distributed group 11. Interestingly, 
variation in mtDNA restriction fragment patterns in Neurospora 
crussa is also not  correlated with geographical origin (Taylor 
et al., 1986; Taylor, Koupal & Whitmer, 1987) and the 
distribution of the nuclear-encoded, mating-type alleles is also 
random in other basidiomycetes (Ullrich, 1977). 

Comparison of cluster analyses (Figs 4, 5, 6) suggests 
relative similarity between biological species 111 and VII but 
not between the other groups. Groups 111 and VII are also 
similar in fruit-body morphology and in ribosomal DNA 
restriction maps. Both groups have a stipe with a bulbous base 
and both are found predominantly on hardwood trees, often 
as saprophytes. Also, both groups share a 0.4 kb insertion in 
their 26s  rRNA gene that distinguishes them from all other 
North American groups 0. B. Anderson, unpubl.). Although 
analysis of mtDNA fragment patterns is not sensitive enough 
to make phylogenetic inferences among most species of 
Armillaria, the absence of strong inconsistencies between data 
sets indicate that determination of evolutionary history for the 
group may be  possible through detailed restriction site 
mapping or nucleotide sequencing of a smaller region of the 
mitochondrial genome. The data also indicate that variation 
within biological species should be considered in undertaking 
a phylogenetic study of this genus. 

This work was supported by  an Operating Grant from the 
Natural Sciences and Engineering Research Council of Canada. 
W e  thank Jayne Yack and Dr  Luc C. Duchesne for reading the 
manuscript. 
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BRITISH 
MYCOLOGICAL 
SOCIETY 

CENTENARY AWARDS 
British Mycological Society support for new initiatives in mycology 

The Society's aim is the promotion of the study of fungi. To this end, and to bring to attention the coming 
centenary of the Society's founding in 1896, Council has approved the award of sums of money to individuals 
and/or groups to support, wholly or in part, activities intended to promote new initiatives in any aspect of 
mycology. 

Appropriate purposes might be: (i) pilot experiments or observations, especially those covering new ground, to 
bring a study to a point which might attract funding from other sources; (ii) support for individuals to attend formal 
training courses which will enable them to embark on new aspects of their research; (iii) support for individuals to 
visit other laboratories for informal training or collaborative study in a novel topic. 

This list is not intended to be exclusive. The emphasis is on support of new initiatives which, by definition, we 
cannot foresee. You are encouraged to submit an application for an award for such a purpose even if its intended 
use falls outside the scope implied by the previous paragraph. 

Awards will not normally exceed &500. There are no restrictions on eligibility, but these awards cannot be used 
to supplement any postgraduate studentship or bursary. An important condition of the scheme is that award 
holders submit a fully receipted account of their use of the moneys within one calendar year of the work being 
completed and a short report of their mycological activities for possible publication in one of the Society's Journals. 

Applications MUST be made on the form obtainable from the General Secretary. They may be submitted for 
consideration at any time of the year. Applications should be made in advance of any intended expenditure and 
it would be wise to allow up to six months for the processing of applications. Application forms can be obtained 
from Dr A. J. S. Whalley, School of Natural Sciences, Liverpool Polytechnic, Byrom Street, Liverpool 33AF, United 
Kingdom. 




