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Summary. We constructed restriction-site and gene maps
for mitochondrial DNAs from seven isolates of five species of Suillus (Boletaceae, Basidiomycotina). Each mitochondrial genome exists as a single circular chromosome,
ranging in size from 36 to 121 kb. Comparisons within
species and between two closely related species revealed
that insertions and deletions are the major form of genome change, whereas most restriction sites are conserved. Among more distantly related species, size and
restriction-site differences were too great to allow precise alignments of maps, but small clusters of putatively
homologous restriction sites were found. Two mitochondrial gene orders exist in the five species. These
orders differ only by the relative positions of the genes
for ATPase subunit 9 and the small ribosomal RNA and
are interconvertible by a single transposition. One of the
two gene arrangements is shared by four species whose
mitochondrial DNAs span the entire size range of 36
to 121 kb. The conservation of gene order in molecules
that vary over three-fold in size and share few restriction
sites demonstrates a low frequency of rearrangements
relative to insertions, deletions, and base substitutions.
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Introduction
Our present knowledge of the structure and function of
fungal mitochondrial DNA (mtDNA) has been accumulated primarily through extensive study of a few fungi,
including Saeeharomyees eerevisiae, Aspergillus nidu-

lans, Neurospora erassa, Schizosaeeharomyces pombe,
and Torulopsis glabrata (Clark-Walker and Sfiprakash
1983; Lang et al. 1983; Brown et al. 1985; Clark-Walker
1985; de Zamaroczy and Bernardi 1985; Grossman and
Hudspeth 1985; Nelson and Macino 1985; Tzagoloff
and Myer 1986). These fungi offer such advantages as
rapid growth in culture, easily manipulated life cycles,
and well characterized genetic systems. However, their
value in illuminating patterns of fungal mtDNA evolution
is limited by their rather distant relationships to one
another. Studies of intraspecific variation have been
conducted in several of these species and provide the
basis for our current understanding of frequent molecular evolutionary events (Sanders et al. 1977; Collins
and Lambowitz 1983; Taylor et al. 1986). Thus, comparisons of mtDNAs between and within these fungal
species allow one to assess the extremes of divergence
within the molecule.
Intermediate levels of fungal mtDNA divergence have
been largely neglected. Studies by Jacquier and Dujon
(1983), and Hoeben and Clark-Walker (1986) are significant exceptions. Both examined mtDNAs among related species and genera of yeasts. The former study
focused on one region of the molecule by surveying the
distribution of the omega intron of the large ribosomal
RNA gene (LrRNA). The latter involved gene mapping
of the entire molecule in seven species and documented
identical gene orders among the mtDNAs of three species. The gene orders of four additional species could
all be interrelated by two single-step rearrangements,
but multiple rearrangements separated these orders from
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that found in the first three species. The current taxonomy of these yeasts conflicts with the groupings suggested by their mitochondrial gene orders (Hoeben and ClarkWalker 1986) and their mtDNA restriction-fragment
patterns (McArthur and Clark-Walker 1983). However,
the significance of this conflict is difficult to interpret
because the taxonomy of these yeasts is based primarily
on their physiological properties; few morphological
clues are available to provide an independent assessment
of their phylogenetic relationships.
We have compared mtDNAs within and between five
species of Suillus sensu lato. Like other members of the
Boletaceae, species of Suillus produce large, relatively
complex basidiocarps. Morphological and anatomical
features of these structures provide the basis for current
systematic treatments of the genus. Prior taxonomic
studies produced some differences in the classification
of the genus, primarily with regard to the validity of
two segregate genera, Boletinus and Fuscoboletinus
(Pomerleau and Smith 1962; Smith and Thiers 1964,
1971 ; Singer 1975, 1981). However, with a single exception (Pegler and Young 1981), all previous researchers
have thought that Suillus in the broad sense is monophyletic.
Sufficient taxonomic agreement existed to allow us
to select five species expected to span a range o f evolutionary relationships. Two species, Suillus viscidus (also
called S. aeruginascens), and S. grisellus are considered
to be closely related. They are either placed together
in the subsection Megasporini of Suillus (Singer 1975,
1981) or in section Griselli of Fuscoboletinus (Smith
and Thiers 1971). Two other species, S. luteus and S.
cavipes, are thought to be more distantly related. They
are separated from each other and from the former two
species at either the sectional or generic levels. Less
agreement exists with regard to the relationship of S.
tridentinus, which is either placed in subsection Megasporini with S. viscidus and S. grisellus (Singer 1975,
1981), or segregated from these two at the generic
level (cf. Smith and Thiers, 1971). In the latter classification it is considered congeneric with S. cavipes and
S. luteus. In any case, several levels of phylogenetic
relationships were expected to be included in our sample.
In addition, to sample intraspecific variation, two isolates were examined from two of the species, S. luteus

and S. viscidus.
We show that intraspecific variation in mtDNAs of
Suillus is similar in nature to that previously described
in Ascomycotina: insertions and deletions account for
most of the differences found. MtDNAs of the five species vary extensively in size, ranging from 36 to 121 kb.
This variation results from numerous insertions and
deletions that exist throughout the genome. These
size changes have occurred without major rearrangements. Four species share a common gene order, one

that is potentially related to that of the fifth species
by a single transposition.

Methods
Axenic cultures of S. visicidus TDB-561, TDB-576, S. grisellus
TDB-574, S. luteus TDB-571, and S. cavipes TDB-646 were
isolated from tissue excised from basidiocarps collected in
southeastern Michigan. Voucher collections of the basidiocarps
are deposited at the University of Michigan Herbarium (MICH).
S. tridentinus HB-347 and S. luteus HB-348 were kindly provided by Helmut Besl, University of Regensburg, Federal Republic
of Germany. Cultures were maintained on medium M-40 (Stevens 1984), stored at 5 °C, and transferred every 3-5 months.
Batch cultures were grown at 22 ° in 16-liter carboys in aerated
liquid culture of the same medium. Total nucleic acids were
isolated and mtDNA was purified from Suillus as described for
Achlya (Hudspeth et al. 1983, with modifications noted in
Shumard et al. 1986). Petite mtDNAs from Saccharomyces
cerevisiae were isolated as previously described (Hudspeth et
al. 1980).
MtDNA restriction endonuclease fragments were separated
via gel electrophoresis (0.7-0.8% agarose and 3.5-4% acrylamite), and sizes were estimated by comparison to known size
standards (lambda phage DNA: HindlII, EcoRI, Sinai, Sail
fragments; Phi-X 174 phage DNA: HaelII, RsaI fragments).
Selected agarose gels were blotted onto nitrocellulose by standard techniques (Southern 1975), or onto Zetabind nylon filters
by the alkaline blot method (Reed and Mann 1985). Filter blots
were hybridized with 32P-labeled gel-isolated mitochondrial
gene sequences derived from petite mutants of Saccharomyces
cerevisiae. These yeast probes have been described elsewhere
(Shumard et al. 1986) with the following exceptions: The 3'
and 5' probes from the 15S ribosomai RNA gene (SrRNA) are
the internal 682 bp HhaI-BamHI fragment and the 756 bp BamHIHpHI fragment (see Sot and Fukuhara 1980, and Li et al. 1982).
The cytochrome oxidase subunit II (COIl) probe is a 273 bp
PvulI fragment from the central portion of the gene (see Coruzzi
and Tazgoloff 1979). Fragments were nick-translated by standard
procedures (Maniatis et al. 1982). The small fragments for ATP
synthase subunit 9 (ATP9) and COil were ligated for 1 h at
room temperature after nick-translation and prior to denaturation (Manlatis et al. 1982). Filters were prehybridized overnight
and then hybridized for 20-36 li at 50 °C in 6 × ssc, 2 ×
Denhardt's solution, 100 ~g/ml sheared salmon sperm DNA.
After hybridization the filters were washed three times at 50 °C
in 3 x SSC, 0.1% SDS. Autoradiograms were exposed for 1-6
days at -80 ° with or without intensifying screens. Bound
probes were stripped from the filters with boiling 0.1 x SSC
prior to rehybridization.
Restriction site maps were constructed by comparisons of
single, double and triple enzyme digests and by utilizing gene
hybridization data.

Results

Differences between closely related isolates and species
Insertions and deletions were found to be the major
source of intraspecific variation in Suillus mtDNA. Three
length mutations must be postulated to account for the
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Fig. 1A, B. Length mutations in Suillus mtDNA. A Avail digests
of mtDNAs from two isolates ofS. luteus, 571 (A) and 348 (B).
The two size differences present correspond to the 1.9 and
0.59 kb length mutations mapped in Fig. 2A. The third and
largest size difference between the two isolates exists in the,
large degraded fragment marked near the top of the gel (arrow).
B Hybridization of sequences from the LrRNAgene of Saccharomyces cerevisiae to filter-bound BstEII digests of two isolates
of S. viscidus. A 4.8 kb fragment that contains a portion of the
LrRNA gene is conserved in both isolates. The adjacent fragment
differs by approximately 0.7 kb as the result of length mutation.
Only one BstEII site difference exists between the two isolates
(Fig. 2B). Lanes C and D correspond to isolates 561 and 576,
respectively

observed differences between two isolates of S. luteus,
while nine separate the two strains of S. viscidus. These
size changes range from 50 bp to 3.9 kb and are scattered
throughout the mitochondrial genome (Figs. 1 and 2A,
B). The smallest detected difference occurs in the region
near COI of Suillus viscidus. Two of the three length
mutations found in S. luteus also map to this same
general region. In S. luteus, however, these size changes
are located on the opposite side of a pair of restriction
sites (CfoI and SstlI) from the 50 bp difference found
in S. viscidus. This pair of sites exists in two additional
species and appears to be homologous (see below).
Thus, three length mutations have occurred in different
locations within a relatively small region.
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Most of the restriction-site differences between strains
are located near size-variable regions. Those that are not
are confined to a single region in each species pair. The
three site changes that are not associated with mapped
size differences in S. luteus are clustered between the
COII and SrRNA genes, while the two such sites in S.
viscidus are clustered between COIII and COI (Fig.
2A,B). Many of the site differences that occur within
or near size-variable areas probably result from insertions
and deletions rather than base substitutions. In the S.
viseidus isolates, six out of seven such site changes are
in the same direction as the size change, i.e., site losses
correlate with deletions and site gains with insertions
(Fig. 2B). In S. luteus, three of the five site differences
associated with length mutations occur in the corresponding direction. In both species, site changes that
occur in the opposite direction are associated with large
size changes. These large length mutations may result
from several smaller insertions and deletions whose
overall size difference is mapped as a single change. In
this case, sites could be inserted or deleted directly by
small unresolved length mutations that occur in the
direction opposite to the regional net size change. An
alternative explanation for the clustering of site changes
in size-variable regions is that these areas are more prone
to both insertions/deletions and base substitutions.
However, no obvious mechanism is available to add
credence to this interpreatation.
Comparisons between S. viscidus and a closely related species, S. grisellus, yield results similar to those of
the two intraspecific comparisons (Fig. 2C). The primary
differences are quantitative: more restriction-site changes
are observed and the length mutations are on average
much larger. Although there are only seven mapped
size differences in this interspecific comparison compared to nine between strains of S. viseidus, the absolute value of these changes is much greater: 30.7 kb
versus 11.5 kb. The actual number of length mutations
is probably underestimated because the most variable
regions are characterized by a paucity of restriction sites.
This fact limits our ability to resolve multiple, clustered
length mutations. These regions with large length differences may differ from other portions of the molecule
in base composition. With the exception of ClaI, the recognition sequences of the restriction enzymes mapped
have a G-C bias. The low density of restriction sites in
these regions therefore suggests that they are more A-T
rich than other portions of the molecule.
Eighteen restriction-site differences occur between
S. viscidus and S. griseUus (Fig. 2A). Eight of these occur
in size-variable regions, but ten are scattered throughout
size-conserved regions. This result suggests an increase
in base substitutions at the interspecific level. The low
density of aligned restriction sites in the regions where
most of these site changes occur makes the detection
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Fig. 2A-C. Variation of mitochondrial genomes within species and between two closely related species of Suillus. Linearized restriction-site maps of circular mtDNAs are illustrated in three pair-wise comparisons. The top map in each pair is drawn to scale and aligned
with the bottom map by conserved restriction sites. Sites that occur in the same region of the molecules and that are equidistant from
at least one other site are assumed to be homologous and are indicated by solid lines connecting site abbreviations. Unattached and
broken lines indicate novel sites and putatively homologous sites within insertion/deletion regions. Asterisks indicate site differences.
Deletions (solid triangles) and insertions (open triangles) in the bottom map relative to the top one are shown below each pair of
maps. The magnitude of the size differences is indicated roughly by the size of the triangles and is estimated below in kilobase pairs.
The regions to which eight heterologous gene probes hybridize are shown above each pair of maps. The limits of these regions are
defined by the restriction sites illustrated, with the following exceptions: Weak hybridization of the LrRNA probe to the fragment
left of the CfoI site is indicated by a short extension of the hybridization region beyond this site. In S. luteus the adjacent hybridization limit of the COIl probe is arbitrarily depicted near the border of the LrRNA region. Restriction site abbreviations are as follows:
(A) Aval; (B) BamHI; (C) ClaI; (E) BstEII; (H) HaelI; (O) CfoI; (P) PstI; (S) SstI; (T) SstlI; (U) PvulI; (X) XhoI

Fig. 4. Mitochondrial DNA variation among five species of Suillus. Restriction-site maps of circular mtDNAs are shown linearized in I~
approximate alignment. Many of the restriction sites of S. viscidus and S. grisellus can be unambiguously aligned (Fig. 2). Similar alignment of sites from S. cavipes, S. tridentinus, and S. luteus is not possible, but clusters of similar sites can be recognized among all
five species. Those clusters shared by three or more species are indicated by asterisks and are discussed in the text. The isolates of S.
luteus and S. viscidus illustrated here are 571 and 561, respectively. An EcoRI site (R) that delimits the hybridization limit of the 5'
SrRNA probe is mapped in S. cavipes. Other EcoRl sites are not shown. All sites of other enzymes are indicated. Restriction sites
abbreviations are as follows: (A) AvaI; (B) BamHI; (C) ClaI; (E) BstlI; (H) HaelI; (O) CfoI; (P) PstI; (S) SstI; (T) SstlI; (U) Pvu II;
(X) XhoI
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of small size changes difficult. Therefore, some of these
site differences could still be the result of length mutations rather than base-substitutions.
Differences among distantly related species

The mtDNAs studied here vary over three fold in size
(36-121 kb; Figs. 3 and 4). This size variation, together
with a correspondingly greater amount of restrictionsite divergence, prevents the precise alignment of maps
that was possible at lower taxonomic levels. Clusters
of putatively homologous sites can, however, be recognized in all of the species (Fig. 4), although the size
variation makes even these alignments tentative. These
clusters are all located in or near regions to which the
heterologous gene probes map.
A set of three sites, ClaI.PvulI-CfoI, occurs in all five
species in the region of the LrRNA gene, and a pair of
sites, CfoI-AvaI, occurs near the SrRNA gene in four species. The latter CfoI site is also shared by the fifth species, S. grisellus, but the AvaI site is absent (see Fig.

Fig. 3. Size deference among Suillus mtDNAs. HaelII digests of
the mtDNAs of S. cavipes (A), S. tridentinus (B), S. luteus (C),
S. viscidus (D), and S. grisellus (E) are shown in comparison to
fragments of known sizes (lane M, lambda and phi X phage
DNAs). Sizes of these fungal mtDNAs vary from 36 to 121 kb
based on the mapping data from 11 enzymes (Fig. 4). Note the
large degraded fragment in lane D (arrow)
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2C). Distances between the CfoI-AvaI and PvuII-CfoI
pairs appear to be the same in all species. The ClaIPvuII distance differs among the five species. It is 1.3
kb in S. cavipes and S. tridentinus and 1.8 kb in the
other three. Evidence that this difference is caused by
a length mutation rather than by the gain and loss of
two different ClaI sites comes from the observation that
a BstEII site is 0.4 kb from the ClaI site in S. tridentinus,
S. viscidus, and S. grisellus (Fig. 4). At the other end of
the LrRNA gene an additional BamHI site and a CfoI
site are shared by S. tridentinus and S. eavipes, and a
BstEII site is shared by the other three species.
Three additional regions contain clusters of similar
sites in some species. The COI region in all species except S. cavipes contains a set of three sites, SstII-XhoIBamHI. The distances between these sites are identical
in S. viscidus and S. grisellus, but differ slightly in the
other two species. These differences could indicate that
the similarity of sites is coincidental and not due to homology. On the other hand, these three enzymes cut
extremely infrequently in these molecules and, in fact,
only one SstII site exists in each of the four species.
Furthermore, an additional CfoI site occurs adjacent to
the SstlI site in S. luteus, S. viscidus and S. grisellus.
We believe it unlikely that these sites occur by coincidence in the same order and within 2 kb of each other.
A set of 3 sites, PvuII-PvuII-PstI, is found in the ATP9
region of four species. The 1N-ulI-PvuII distance varies
between species and also between the two isolates of
S. viscidus (Fig. 2B), so it is not possible to be certain
of the homology of both sites. One of the two sites,
however, is within 0.2 kb of a PstI site in all four species,
suggesting that both of these sites are homologous.
Many other site similarities are present throughout the
mtDNAs of the five species, but length differences preclude confident recognition of homology. Maps based
upon more hybridization data and with greater site densities could help to resolve this problem.
Gene order was found to be the most conservative
feature of these molecules. A common gene order is
shared by four of the species, whose mtDNAs vary in
size from 36 to 121 kb. The gene arrangement of S. luteus mtDNA differs only by the relative positions of the
ATP9 and SrRNA genes. The orientation of the latter
gene is identical in all five species (Fig. 4). The only
single-step pathway to interconnect these two gene
arrangements involves transposition of either gene. Two
inversions could also explain the change - the first involving a region containing both the ATP9 and SrRNA
genes, and the second involving only the SrRNA gene.
Our data demonstrate that large-scale rearrangements
are rare events in Suillus mtDNA evolution. However,
our approach is unlikely to detect small rearrangements,
such as changes between probed regions and inversions
of single unoriented genes.

Discussion
Insertions and deletions are the most striking feature of
the intraspecific variation in S. viscidus and S. luteus.
Size differences have been reported previously in different strains of Saccharomyces cerevisiae, Cochliobolus

heterostrophus, Aspergillus nidulans, Neurospora crassa,
Agaricus bitorquis, andAchyla spp. (Sanders et al. 1977;
Earl et al. 1981; Collins and Lambowitz 1983; Garber
and Yoder 1984; Hintz et al. 1985; Shumard et al. 1986;
Taylor et al. 1986). In Saccharomyces cerevisiae, most
of the interstraln size differences are attributable to changes in number of introns in COI, COB, and the LrRNA
gene. Intergenic length mutations and mini-inserts in
the Varl and SrRNA genes account for an additional,
but smaller, proportion of size differences (de Zamoraczy and Bernardi 1985). In Neurospora, a large proportion of the size variation may also result from optional
introns. The regions containing COB and COl are highly
variable in size, and in the case of the latter gene this
variation has been shown to result from four optional
introns (Collins and Lambowitz 1983). The NADH
dehydrogenase subunit 1 gene (ND1) contains an intron
in Neurospora crassa 740R (Burger and Werner 1985)
that appears to correspond to a 1.2 kb optional insert
described earlier (Mannella and Lambowitz 1979).
By analogy, one might expect much of the size variation within S. viscidus andS. luteus to be caused by optional introns. However, five of the size changes in S.
viscidus (Fig. 2A: +0.7, -0.6, +2, - 3 , -3.9) and the
largest size difference in S. luteus (Fig. 2B: -3.5) do not
occur near any mapped genes known to contain introns
in other fungi. Introns have also been found in genes
for four of six NADH dehydrogenase subunits, ND1,
ND3, ND4L, and ND5 (Burger and Werner 1985; Cummings et al. 1985; deVries et al. 1986; Nelson and Macino
1987), none of which we have mapped. If these genes
are present in Suillus mitochondrial genomes and also
contain optional introns, then some of these size differences might be explained.
A few of the size differences in Suillus could occur
within genes that we did map. Size variation in the COI
region provides the best examples. The likelihood of
introns occurring within the Suillus gene seems high
since introns have been found in COI in at least some
strains of all fungi for which sequences or transcripts
data exist (Bonitz et al. 1980; Clark-Walker and Sriprakash 1983 ; Collins and Lambowitz 1983; Lang 1984;
Osiewacz and Esser 1984; Waring et al. 1984). The probe
used to map the gene in Suillus is a 280 bp portion of
the fifth exon from Saccharomyces cerevisiae (see
Shumard et al. 1986). The entire coding sequence of
the Saccharomyces gene is approximately 1,500 bp.
Including introns, it can span 11,000 pb (de Zamaroczy
and Bernardi 1985). Thus, the Suillus COI gene could
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Table 1. Mitochondrialgenomesizesof selected species of Suillus
Species

Genome size

Suillus cavipes
S. ochraceoroseus
S. variegatus
S. tomentosus
S. spectabilis
S. sinuspaulianus
S. subalutaceus
S. placidus
S. americanus
S. brevipes
S. tridentinus
S. neoalbidipes
S. grevillei
S. spraguei
S. luteus
S. viscidus
S. grisellus

36
41
41
43
50
50
58
62
66
68
68
84
85
104
104, 106
104, 108
121

Genome sizes for the five species discussed in this paper were
determined by the sum of site-to-site distances for the composite site maps shown in Figs. 2 and 4. All other sizes are averages
of the sums of restriction fragments produced by HaelIl, Avail,
and EcoRI digests (Bruns and Palmer, unpublished data). Sizes
of two different strains of S. luteus and S. viscidus are given
(Fig. 2)

easily overlap two large size differences in S. luteus and
two small ones in S. viscidus (Fig. 2A, B). Two small
size-variable regions of S. viscidus occur in the neighborhood of the ATP6 and the LrRNA genes. The former
has an intron in Neurospora crassa, and the latter contains an intron in many fungi (Heckman and RajBhandary 1979; Lazarus et al. 1980; Jacquier and Dujon
1983 ;Wright and Cummings 1983).
We observed fewer size and restriction-site differences between the two S. luteus isolates than between
the two S. viscidus strains. This finding may be simply
an artifact of the small sample sizes and the higher density of mapped sites in the S. viscidus genomes. Nonetheless, it is curious, since the two isolates of S. luteus
come from different continents, while those of S. viscidus are derived from adjacent counties in southeastern
Michigan. S. luteus may be a European species that has
only been introduced to North America in modern times
along with European pines (O. K. Miller, personal communication). If this hypothesis is correct, then the low
level of divergence found is not so surprising.
The level of mtDNA size variation (36-121 kb)
found among the Suillus species studied is similar to
that found within a group of interrelated yeast genera
(28.5-101.1 kb, Hoeben and Clark-Walker 1986), and
spans about half the range, 19-176 kb, reported for all
fungal mtDNAs (Clark-Walker 1985; Hintz et al. 1985).
Additional species investigated within the genus Suillus
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fall in the range between 36 and 121 kb (Table 1) and
exhibit a nearly continuous distribution of sizes. A comparison of the mtDNAs of S. cavipes and S. viscidus
(Fig. 4) shows that not only is gene order identical, but
the relative spacing between genes is similar; the smaller
mitochondrial genome looks roughly like a uniformly
shrunken version of the larger one. This pattern suggests
that most regions of the molecule have been affected
by length mutations and that the net direction of these
changes has been the same throughout. These results,
combined with the large amount of intraspecific variation observed, are consistent With the idea that the
largest size differences observed among the distantly
related taxa represent the gradual accretion of numerous
small events. Large size differences between distantly
related fungi, such as Aspergillus nidulans, Schizosaccharomyces pombe, and Saccharomyces cerevisiae, are
primarily the result of differences in the amount of A-T
rich intragenic DNA. Gene content, with the exception
of NADH dehydrogenase and maturase genes, remains
constant (Brown et al. 1985; Clark-Walker 1985).
Most prior studies have documented unique mitochondrial gene orders in every fungal species examined.
It is not surprisingl therefore, that both gene orders
found in Suillus differ from previously reported ones.
What is significant is that molecules that vary threefold in size share a common order and that the two
different orders found are interconvertible by a single
transposition. This conservation of gene order in these
mitoehondrial genomes demonstrates the rarity of rearrangements relative to insertions and deletions.
Calculation of nucleotide sequence divergence among
the molecules is not possible from these data owing to
the confounding effects of large-scale size-variation.
Nevertheless, the number of restriction-site differences
(10 out of 46) between S. viscidus and S. grisellus in
regions without detectable size differences (Fig. 2),
and the extremely limited restriction-site similarity
between more distantly related species suggest that significant base substitution has also occurred in these
mtDNA molecules.
Similarity in mitochondrial gene arrangements has
been noted previously and interpreted as evidence for
slow rates of gene-order change, but multiple rearrangements were always necessary to account for the different
orders found (Macino et al. 1980; Grossman and Hudspeth 1985). A recent study of mtDNAs in Dekkera,
Brettanomyces and Eeniella documented a mtDNA size
range of 28.5-101.1 kb. Identical gene arrangements
were found in the smaller molecules, which ranged in
size from 2 8 - 4 2 kb (Hoeben and Clark-Walker 1985).
This was the first report of identical gene orders in
mtDNAs with large size differences. Multiple rearrangements, however, were still necessary to explain the
size differences between these small molecules and those
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of related taxa with sizes of 57 to 101 kb (Hoeben and
Clark-Walker 1986). The contrast between the extreme
gene-order conservation found within Suillus and the
high gene-order plasticity found previously may reflect
a closer evolutionary relationship among the Suillus
species studied relative to taxa compared in previous
studies. These results reinforce the idea that mitochondrial gene order is a phylogenetically conservative character that varies slowly compared to size and primary
sequence.
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