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Abstract. A restriction-enzyme-site map is presented for 
the 147-kb mtDNA of North American Armillaria ostoyae. 
The locations of five structural genes, atp6, atp8, coxI, 
coxIII, and cob, along with the location and orientation of 
the large and small ribosomal RNA genes, were deter- 
mined through Southern hybridizations with cloned genes 
from other fungal mtDNAs. Based on this map, the vari- 
ation in mtDNA suggested geographic structure at two dif- 
ferent levels. On a large geographic scale, 17 mtDNA types 
from North America were distinct, with respect to both 
size and restriction maps, from three mtDNA types from 
Europe. At the local scale, identical mtDNA types were 
evident among several different genetic individuals lo- 
cated no more than 1 km apart at a site in Michigan. No 
mtDNA type occurred more than once among genetic in- 
dividuals from different regions of North America, al- 
though the occurrence of similar mtDNAs in isolates from 
distant regions suggested that this may occur at a low fre- 
quency with large sample sizes. Among the North Amer- 
ican mtDNA types, analysis of discrete length variants was 
inconsistent with the hypothesis that the mtDNA ofA. os- 
toyae evolves as a clonal lineage in which each length mu- 
tation represents a unique event. The two remaining hy- 
potheses, that similar mutational events have occurred in- 
dependently and that genetic exchange and recombination 
occurs among mtDNAs in natural populations of this spe- 
cies, remain to be tested. 
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Introduction 

Mitochondrial DNA (mtDNA) restriction-enzyme-site 
maps provide a useful framework with which to examine 
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the population and evolutionary biology of fungi. MtDNA 
maps have been published for such filamentous B asidiom- 
ycetes as Agrocybe aegerita (Moulinier et al. 1992), Agar- 
icus brunnescens (Hintz et al. 1988), Coprinus cinereus 
and C. stercorarius (Weber at al. 1986), SchizophylIum 
commune (Specht et al. 1992), and 15 species of Suillus 
and four related boletes (Bruns et al. 1988; Bruns and 
Palmer 1989). Fungal mtDNA maps have mainly been uti- 
lized in phylogenetic studies to compare molecular organ- 
ization and for locating length and restriction-site muta- 
tions (McNabb and Klassen 1988; Bruns and Palmer 1989; 
Taylor and Natvig 1989; Shumard-Hudspeth and Hudspeth 
1990). However, this approach has limited application 
above the level of genus where rearrangements and length 
mutations may become so frequent that phylogenetic in- 
ferences based on map data are no longer possible (Bruns 
et al. 1991). Length mutations, in particular, are clearly 
implicated as a major source of variation in fungal 
mtDNAs (reviewed by Taylor 1986; Bruns et al. 1991). In 
closely-related taxa, the best way to examine length mu- 
tations in mtDNAs at this taxonomic level is through map- 
ping studies. 

As a genetic marker, mtDNA may lend a unique per- 
spective to evolutionary and population studies. It is 
widely recognized that mitochondrial and nuclear DNAs 
can have different modes of transmission and mutation 
rates (Bruns and Szaro 1992). In a model based on mice, 
Fort et al. (1984) proposed that mtDNA variants may arise 
prior to speciation events and that taxa defined by nuclear 
determinants can include distantly-related mtDNAs. It is 
unknown to what extent horizontal transfer of genetic ele- 
ments (May and Taylor 1989; Collins and Saville 1990; 
Griffiths et al. 1990) and inter- and intra-molecular recom- 
bination (Baptista-Ferreira et al. 1983; Clark-Walker 
1989; Barroso et al. 1992) may obscure mtDNA lineages 
within populations and closely-related taxa. The frequency 
with which these events occur among fungal lineages in 
nature may become evident from an analysis of mtDNA 
variation at the population level, Indeed, mtDNA maps 
have clarified the basis of differences in mtDNA restric- 
tion fragment patterns, and have provided insight into pop- 
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ulat ion structure in studies on Cochliobolus heterostro- 
phus (Garber  and Yoder  1984), Fusarium oxysporum (Ja- 
cobson  and Gordon  1990; Gordon  and Okamoto  1992a,b), 
Neurospora species  (Taylor  et al. 1986; Taylor  and Natv ig  
1989), and Ophiostoma ulmi (Hintz  et al. 1991). 

In the present  study, we chose  to examine  var ia t ion  in 
the m t D N A  ofA.  ostoyae for  severa l  reasons .  This species  
is an impor tan t  and preva len t  root  pa thogen  in coni fer  fo-  
rests and p lan ta t ions  throughout  an ex tens ive  range  in 
nor thern  t empera te  regions  (Gui l lauInin  e t a ! .  1989). Pre-  
viously,  abundant  var ia t ion  was obse rved  in m t D N A  re- 
s t r ic t ion f ragment  pat terns  of  this species  in Nor th  A m e r -  
ica (Smith and Ander son  1989). In addi t ion,  severa l  ge-  
net ic  ind iv idua ls  o fA .  ostoyae in nature,  cover ing  terr i to-  
r ies  o f  up to severa l  hundred  square meters ,  are known  to 
conta in  onty a s ingle m t D N A  type  (Smith  et al. 1990, and 
unpubl i shed  observat ion) .  Fur thermore ,  all ava i lab le  ev i -  
dence  to -da te  is consis tent  wi th  the hypothes i s  that  Armil- 
laria m t D N A  is inher i ted  uniparen ta l !y  fo l lowing  a mat-  
ing event  in nature,  and is incons is ten t  wi th  the a l ternate  
hypothes is  that m t D N A  is b iparen ta l ly  inheri ted,  St r ic t ly  
uniparenta l  inher i tance  wou ld  he expec ted  to reduce the 
chances  for cy top la smic  mix ing  and recombina t ion  in 
mtDNA,  leaving  open the poss ib i l i ty  that nonrecombinant ,  
c tonal  l ineages  o f  m t D N A  exist  wi th in  popula t ions  of  A. 
ostoyae, simi!ar  to the nonrecombin ing  materna l  (m tD N A )  
l ineages  apparent  in h igher  ver tebra te  popula t ions  ( A r i s e  
et al. t987) .  

Our  first  ob jec t ive  in this s tudy was to examine  var ia-  
t ion in the m t D N A  ofA.  ostoyae in the context  o f  a restr ic-  
t ion-s i te  map.  We then asked whether  any geograph ic  
structure is ev ident  in the d is t r ibut ion  of  var iab i l i ty  in 
m t D N A s  o f  this species.  Hav ing  found that  European  and 
Nor th  A m e r i c a n  m t D N A s  o fA.  ostoyae are h igh ly  d i ss im-  
ilar, we asked  whether  nonrecombinan t  l ineages  could  be  
d i s t inguished  among the c lose ly - re la ted  m t D N A  types  of  
A. ostoyae in Nor th  Amer ica .  

Materials and methods 

Strains and DNA purification, Cultures used in this study were from 
monospore or mycelial isolations, and were maintained on 2% (w/v) 
malt-extract agar. Species identifications were based on mating com- 
patibility with voucher collections (Anderson t986). Numeric des- 
ignations and geographic origins of A~ ostoyae isolates are given in 
Table 1. Additional isolates utilized were A. gemina collections 35 
and 160, of North American origin (see Anderson !986), and Euro- 
pean A. borealis 330 and 331 (see Anderson et al. 1989). Freeze- 
dried mycelia for DNA extractions were obtained following growth 
in liquid Complete Yeast Medium for 3 weeks at room temperature, 
as described previously (Anderson et al. 1987). MtDNAs from A. 
ostoyae isolates, and genomic DNAs from A. gemina and A. bor- 
ealis, were purified as in Smith and Anderson (1989). 

Restriction mapping. To map the mtDNA of isolate 301, single and 
double-restriction enzyme digests were carried out according to the 
enzyme manufacturer's specifications (Bio/Can, Mississauga, On- 
tario). Electrophoresis of digested mtDNA was in 0.7% agarose, 
1 x TAE gels, of 20 cm length (Maniatis et al. 1982). Lambda DNA 
(Bio/Can) digested with HindlII was included on all mapping gels 
as a size standard. Capillary blotting was by the alkaline procedure 
of Reed and Mann (1985). Fragment order within the mtDNA was 
determined by examining hybridization signals with cloned, or gel- 
purified, segments of 301 mtDNA. For cloned fragments, mtDNA 

Table 1. Geographic origin and mtDNA size a estimates for isolates 
of A. ostoyae 

Isolate Geographic origin Size (kbp) 

336 Denmark 80.0 
337 Munich, Germany 105.2 
421 England 117.3 
8517 St. John's. NFLD., Canada 132.8 
8521 Springdale, NFLD., Canada 125.1 
8523 Long Harbour. NFLD.. Canada 132.8 
27 Mt. Mansfield. V.. USA 138.0 
28 Mt. Mansfield. V.. USA 128.8 
70 Orleans Co.. V.. USA 139.4 
301 Mississauga, ONT., Canada 146.9 
m86 Iron Co., Mich.. USA 133.5 
426 Iron Co.. Mich.. USA 129.6 
441 Iron Co., Mich.. USA 127.2 
452 Iron Co.. Mich.. USA 137.0 
480 Iron Co., Mich., USA 147.6 
481 Iron Co.. Mich., USA 130.0 
482 Iron Co.. Mich., USA 137.0 
113 Klickitat Co., Wash.. USA 127.5 
418 Southern B. C.. Canada 127.6 
419 Southern B. C.. Canada 126.6 

a Average of totals of EcoRI and BamHI fragment sizes in kb. re- 
spectively, normalized to the 146.9-kb mtDNA of isolate 301 

segments were ligated into bacteriophage lambda vector EMBL3 
Smith and Anderson 1989), or into pUC 18 digested with EcoRI and 

dephosphorylated with Calf Intestinal Phosphatase (Bio/Can/. Gel- 
purified BamHI and EcoRI fragments were obtained by the phenol 
freeze method tAnderson et al. 1989). Probe DNAs were radiolab- 
elled by nick translation (BRL. Gaithersburg, Md.). Hybridization 
q 6 x SSC. 0.5% SDS) and wash conditions followed the membrane 
manufacturers directions (Genescreen Plus. DuPont NEN Research 
Products. Mississauga, Ont.~ and were carried out at 65~ or 55~ 
for the heterologous mtDNA probes listed in Table 2. 

Analysis of variation in mtDNA The BamHI and EcoRI fragment 
patterns of mtDNAs in the A. ostoyae population sample were ex- 
amined directly following gel electrophoresis and ethidium bromide 
staining (Maniatis et al. 19821. Fragment patterns were coded by 
size, and/or by homology, inferred through cross-hybridization sig- 
nals with selected cloned mtDNA fragments of isolate 301. Frag- 
ment analyses resulted in 20 x 52 EcoRI and 20 x 27 BamHI binary 
matrices ~available from authors upon request). MtDNA fragment 
patterns ofA. borealis and A. gemina were compared to those of Eu- 
ropean and North American isolates of A. ostoyae by autoradiogra- 
phy utilizing total mtDNA of A. ostovae isolate 482 as a probe of 
genomic DNAs (Hintz et al. 1985). Jaccard's similarity coefficients 
($3 algorithm) and average linkage cluster analysis (= UPGMA. Fig. 
2A.B) were computed using the CORR and CLUSTER modules 
available in SYSTAT version 5.0 (Wilkinson 1989), and executed 
on a Macintosh computer. Consistency and homoplasy of the binary 
matrix was examined with PAUP (Phylogenetic Analysis Using Par- 
simony, version 3.0, Swofford t990). 

Results 

Restriction map of  the rntDNA of  A. ostoyae isolate 301 

The res t r ic t ion-s i te  map of  the 147-kb m t D N A  from iso-  
late  301 (Fig.  1) was cons t ruc ted  through single and dou- 
b le  d iges ts  o f  pur i f ied  m t D N A  with the enzymes  EcoRI 
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Fig, 1. BaraHI and EcoRI restriction enzyme site map for the 146.9- 
kb mtDNA ofA. ostoyae isolate 301. Indicated below the map are 
coding regions cob, apocytochrome b; coxI and coxIII, cytochrome 
c oxidase subunits 1 and 3, respectively; atp6 and atp8, ATP syn- 
thase subunits 6 and 8, respectively; rns and rnI, small and large ri- 
bosomal subunit RNAs (arrow heads indicate 3' ends), along with 
plasmid clones, p7, pl 1, etc. and lambda clones, C2, C4, etc. Addi- 
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tional mapping information was obtained by extracting individual 
EcoRI and BamHI fragments directly from agarose gels for use as 
hybridization probes. Base d on 17 unique mtDNAs from a North 
American population sample, the minimum number of unique EcoRI 
fragment m0rphs is plotted above, and invariant regions are indi- 
cated by lower-case Roman numerals 

and BamHI,  and fragment order was established with 
cloned and/or gel-eluted fragments of the same isolate. To 
determine the fragment order in regions not covered by 
cloned fragments, and to cross-check results obtained with 
cloned fragments, all BamHI fragments except B9 (Fig. 
1 ), and all EcoRI  fragments except E9. E11, E l4  and El7  
(Fig. 1), were purified from preparative agarose gels. ra- 
diolabelled and used as hybridization probes. Additional 
sites, not presented in Fig. 1, were mapped with the en- 
zymes HindIII and PvuII to determine internal fragment 
order. Aside from the orientation of BamHI fragments B2 
and B 10 within El ,  the fragment order was unambiguous. 
The locations of fragments E l6  (2.2 kb) and El9  (1.1 kb) 
were not established. Both of these EcoRI  fragments con- 
tain HindIII sites, but no BamHI sites. Hybridization sig- 
nals following gel purification and radiolabelling of both 
fragments did not conclusively indicate map location. All 
BamHI fragments have been located along the map, how- 
ever. Overlapping regions over the entire molecule were 
detected with DNA-DNA hybridizations, indicating that 
the 147-kb mtDNA of isolate 301 is either a single closed 
circle, or a head-to-tail multimer. 

The approximate locations of seven coding regions 
were positioned on the map by hybridizations (55~ 6 x 
SSC. 0.5% SDS) with cloned fragments from other fungi 
(Table 2). Based on weak hybridization signals with probe 
coxII, which contains the cytochrome c oxidase subunit II 
gene ofS. cerevisiae, the corresponding gene ofA. ostoyae 
is tentatively located within either of two non-adjacent 
fragments. E2 or E4 (not indicated in Fig. 1). All other 
probes provided unambiguous signals when hybridized to 
the mtDNA of isolate 301 and the positions were consis- 
tent with the restriction-site map. No overlap of coding re- 
gions was detected. Clones carrying atp8 and coxI both 

Table 2. Plasmid clones utilized in locating mtDNA coding regions 

Coding Origin and Reference 
region clone designation 

3" rnl Suillus sinuspaulianus (A2)  Bruns and Palmer 1989 
5" rnI S. sinuspaulianus (A1 ~ Bruns and Palmer 1989 
3' rns S. sinuspaulianus (B1) Bruns and Palmer 1989 
5' rns S. sinuspaulianus (10/ Bruns and Palmer 1989 
atp6 Agaricus brunnescens (B 13l Hintz et al. 1988 
atp8 A. brunnescens (B4a/P7) Hintz et al. 1988 
coxl Neurospora crassa (pRH70) Collins and Lambowitz 

1985 
coxllI A. brunnescens (B14) Hintz et al. 1988 
cob N. crassa ~pBH2) Collins and Lambowitz 

1985 

hybridize to BamHI fragment B9. but to distinct PvuII frag- 
ments (data not shown). The rns gene and atp6 are well 
separated on B7 based on the HindIII sites mapped in this 
region (data not shown). Thus these respective genes are 
indicated at adjacent positions in Fig. 1. BamHI fragments 
B3 and B9. but not the intervening fragment B 11, hybri- 
dized to pRH70. Probe pRH70 contains both the upstream 
and downstream flanking regions of the coxI gene of N 
crassa. Therefore, it is uncertain whether or not the coxI 
gene in isolate 301 is interrupted by BamHI fragment B 11. 
or whether hybridization to fragment B9 is due to the flank- 
mg sequence in pRH70. Three other North American 1so- 
lares have the B 11 intervening region in addition to 1so- 
late 301. The direction of transcription for the large and 
small ribosomal subunits is inferred from hybridization 
signals with four cloned fragments from Suillus that con- 
tain 3' and 5' ends for both genes (Table 2). 
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Variation in European and North American mtDNAs 

In Table 1, the geographic origin and mtDNA size are given 
for the A. ostoyae isolates examined in this study. MtDNAs 
were examined from 17 A. ostoyae isolates collected at lo- 
calities across North America, and three isolates were ex- 
amined from western Europe. Overall EcoRI fragment pat- 
tern similarities among A. ostoyae mtDNAs is depicted in 
Fig. 2A. Variation at different positions along the mtDNA 
in the population is graphically presented above the map 
in Fig. 1. In this figure, the number of morphs of each 
EcoRI fragment is based on the 17 unique mtDNAs se- 
lected from the North American population. Fragments of 
identical size across all isolates were interpreted as mono- 
morphic in the population, and mutually exclusive frag- 
ment pairs as dimorphic. Where such interpretations were 
more difficult, hybridization patterns with cloned mtDNA 
fragments were examined (Table 3). The most variable re- 
gion of mtDNA in the North American population is within 
the largest EcoRI fragment, E 1. At least ten unique morphs 
of E1 occur in the North American sample. The four re- 
gions of mtDNA, i, ii, iii and iv (Fig. 1), that were mono- 
morphic in this population sample were all located outside 
of identified coding regions. None of the eight EcoRI frag- 
ments at these four monomorphic regions were present in 
the three European isolates of A. ostoyae, although radio- 
labelled European 421 mtDNA hybridized to regions i, ii, 
iii and iv of North American 301 (data not shown). Ho- 
mologous fragments of equivalent size in A. ostoyae from 
both continents were evident only near E6, E9 and E l2  
(Table 3). This results in surprisingly low-overall similar- 
ity in the EcoRI, BamHI and HindIII fragment patterns 
between North American and European isolates of A. os- 
toyae (Fig. 2). The dendrogram presented in Fig. 2B is 
consistent with one based on EcoRI fragments (data not 
shown) in which: (1) European and North American A. os- 
toyae cluster together below 0.25, (2) North American A. 
ostoyae and European A. borealis isolates cluster together 
above 0.45, and (3) North American A. gemina join into 
the other species below 0.25. 

Origin Isolate 
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MI 482 

VT 70 

WA 113 
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I 
1.0 

A 

i k -  

I I I I 
0.8 0.6 

SIMILARITY 

i I 
I I I I I 

0.4 0.2 

COEFFICIENT 

A. gemina (N. A.) 35 

160 

A. ostoyae (EUR.) 337 
336 

A. ostoyae (N. A,) 301 

482 
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Length variation in North American mtDNAs 

A subset of seven unique mtDNA types was selected from 
a local population in northern Michigan for this study. The 
mtDNA in the North American A. ostoyae is highly poly- 
morphic based on the observation that no identical mtDNA 
types were found among collections of A. ostoyae from 
distant geographic areas. In the Michigan sample, how- 
ever, two of the seven mtDNA types were found in multi- 
ple genetic individuals within 1 km of one another (un- 
published). The mtDNA sizes given in Table 1 were stan- 
dardized to that of isolate 301, and are an average of the 
totals of EcoRI and BamHI fragments, respectively, which 
were within 5% of the mean value. The sizes of mtDNAs 
in North American isolates ranged from 125.1 to 147.6 
kb, with a mean of about 133 kb. The European A. ostoyae 
isolates contained smaller mtDNAs ranging from 80 to 
117.5, with a mean of 101 kb. These sizes are similar to 
previous reports of European (Jahnke et al. 1987) and 

B SIMILARITY COEFFICIENT 

Fig. 2. A average linkage clustering of A. ostoyae EcoRI mtDNA 
fragment patterns. Although identical here, isolates 8517 and m86 
differ in BamHI digests (see Table 3). B average linkage clustering 
of North American (N. A.) and European (Eur.) isolates of A. os- 
toyae, A. borealis, and A. gemina based on overall HindIII fragment 
patterns 

North American (Anderson et al. 1987) A. ostoyae 
mtDNAs. 

Evolution of  mtDNAs 

Analysis of individual mtDNA types was carried out to 
distinguish whether the existing mtDNA haplotypes could 
have arisen through a series of unique mutational events, 
or whether conflicts, presumably due to parallel or con- 
vergent mutations or else to recombination in A. ostoyae 
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Table 3. Size (kb) of fragments in A. ostoyae isolates with homology to cloned probes C8, C12, C45, C50, p7 and A2 (contains Suillus 5' 
rnl, see Table 2) 

Region a Isolate 

301 8517 8521 8523 27 28 70 m86 426 441 452 480 481 482 113 418 419 336 337 421 

C8 E6 10 10 10 10 10 10 10 10 10 7.4 10 10 7.4 10 10 7.4 10 10 17.5 10 
E8 7.7 6.5 7.7 7.7 7.7 7.7 6.5 6.5 6.5 6.5 7.7 7.7 6.5 7.7 6.5 6.5 6.5 nt b 7.7 12.5 
B5 16.5 15 15 16.5 16.5 16 .5  16.5 16.5 16.5 13 16.5 16.5 13 16.5 15 13 15 16.5 15 16.5 
B7 9.5 8.2 9.5 9.5 9.5 9.5 8.2 8.2 8.2 8.2 9.5 9.5 8.2 9.5 8.2 8.2 8.2 8.2 9.5 8.2 

C12 E1 20.5 19+ c 19+ 18 18 22+ 20.5 19+ 20.5+ 18+ 18 20.5 18+ 17.5 23+ 24+ 23+ 23+ 23+ 23+ 
B9 3.7 A d A 3.7 3.7 A 3.7 A 3.7 A 3.7 3.7 A A A 3.7 A nt A A 
B l l  2.8 A A A A 2.8 2.8 A A A A 2.8 A A A nt nt nt nt A 

C45 E5 13 9.2 9.2 9.2 9.2 9.2 9.2 9.2 15+ 15+ 13 13 9.2 9.2 9.2 15+ 15+ 23+ 23+ 23+ 
El2 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 15+ 15+ 5.1 5.1 5.1 5.1 5.1 15+ 15+ 5.1 5.1 5.1 
B4 15.5 15.5 15.5  15.5 15.5 15.5 15.5 15.5 14.5 14.5 15.5 15.5  15.5 15.5 15.5 14.5 14.5 nt 32+ 32+ 

C50 E2 15.5 15.5 A A 15.5 A 15.5 15.5 A 15.5 15.5 15.5 15.5 15.5 nt 15.5 15.5 A A A 
B1 32 32 29 29 32 29 32 32 29 32 32 32 32 32 32 32 32 nt 32+ 32+ 

p7 E7 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 23+ 24+ 23+ 24+ nt 23+ 
B2 29 27 27 29 29 29 29 29 29 27 29 29.5 29 29 24 24 24 29 23 23 

A2 E9 7.2 19+ 19+ 7.2 4.5 22+ 4.5 19+ 20.5+ 18+ 4.5 7.2 18+ 4.5 23+ 24+ 23+ 23+ nt 23+ 
B5 10.5 11.5 11.5 10.5 8.8 9.5 8.8 9.5 6.9 9.5 8.8 10.5 9.5 11 9.5 11.5 9.5 9.5 9.5 9.5 

a Probe and isolate 301 mtDNA fragment designations 
b nt, not tested 
c +, denotes that, in this column, additional probes hybridize to this fragment 
d A, absence of hybridization signal 

m t DNAs ,  would  be prevalent .  The  opera t iona l  t axonomic  
units in this analys is  were  ind iv idua l  A. ostoyae m t D N A  
types.  Each unique EcoRI f ragment  is equiva len t  to a char-  
acter, wi th  charac ter  states be ing  present  or absent.  Ana l -  
ysis  of  an EcoRI binary  matr ix  by  pa r s imony  methods  
(PAUP) was u t i l ized  str ict ly as a device  for de tec t ing  con-  
fl icts in the character -s ta te  data. The cons is tency  index 
(CI) of  any one of  33 most  pa r s imonious  trees was low; 
CI of  tree 1 was 0.645, and 17 of  41 EcoRI var iable  char-  
acters examined  had a h o m o p l a s y  index greater  than, or 
equal  to, 0.5. Some  o f  this incons is tency  may  be due to er- 
rors in coding  non -homologous  f ragments  of  equiva len t  
size as homologous .  For  example ,  the largest  EcoRI frag- 
ment  in isola tes  301, m84, 480, 426 and 70 are of  equiv-  
alent  mob i l i t y  in agarose  gels and c ross -hybr id ize  to p robe  
C12, but  only  isola tes  301 ,480 ,  and 70 contain  the inter-  
nal  BamHI f ragments ,  B9 and B 11. Since  some m t D N A  
regions  were  not  examined  through Southern  analys is  of  
the popula t ion ,  unde tec ted  errors of  this type  may  be 
present .  However ,  character -s ta te  incons is tenc ies  are also 
apparent  in over  ha l f  of  the 21 pa i rwise  compar i sons  in- 
vo lv ing  seven we l l -de f ined  length  muta t ions  l i s ted  in Ta- 
b le  3; these length  muta t ions  are: (1) 2 .6 -2  kb in E6/B3 
over lap;  (2) 1.2-1.3 kb in E8/B7;  (3) 1.5 kb i n E 1 / B 3 ;  (4) 
3.7 kb o f  B9; (5) 2.8 kb o f  B l l ;  (6) 0.7 kb at the junc -  
t ion o f  E5 and E l 2  wi thin  B4; (7) 1 kb at the junc t ion  of  
B4 and B10 wi thin  E5. 

Discussion 

In this s tudy a res t r ic t ion-s i te  map is presented  for the 147- 
kb m t D N A  from Nor th  Amer i can  A. ostoyae i sola te  301 
(Fig. 1). Hybr id iza t ions  with cont iguous  and over l app ing  
por t ions  o f  the genome  indicate  that this molecu le  is ei- 

ther a c losed  circ le  (Hudspeth  1992) or a head- to- ta i l  mul-  
t imer  (Maleszka  and Cla rk -Walke r  1992). Ex tens ive  size 
var ia t ion  of  m t D N A s  is ev ident  in the popula t ion  sample.  
The  three European  isola tes  examined  have m t D N A s  that 
were  all  smal le r  than the m t D N A s  in isola tes  f rom Nor th  
A m e r i c a  (Table 1). On average,  Nor th  A m e r i c a n  isolates  
of  A. ostoyae contain  m t D N A s  that are about  24% larger  
than European  counterpar ts .  These  size es t imates  agree 
with those p rev ious ly  pub l i shed  for A. ostoyae isolates  
f rom Europe  (89.3 kb, Jahnke et al. 1987) and North  
A m e r i c a  (143.5 kb, Ander son  et al. 1987). The m t D N A  
that is mapped  in this s tudy is thus at the large end of  sizes 
for A. ostoyae, and is also one of  the larger  phys ica l ly -  
mapped  fungal  m t D N A s  (Hudspeth  1992). 

Al though  we were  not  able to locate two EcoRI frag- 
ments  on the map,  the ent ire  molecu le  is l ike ly  to be rep-  
resented since all v is ib le  BamHI f ragments  were  ac- 
counted  for, and over lapp ing  regions  were  evident  in hy-  
br id iza t ion  s ignals  with c loned por t ions  and ge l -e lu ted  
m t D N A  fragments .  Both of  the unmapped  EcoRI frag- 
ments ,  E l 6  and E l 9 ,  were internal  to large BamHI frag- 
ments,  but  pos i t ions  could  not  be c lear ly  r e so lved  fo l low-  
ing au to rad iography  when ei ther  f ragment  was ge l -pur i -  
f ied and used  as a probe.  One or both E l 6  and E l 9  may  
be a c c o m m o d a t e d  wi thin  BamHI f ragments  B1 or B2, 
which  are greater  than 20 kb and thus prone to inaccura te  
es t imates  of  size. The A. ostoyae m t D N A  contains  no large 
inver ted  repeat  regions  as was found in A. brunnescens 
(Hintz et al. 1988) and A. aegerita (Barroso et al. 1992). 
Six of  seven coding  regions  loca ted  on the m t D N A  map 
of  isola te  301 were  c lus tered  within a reg ion  of  about  50 
kb. This cluster  inc ludes  the large and smal l  r R N A  genes,  
which  have the same 3'  and 5'  or ientat ion.  Al l  seven mit-  
ochondr ia l  genes hybr id i zed  to unique areas a long the 
molecu le  and there is no ev idence  for gene rear rangements  
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within the North American isolates examined. It is un- 
known whether the gene order presented in Fig. 1 is the 
same for European A. ostoyae mtDNAs. European and 
North American populations exhibit very different 
mtDNA fragment patterns and therefore map alignment 
was not possible over most regions of the mtDNA from 
European isolates. Bruns and co-workers 11988. 1989) 
found an identical gene order in the mtDNAs of five spe- 
cies of Suillus. which ranged in size from 36 to 121 kb, 
and infrequent rearrangements in an expanded sample of 
15 Suillus species and four related genera. In contrast, C. 
cme reus and C. stercorarius, which are from different sec- 
tions of the genus Coprinus. exhibit a two-fold mtDNA 
size difference and have distinct gene orders (Weber et al. 
1986). The mtDNA gene order in A. ostoyae is different 
from that of other mapped basidiomycete mtDNAs (We- 
ber et al. 1986; Bruns et al. 1988: Hintz et al. 1988; Mou- 
linier et al. 1992). 

The mtDNA map of isolate 301 provides a reference 
with which to compare the intraspecies variation in A. os- 
toyae mtDNAs. Based on our sample of 17 unique 
mtDNAs from North American isolates, variable regions 
are located along the entire length of the molecule, but ap- 
pear to be clustered within four or five areas, separated by 
invariant regions labeled i. ii, iii and iv, in Fig. 1. Instances 
of site changes without concordant length changes were 
not detected, and equivalent size alterations were observed 
for both EcoRI and BamHI fragments within the variable 
regions (Table 3). Therefore, the mtDNA variation docu- 
mented in this study is largely due to length mutations. 
which are also prevalent in other fungal mtDNAs (reviews 
in Taylor 1986; Bruns et al. 1991 ). 

The monomorphic regions that are dispersed along the 
mtDNA ofA ostoyae, with only two or three size variants 
in most other regions of the molecule, lend an overall sim- 
ilarity to fragment patterns within the North American 
population (Fig. 2A). This molecular organization may ac- 
count for the observation that nine North American bio- 
logical species of ArmilIaria can be identified by overall 
mtDNA restriction-fragment-pattern similarities (Smith 
and Anderson 19891. Intraspecific mtDNA similarities are 
also apparent in each of three European species of Armil- 
laria, including A. ostoyae (Jahnke et al. 1987). However, 
as is evident from the present study, mtDNAs from Euro- 
pean and North American A. ostoyae isolates are distinct 
based on both molecular size and fragment patterns. From 
Southern hybridizations, only three regions, around cob. 
rnl and coxIII, contained conserved BamHI and EcoRI re- 
striction sites. The size dissimilarity and poor map align- 
ment between isolates from the two populations is perhaps 
more characteristic of differences between mtDNAs of dif- 
ferent species (Bruns et al. 1988). Certainly, the Jaccard's 
similarity coefficients of 0.2. or lower, for both EcoRI (Fig. 
2A) and HindIII (Fig. 2B) in fragment pattern compari- 
sons between the two populations are equivalent to values 
reported for different species within North America (ap- 
proximately 0.22 and lower, Smith and Anderson 1989~. 
These similarity coefficients are not intended to provide 
estimates of evolutionary distances between the popula- 
tions. They serve only to cluster the mtDNA data, without 
reference to an evolutionary model. 

Recently, sequence analysis of the intergenic region 
(IGR) of the nuclear rDNA in ten northern hemisphere Ar- 
mi!laria species (Anderson and Stasovski 1992) delineated 
four groups. The group which includes North American 
and European isolates of A. ostoyae (biological species I 
and C, respectively) also contains the species A. boreaIis 
in Europe (species A) and A. gemina in North America 
(species II). Determining the relationship among the three 
species which make up this group was complicated by 
intraspecific sequence polymorphisms within the IGR re- 
gion. For example, one European isolate ofA. ostoyae was 
more similar to isolates of A. borealis and A. gemina than 
to other European and North American isolates of A. os- 
toyae (Anderson and Stasovski 1992). Based on overall 
mtDNA restriction-fragment patterns, North American 
isolates ofA. ostoyae have very similar mtDNAs to A. bor- 
ealis (Fig. 2B). It should be noted that when mtDNA mole- 
cules are large, as in Armillaria species, there is an in- 
creased chance that fragment-pattern-similarity compari- 
sons equate non-homologous fragments, based on equiv- 
alent size alone. Additional support for the phenogram pre- 
sented in Fig. 2B was provided by cluster analysis of the 
EcoRI fragment patterns (data not shown), which was con- 
sistent with Fig. 2B. The discontinuity in mtDNA within 
A. ostoyae (Fig. 2A, B) is of particular interest since anum- 
ber of characteristics in addition to nuclear IGR sequences 
and rDNA restriction-site maps (Anderson et al. 1989) 
suggest that the species is rather uniform across both con- 
tinents. These include the micro- and macro-morphologi- 
cal characteristics of fruit-bodies (B6rub6 and Dessureault 
1988), the morphology of rhizomorphs (Morrison et al. 
1985), and host preference (Guillaumin et al. 1989). Fi- 
nally, A. ostoyae isolates from Europe are partially inter- 
fertile with those from North America; however, neither 
population is apparently interfertile with any of the other 
species on either continent (Anderson et al, 1980; Guillau- 
rain et al. 1989). Avise and co-workers (1983) describe a 
similar situation with deer mice in which mtDNAs in some 
populations of Peromyscus maniculatus are more Similar 
to those of a sister species, P. polionotus, than to other geo- 
graphically-separated populations of P. maniculatus. They 
hypothesized that P. polionotus is derived from a subpop- 
ulation of P. maniculatus. In the same way, A. borealis 
may have originated from within the larger intercontinen- 
tal population of A. ostoyae. 

The observed differences between mtDNAs of interfer- 
tile North American and European A. ostoyae isolates 
could reflect incipient allopatric speciation. A good dis- 
cussion of genetic divergence associated with geographi- 
cally-separated but interfertile populations of Collybia 
dryophila is provided by Vilgalys (1991), who suggests 
that allopatric speciation may occur gradually through 
changes in many traits that are not necessarily associated 
with the development of intersterility barriers. With A. os- 
toyae, we must explain why mtDNAs are widely divergent 
between the two allopatric samples, whereas nuclear-en- 
coded characteristics are apparently conserved over the en- 
tire range of the species. In part, this incongruence may be 
a result of higher mutation rates in the mtDNA over the 
nuclear genome. In the Boletales, for example, mtDNA 
nucleotide base substitutions and length mutations are 
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about 16-times more frequent in the mtDNA than in the 
nuclear DNA small rRNA genes (Bruns and Szaro 1992). 
Similarly in animals, mtDNA is believed to be evolving 
about ten-times more rapidly than the nuclear genome 
(Brown et al. 1979). In conjunction with these rate differ- 
ences, population bottlenecks, which are expected to have 
a more severe effect on mitochondrial genome variability 
(Wilson et al. 1985), may tend to canse mtDNA divergence 
on different continents. Intercontinental distance is likely 
to be an effective barrier to gene flow within Armillaria, 
whereas within continents even low levels of mtDNA 
mixis may reduce divergence rates of mtDNAs. 

Precise measures of the genetic relatedness of mtDNAs 
among A. ostoyae and the closely-related species A. bor- 
ealis and A. gemina are not possible from the results pre- 
sented here. Nevertheless, it is clear that a major discon- 
tinuity exists between macromolecular characteristics of 
the North American and European mtDNAs of the A. os- 
toyae collections examined here. The mtDNA map pre- 
sented in this study provides an indication of the phyloge- 
netically-variable regions of mtDNA in A. ostoyae, and a 
basis for further mtDNA mapping or sequencing studies 
of phylogeny within Armillaria. Such studies should in- 
clude regions that are free of apparent length mutations, 
and should sample the two sibling species, A. borealis and 
A. gemina, in addition to North American and European 
isolates of A. ostoyae. 

Among the North American A. ostoyae isolates, our 
sample shows a tendency for identical mtDNA types to be 
clustered in local areas. In several cases, identical mtDNA 
types were found in multiple genetic individuals ofA. os- 
toyae that were examined within a 1 km 2 area (Smith et 
al., unpublished). Despite apparent local clustering of 
mtDNA types, regional similarities among distinct 
mtDNA types were not common. For example, the two iso- 
lates from British Columbia were most similar to isolate 
441 from Michigan. Conversely, the eight mtDNA types 
from Michigan showed a wide range of similarities. That 
similar mtDNAs occur in widely-separated locations indi- 
cates that long range dispersal has occurred in North Amer- 
ica. It would not be surprising, therefore, to find identical 
mtDNA types separated by large distances if a larger pop- 
ulation sample were examined. In addition to dispersal pat- 
terns, the lack of regional similarity of mtDNA types may 
be explained in part by the way in which mtDNA evolves 
in natural populations. 

If the mtDNA in A. ostoyae is non-recombinant, and 
length mutations are unique evolutionary events, then we 
would expect that all length mutations could be incorpo- 
rated in a network, relatively free of inconsistencies. This 
was not evident from a character-compatibility analysis of 
the entire data set. Significantly, of the 21 pair-wise com- 
parisons possible for seven well-characterized length mu- 
tations, three and four combinations were present in ten 
and 11 comparisons, respectively. The largest group of 
compatible characters in this subset was three. Similar ob- 
servations were made of length mutations in mtDNAs 
within the species Neurospora crassa (Taylor 1986), but 
not in local populations of E oxysporum f. sp. melonis, 
where distinct characters were found mostly to be compat- 
ible (Jacobson and Gordon 1990). The numerous combi- 

nations of length mutations at different points in A. os- 
toyae mtDNAs result in a potentially large number of dis- 
tinguishable mtDNA type s in the species. In addition, at 
least ten morphs are evident in the most variable region of 
the molecule, located within El ,  between the 5' end of the 
large rRNA and coxlII. All of these distinct E1 morphs oc- 
cur at a relatively low frequency in the 17 North Ameri- 
can isolates o f k .  ostoyae, indicating that a larger popula- 
tion sample is required to examine the full range of vari- 
ation in mtDNAs for the species. Interestingly, regions that 
appear to be monomorphic in the North American sample 
are all located outside of the seven coding regions we lo- 
cated on the map. This is perhaps not unexpected given 
that all mtDNA genes, except coxIII, have been reported 
to contain large intervening sequences (reviewed in Bruns 
et al. 1991). In N. crassa length mutations cluster in and 
around cob, coxI and atp8 (Taylor et al. 1986; Taylor and 
Natvig 1989). These are also the most-variable regions of 
A. ostoyae mtDNAs. 

The basis for character-state inconsistencies in A. os- 
toyae mtDNAs is unknown. It is possible that specific 
length mutations are in some way favored, and that a given 
mutation may occur independently more than once within 
the population. Also, genetic exchange and recombination 
between mtDNA types could result in inconsistencies in 
character-state data. Although we know of no direct evi- 
dence for independent mutation in mtDNAs of fungi, there 
is ample precedent for genetic exchange. For example, in- 
dependent transfer of mitochondrial plasmids following 
sexual (May and Taylor 1989) and unstable vegetative 
interactions (Collins and Saville 1990). In addition, the se- 
nescence-determining kalilo plasmid can be transmitted 
across Neurospora species (Griffiths et al. 1990). Se- 
quence homology has also been identified for a linear mit- 
ochondrial plasmid from Agaricus bitorquis and the 
mtDNA ofAgaricus bisporus (Robison et al. 1991). This 
is consistent with plasmid-mediated transfer of genetic in- 
formation, and to other forms of genetic exchange between 
mitochondria of different species. We have not, however, 
detected plasmids in any A. ostoyae isolates using extrac- 
tion techniques that yield mitochondrial plasmids from 
Agaricus. 

In addition to examples of genetic exchange, there are 
numerous experimental observations of recombination 
between mtDNA types in heteroplasmic cells following 
cell fusions. Most relevant to the present study is the re- 
port of recombination between mtDNAs in sexually-com- 
patible pairings of the basidiomycete C. cinereus (Bap- 
tista-Ferreira et al. 1983). Based on observations of the 
distribution of mtDNA types in A. bulbosa following sex- 
ual mating between monokaryons in the laboratory, cyto- 
plasmic mixing in the zone of anastamosis may occur and 
could result in limited areas of heteroplasmy within dip- 
loid individuals (Smith et al. 1990). In nature, however, 
distinct nuclear genotypes of both A. bulbosa and A. os- 
toyae are associated with only one mtDNA type. Such in- 
dividuals may extend over 600 m during more than 1000 
years of mitotic growth and yet remain invariant for 
mtDNA restriction fragment patterns (Smith et al. 1992, 
and unpublished). This indicates that changes in mtDNAs 
arise infrequently, or are selected against within individ- 
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uals, and that extensive heteroplasmy is not common to 
Armil lar ia  in nature. These observations,  however,  do not 
preclude the possibi l i ty that exchange and recombinat ion  
between mtDNAs of A. ostoyae occur at evolut ionari ly-  
s ignif icant  rates. 
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