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Abstract: Phylogenetic relationships of the edible shi-
itake mushroom (Lentinula, Tricholomataceae) were
studied using DNA scquences from the internal tran-
scribed spacers (ITS) of nuclear ribosomal DNA. The
ingroup consisted of seven isolates of L. edodes from
Japan and Thailand, nine isolates of L. lateritia from
Borneo, Papua New Guinea, and Tasmania, and five
isolates of L. novaezelandieae from New Zealand. These
species designations are based on morphological spe-
cies concepts in Lentinula. However, because Lentinula
isolates from throughout Asia-Australasia are mating
compatible, some authors treat all of these as belong-
ing to L. edodes. The outgroup included two isolates
of L. boryana from Mexico. Parsimony, distance, and
maximum likelihood analyses were performed, with
various combinations of taxa, characters, and char-
acter codings, and bootstrap and decay index mea-
sures of robustness. Allernate topologies were evalu-
ated in terms of tree lengths, maximum likelihood
ratios, and Templeton’s nonparametric test of parsi-
mony. Results suggest that there are four independent
lineages of shiitake in Asia-Australasia, which provides
partial support for the morphologically based species
concepts. Lentinula novaezelandieae and L. edodes sensu
stricto were supported as monophyletic, but L. lateritia
appears to be paraphyletic. A corollary of this is that
the morphology of L. lateritia should be plesiomorphic
for shiitake, which seems plausible based on outgroup
comparison. In general, there is a strong correlation
between the geographic origins of the isolates and the
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lineages supported. Biogeographic interpretation of
ITS trees suggests that the ancestral area for shiitake
in Asia-Australasia is in the South Pacific, which was
the most phylogenetically diverse area examined. Phy-
logenetic analyses including previously published I'TS2
sequences of three shiitake isolates of unknown origin
placed the unknown isolates in a group of L. edodes
sensu stricto isolates from Japan and Thailand, which
suggests that the unknown isolates are from northeast
or continental Asia. I'TS-based cladograms have points
of agreement as well as disagreement with previously
published mitochondrial DNA-based dendrograms
from a subset of the isolates used in this study. Dis-
crepancies between the ITS and mtDNA trees could
mean that the nuclear ITS and the mtDNA have dif-
ferent evolutionary histories. However, comparison of
mtDNA and I'TS data are complicated by the fact that
the mtDNA data are based on pairwise distances,
whereas the ITS data are discrete. Practical implica-
tions of the results for shiitake breeding and conser-
vation are discussed.

Key Words: biogeography, conservation, edible
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INTRODUCTION

Shiitake, also known as xianggu or black forest mush-
room, is an edible, wood-decaying basidiomycete that
has been cultivated in east Asia for approximatcly one
thousand years (Chang and Miles, 1987). Today, the
annual volume of commercial shiitake production is
exceeded only by that of the button mushroom, Agar-
icus bisporus (Lange) Imbach and the oyster mush-
room, Pleurotus ostreatus (Jacq.: Fr.) Kummer sensu lato
(Chang, 1994). Shiitake is abundant in the wild, and
natural isolates have provided the raw material for
developing cultivars for the highly competitive shiitake
industry (Ellingboe, 1993). In recent years, mushroom
breeders have started to explore novel techniques for
improving strains, including protoplast fusion and ge-
netic transformation (Anderson, 1993; Peberdy and
Fox, 1993). In addition to applied agricultural re-
search, shiitake has been the subject of basic investi-
gations of cytology, genetics, wood decay, etc. {e.g.,
Arima and Morinaga, 1993; Murakami and Takemaru,
1985; Nakai, 1986; Tsuneda et al., 1991).

Considering the attention that shittake has received,
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it is rather surprising that its classification remains
unsettled (for reviews, see Hibbett, 1992, Ito and Imai,
1925, and Pegler, 1983). Much of the taxonomic lit-
crature on shiitake has been based on collections from
Japan, which are presently recognized as Lentinula
edodes. Nevertheless, the range of the genus Lentinula
in Asia-Australasia extends far beyond Japan, to New
Zealand and Tasmania in the south, and at least to the
Himalayan regions of Bhutan, Nepal, and India in the
west { Pegler, 1983). The actual western limit of the
range is questionable. Lentinula edodes has been re-
ported from Kazakhstan (Samgina, 1981}, which lies
northwest of Pakistan and Afghanistan. The report
from Kazakhstan, however, states that the mushrooms
were growing on conifer wood, whereas shiitake (lit-
crally, “oak mushroom” in Japanese) is usually found
on Fagaceae, such as Quercus, Castanopsis, and Litho-
carpus (Pegler, 1983). Thus, it is possible that the mush-
rooms from Kazakhstan were misidentified. As used
here, the informal term “shiitake” encompasses all
Asian-Australasian populations of Lentinula.

Shiitake has been classified in no less than 12 genera
(Hibbett, 1g9gz; Pegler, 1983). In the latter halfl of the
20th century, most mycologists have followed Singer
(1936, 1941, 1986), who placed shiitake in Lentinus.
However, Pegler (1975, 1983) transferred shiitake into
Lentinula (Tricholomataceae, Collybieae), primarily on
the grounds that shiitake is monomitic, whereas Len-
tinus 5. str. is dimitic. Pegler’s generic classification for
shiitake is supported by molecular phylogenetic stud-
ies which suggest that shiitake is closely related to
Collybia, but not to Lentinus 5. str. (Hibbett and Vil-
galys, 1993; Hibbett and Donoghue, 1995; Molina et
al., 1gg2). In spite of these arguments, shiitake is still
frequently referred to as Lentinus edodes (Berk.) Singer
(c.g., Chang, 1994).

Both morphological and biological species concepts
have been applied in Lentinula. Not surprisingly, this
has resulted in disagreements over species limits (Hib-
bett, 19g92). Pegler’s (1983) monograph of Lentinula
includes five morphologically defined species: L. bor-
yana (the type species), L. guarapiensis (Speg.) Pegler,
L. lateritia, L. novaezelandieae, and L. edodes. Lentinula
boryana occurs in Central America, northern South
America, and the Gulf Coast states of North America.
Lentinula guarapiensis is known from only a handful
of collections from Paraguay (Pegler, 1983). Neither
is commercially important, although L. boryana is re-
ported to be eaten (Pegler, 1983). These American taxa
have been placed in various genera at one time or
another (Pegler, 1983), but there seems to have been
little argument regarding their validity as distinct spe-
cies. In contrast, the limits of the Asian-Australasian
species have been the subject of much debate. The
characters that Pegler used to delimit species of shi-

itake are derived primarily from macromorphology
and are corroborated by geographic distribution. In
Pegler’s key (1983), L. edodes is distinguished by a thick-
tleshed pileus with fibrillose squamules or areolate
cracks, and is limited to eastern Asia; L. lateritia is
distinguished by a thin-fleshed, smooth pileus and
slender stipe, and is limited to southeast Asia and Aus-
tralasia; L. novaezelandieae is distinguished by a cov-
ering of fibrillose squamules on the stipe and narrow
spores, and is limited to New Zealand. Hongo (in Ko-
bayashi et al., 1973) also employed a morphological
species concept, but considered collections of Lentin-
ula from Japan and Papua New Guinea (PNG) to be
conspecific because of their similarity in anatomical
features. Nevertheless, he noted their macroscopic dif-
ferences (Hongo, 1973). Other workers have suggested
that the range of morphological variation among Jap-
anese shiitake populations encompasses that among
all species of shiitake sensu Pegler (Shimomura et
al.,igg2; A. Tsuneda, unpubl. results). If only one spe-
cies of shiitake is 1o be recognized, nomenclatural pri-
ority dictates that it be called L. edodes (Berkeley, 1878).

The biological species concept has had a strong im-
pact on Lentinula taxonomy (e.g., Komatsu and Ki-
mura, 1g68; Mori et al., 1974; Petersen, 1994; Tokimoto
et al., 1973). The most comprehensive mating study in
Lentinula to date is that of Shimomura et al. (1992),
who found interstrain compatibility among isolates
from Japan, Thailand, Borneo, Nepal, PNG, and New
Zealand. The isolates that Shimomura et al. tested
represent all three of Pegler’s morphological species
of Asian-Australasian Lentinula. Thus, based on mat-
ing criteria, some mycologists now regard all Lentinula
populations in Asia-Australasia as L. edodes (e.g., Fu-
kuda et al., 19g4). Attempts to cross L. boryana from
Mexico and L. edodes have been unsuccesstul (Mata
and Guzman, 198g). As far as we are aware, L. guar-
apiensis has never been cultured and therefore has
never been used in mating studies.

Application of a phylogenetic species concept (Don-
oghue, 1985) in Lentinula was advocated by Hibbett
(19g2). However, evolutionary relationships within
Lentinula are poorly understood and it has not yet
been possible to delimit phylogenetic species. The
morphological characters used by Pegler (1983) to de-
fine species in Lentinula might be useful in construct-
ing a phylogenetic hypothesis for the genus. However,
other than Pegler’s monograph (1983), there has been
no rigorous assessment of the variation of morpho-
logical characters within and among putative mor-
phological species. Genetic and physiological charac-
ters may also help resolve phylogenetic species in Len-
tinula. A number of studies have assessed the distri-
bution of genetic variation in Lentinula (Hibbett, 1992;
Royse and Nicholson, 1gg3), but many of these have
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focused on cultivars derived from northeast Asian
stocks, often with an eye 1o strain typing, and have
not been able to address species limits. Such studies
have analyzed isozymes (e.g., Ohmasa and Furukawa,
1986; Royse and May, 1987), restriction fragment length
polymorphisms (RFLPs, Kulkarni, 1gg1; Molina et al.,
1992), randomly amplified polymorphic DNA (e.g.,
Kwan et al., 19g2), and mating type alleles (Tokimoto
et al., 1973).

Fukuda and Tokimoto (1ggr) and Fukuda et al. (19g94)
also studied the distribution of genetic variation in
Lentinula, but their studies used large samples of
broadly distributed, wild-collected isolates and are
therefore especially relevant to the species controversy
in shiitake. Using isozyme data, Fukuda and Tokimoto
(19g1) produced a dendogram that grouped 93 isolates
into three clusters: 1) China and Japan (81 isolates),
2) PNG (seven isolates), and 3) New Zealand (five iso-
lates). These groupings are perfectly correlated with
the distribution of Pegler’s (1983) morphologically de-
fined species. Fukuda et al. (19g94) examined RFLPs in
mitochondrial DNA (mtDNA) in 51 isolates. The den-
drograms derived from mtDNA RFLPs grouped the
isolates into five major clusters: 1) Thailand (one iso-
late), 2) Japan (36 isolates), 3) New Zealand (four iso-
lates), 4) PNG (three isolates), and 5) PNG (four iso-
lates), Japan (two isolates), and Borneo (one isolate).
The higher-order relationships of these clusters to each
other were poorly resolved. The major conflict be-
tween the mtDNA trees and Pegler’s classihcation is
that the mtDNA topologies split the PNG isolates into
two distinct clusters, one of which contained a mixture
of PNG and Japanese isolates.

The goal of the present study was 1o use DNA se-
quences to infer phylogenetic relationships in shiitake.
An understanding of phylogeny in Lentinula would
have implications for species-level classification and
biogeographic hypotheses, and could also help guide
breeding programs and conservation efforts. At pres-
ent, the only published DNA sequences for Lentinula
arc those of Kwan et al. (19g92), who presented internal
transcribed spacer 2 (ITS2) sequences of nuclear ri-
bosomal DNA (rDNA) from three isolates of L. edodes.
The low level of variation that Kwan et al. found sug-
gested that ITS2 sequences are too conservative for
strain typing in L. edodes. However, a gene that has
appropriate variation for differentiating individual
cultivars would probably be too variable for the species
and population level analyses intended here. There-
fore, for this study we also chose to examine the ITS
region (both ITS1 and ITS52), which has previously
been informative for phylogenetic problems at low
taxonomic levels in fungi (e.g., Gardes et al., 1gg1;
Baura et al., 1992; O'Donnell, 19g93). This region was
also selected because a nuclear gene phylogeny would

complement the previous analyses of the mitochon-
drial genome (Fukuda et al., 1994).

MATERIALS AND METHODS

Material examined.—The ingroup consisted of 22 wild
isolates of Lentinula from Japan, Borneo, Thailand,
PNG, Tasmania, and New Zcaland (TABLE 1). Based
on their geographic distribution, these isolates rep-
resent all three ol Pegler’s (:983) Asian-Australasian
Lentinula species (TABLE 1), Fourteen of the isolates
that we used are from the Tottori Mycological Institute
{TM1) culture collection and are a subset of the isolates
used by Fukuda et al. (1994) in their miDNA RFLP
study. Ten of the TMI isolates that we used were also
included in Fukuda and Tokimoto's (1gg1) isozyme
study. The three sequences of ITS2 that were previ-
ously published by Kwan et al. (1992) were included in
some analyses. The isolates from which these sequenc-
es were derived were identified as L. edodes strain nos.
.74, 176, and L88, and were said 1o have been re-
ceived from a source in Hong Kong (Kwan et al., 1992,
p- 166), but no location data or morphological de-
scriptions were published.

The outgroup consisted of two isolates of 1. boryana
from Mexico (TABLE 1). Morphological characters that
support monophyly ol Lentinula were discussed by
Pegler (1975, 1983). A close relationship between L.
boryana and L. lateritia was also supported by an anal-
ysis of mitochondrial small subunit rDNA sequences
(Hibbett and Donoghue, 1995). Nevertheless, there
have been no critical analyses of the monophyly of
Lentinula relative to other collybioid fungi, or of re-
lationships between populations of Lentinula in the
Americas and those in Asia-Australasia. Until such
studies have been performed our outgroup choice must
be regarded as provisional.

Culturing and molecular techniques.—Cultures were
maintained on 1.5% malt-extract agar or potato dex-
trose agar. Cultures for DNA isolation were grown on
liquid MYG media (1% malt extract, 1% yeast extract,
0.4% glucose) for 2-3 wk, harvested, and freeze-dried.
DNAs were isolated with a SDS miniprep based on the
method of Raeder and Broda (1g85). Crude DNA
preparations were usually digested with RNAasc, fol-
lowed by chloroform extraction and ethanol precipi-
tation.

The polymerase chain reaction (PCR) was used with
primer pair I'T54-1TS5 (White ct al., 1ggo) to amplify
the region containing I'TS] and 2 and the 5.85 rTDNA.
PCR products were purified using GeneClean II (Bio
101) and sequenced with DyeTerminator cycle se-
quencing kits (Applied Biosystems). Sequencing re-
actions were carried out using primers 1TS3, 1154,
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TasLE [.  Material examined
Isolate Genbank
Species® Culture number" Origin code accession
Lentinula boryana (Berk. & Mont.) Pegler R39 Mexico MEX]1 U33077
R52 Mexico MEX2 33078
L. edodes (Berk.) Pegler TMI1-571 Japan JPN1 U33088
TMI-646 Japan JPN2 U33089
T™MI-818 Japan JPN3 U33091
T™MI1-941 Japan JPN4 U33092
TMI1-951 Japan JPN5 U33093
T™MI-1148 Japan JPNG U33080
TMI-1633 Thailand THL U33087
L. lateritia (Berk.) Pegler TMI-689 Borneo BOR U33090
TMI-1476 PNG PNGI1 U33083
TMI-1485 PNG PNG2 U33084
TMI-1499 PNG PNG3 U33085
T™MI-1502 PNG PNG4 U33086
D92-143 PNG PNGH U33070
DY2-145 PNG PNGH U33071
D92-147 PNG PNG7 33072
D92-149 PNG PNG8 U33073
RHP3577 Tasmania TAS U33076
L. novaezelandiear (Stev.) Pegler T™I1-1172 New Zealand NZLI U33081
TMI-1449 New Zealand NZL2 U33082
N156 New Zealand NZL3 U33074
N210 New Zealand NZL4 U33075
RHP7563 New Zealand NZL5 U33079

* Morphological species sensu Pegler (1983). Designations based on geographic distribution.
* R isolates from Pennsylvania State University Mushroom Culture Collection. T isolates from Tottori Mycological Institute
culture collection. D isolates from personal culture collection of DSH. RHP isolates donated by Dr. Ronald H. Petersen. N

isolates from New Zecaland Forest Research Institute.

ITS5 (White et al., [ggu), and 5.85 (5'-CGC TGC GTT
CTT CAT CG-3', R. Vilgalys, pers. comm.). We found
that the commonly used primer ITS2 (White et al.,
199o) is not effective for sequencing in Lentinula be-
cause of a single base mismatch at its 3’ end [however,
it is reported to have been used successfully for PCR
by Kwan et al., (1992)]. Sequencing reactions were pu-
rified using centrisep columns (Princcton Separations)
and analyzed with Applied Biosystems 370A or 373A
automated DNA sequencers.

Sequences were aligned initially using CLUSTAL V
(Higgins et al., 1992), followed by manual adjustment.
Approximate end points of the 188, 5.88, and 258
rDNAs were located by alignment to homologous

rDNA sequences and secondary structures from Sac-
charomyces (Georgicv et al., 1981; Rubstov et al., 1g80;
Thweatt and lee, 1990; Yeh and Lee, 19g0).

Parsimony analyses.—Phylogenetically informative po-
sitions were determined from aligned sequences (FiG.
1). Alignment gaps, representing putative insertion-
deletion (indel) sites, were coded cither as “missing
data”™ (gap = missing coding) or as character states,
using a coding scheme described below (indel coding).
For examples of coding under indel coding and gap
= missing coding, sce Fi1G. 2. Gap = missing coding
is commonly employed (e.g., Hibbett and Vilgalys, 1993)
but has been criticized on the grounds that it ignores

FiG. 1.

—

Aligned sequences of IT51, IT52 and 5.85 rDNA of Lentinula spp. Isolate identification numbers given in first

block of sequences. Ribosomal RNA coding sequences are underlined and labeled at their end points. Overlapping sites for
primers IT53 and 5.88 indicated by asterisks. End points of the region in I'TS2 that could not be aligned between the ingroup
and outgroup (offset) are indicated by # symbols. Positions identical to reference sequence (L. boryana R39) indicated by dots.
Gaps, representing putative insertion-delction sites, indicated by dashes. Ambiguous sites indicated by question marks. Final
block of characters, after aligned sequences, are recoded indel characters.
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1 2 3
L -
ACG ACG ACG
ACG ACG ACG
ACG > ACG » ACG
A ATG ATG ATG
ATG ATG ATG
ATG ATG ATG
i *
ACG ACG C ACG
ACG ACG C ACG
ACG > ACG C » ACG
B A-G A?G 0 A?G
A-G a?G 0 A7?G
A-G A?G O ARG
i * *
ACG ACG C ACG
ACG ACG C ACG
c ATC  —» ATG T —# ATG
ATG ATG T ATG
A-GC A?G 0 A?G
A-G A?G O ATG
*
ACTACG ACTACG 1 ACTACG
ACTACG ACTACG 1 ACTACG
D ACTACG ACTACG 1 > ACTACG
AC--CG —% AC??CG O AC??CG
AC--CG AC?7?CG O AC??2CG
AC--CG AC?27CG 0 AC??2CG
L] * w*
ACGTACG ACGTACG 1 ACGTACG
ACGTACG ACGTACG 1 ACGTACG
E ACATACG » ACATACG 1_gu ACATACG
ACATACG ACATACG 1 ACATACG
A---ACG A???7ACG 0O A???ACG
A---ACG A???ACG O AZ???2ACG

Fic. 2. Comparison of character coding from hypothet-
ical DNA sequences under indel coding and gap = missing
coding. Column 1: aligned DNA sequences, with gaps in-
dicated by dashes. Column 2: character coding under indel
coding. Column 3: character coding under gap = missing
coding. Potentially informative characters recognized under
indel coding and gap = missing coding are indicated by
asterisks. Positions that are omitted from analyses under
indel coding are indicated by "i.”" Recoded indel characters
under indel coding are appended to sequences in column
2. Rows A-F depict different classes ol sequence variation.
Row A: single base position with informative nucleotide vari-
ation and no gaps. Row B: single base position with gaps but
without informative nucleotide variation. Row C: single base
position with informative nucleotide variation and infor-
mative gaps. Row D: multiple base indel with no informative
nucleotide variation. Row E: multiple base indel with infor-

mative nucleotide variation at one position. From the set of

sequences in column 1, six characters are recognized under
indel coding, whereas three characters are recognized under
gap = missing coding.

potentially informative indels (e.g., Baum et al., 1994),
or can lead to errors in phylogentic estimates because
of the way parsimony analyses (e.g., PAUP) may assign
values where character states are unknown (Maddison,
1994). One alternative to treating gaps as missing data
is to code all gaps as a fifth state (Swofford, 1993).
However, under this coding, a single insertion-dele-
tion event that results in a multiple-base indel will be
overweighted because adjacent nucleotide positions
(with gaps) are coded as independent characters. In-
dels may also be coded as separate characters, with
gaps coded as missing data in the body of the align-
ment. The indel coding that we used is a hybrid of
these approaches (Fi1G. 2). Steps in coding for indels,
using MacClade 3.0 (Maddison and Maddison, 1993)
and PAUP 3.1s (Swofford, 1993), were as follows: 1)
Indels were identified from the alignments and divided
into two categories: single-base indels and multiple-
base indels. 2) For each single-base indel, a separate
character was created that reproduced the position
with the indel, with nucleotides intact, except that the
gap symbol (-) was replaced by 0 (e.g., a single column
in an alignment with AA--CC would be reproduced
as AAOOCC). These new characters were appended to
the matrix at the end of the aligned sequences (FIG.
2 row B, C). 3) A character set was defined that in-
cluded all the positions in the body of the aligned
sequences with single-base indels (the “single indel
set’’). 4) For each multiple-base indel, a scparate bi-
nary character (states = () or 1) was created and these
were appended to the aligned sequences (FIG. 2, row
D, E). 3) A character set (the “all indels set™) was
designated which combined the set of single- and mul-
tiple-base indel characters. The “all indels set”” was set
off at the end of the block of aligned sequences (as in
Fi1G. 1), To run an analysis under gap = missing coding,
the “*all indels™ character set was simply excluded (with
the format command gapmode = missing data). To
run an analysis under indel coding, the “all indels”
character set was included, and the “single indels”
character set was excluded (gapmode = missing data).
In other words, under indel coding, nucleotide posi-
tions with single base indels would be scored as char-
acters, with gaps as a fifth state; multiple-base indcls
would be scored as binary characters; and single nu-
cleotide positions aligned to multiple-base indel sites
would be scored as additional characters with gaps as
missing data. The goals of this coding scheme were to
include potentially informative indels in the analyses,
avoid overweighting single insertion-deletion cvents,
and preserve phylogenetically informative nucleotide
variation in sequences that aligned to gaps. The con-
figuration of the data matrix (which is available from
DSH on request) facilitated exploration of the sensi-
tivity of phylogenetic hypotheses to indels, which are
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commonly observed in fungal ITS sequences (e.g.,
Baura et al., 19g2; Carbone and Kohn, 19g3; Curran
et al., 1994; Gardes er al., 19g1; O'Donnell, 1ggz). For
examples of other indel coding methods, see Baldwin
(1995), Bruns et al. (19gz), and Wojciechowski et al.
(1993).

Parsimony analyses were performed using PAUP
3.1s (Swofford, 1993) running on Macintosh comput-
ers (mostly on a Quadra 800). The main analyses were
performed with indel coding and gap = missing cod-
ing. Because of the number of taxa, we were limited
to heuristic searches (10 random taxon addition se-
quences, TBR branch swapping, MAXTREES unre-
stricted, MULPARS on). Relative robustness of indi-
vidual clades was assessed by the bootstrap (Felsen-
stein, 1985a) (100 or 1000 replicates, simple addition
sequence, TBR branch swapping, MAXTREES = 100)
and the decay index (Bremer, 1978; Donoghue et al.,
1992). The decay index was only calculated under indel
coding. For the first and second decay index, all trees
up to two steps longer than the most parsimonious
trees were saved and semistrict consensus trees were
generated. For clades with a decay index greater than
2, the decay index was calculated using inverse mono-
phyly constraint trees (Swoftord, 19g3) and strict con-
sensus trees. In most analyses, all transformations were
weighted equally. To explore the effects of incorpo-
rating a transition:transversion bias, we also ran a se-
ries of analyses with gap = missing coding and step-
matrices specifying transition:transversion biases of 1:5,
1:10, or 1:30 (no bootstrap or decay index, other set-
tings as in main analyses). Transition:transversion bias
was not incorporated into analyses under indel coding
because of the difficulty of assigning relative weights
to transitions, transversions, and length mutations.

A second set of analyses was performed using Lund-
berg (1972) rooting with indel coding. In this method,
an unrooted topology is constructed using ingroup
taxa only, and is then rooted by attaching the outgroup
to an internode such that parsimony is maximized.
Lundberg rooting in PAUP requires designation of
ancestral states for all characters, for which we used
the sequence of L. boryana isolate R39 (using the “vec-
tor" option in the ANCSTATES command). The goal
of these analyses was to determine whether inclusion
or exclusion of the outgroups had an effect on ingroup
topology or robustness, as measured by the bootstrap
(100 replicates, all other settings as in main analyses).

A final set of parsimony analyses was performed
using the three 1'TS2 sequences published by Kwan et
al. (19g2), which were manually aligned to the sequenc-
es of the TMI isolates and the outgroups. ITS1 and
5.85 rDNA sequences were omitted from these anal-
yses. By comparing the rDNA sequences of the Kwan
et al. isolates to those of the TMI isolates (for which

location data are known), we hoped to estimate the
geographic origin of the Kwan et al. isolates. Scparate
analyses were performed with the Kwan et al. sequenc-
es included or excluded, under indel coding. Because
these analyses had only 16-19 taxa, we were able to
use branch and bound which assures that all most
parsimonious trees are found (Swofford, 1993). Ro-
bustness was assessed by bootstrapping (100 repli-
cates).

Distance and maximum likelihood (ML) analyses.—Dis-
tance analyses were performed using PHYLIP 3.5p
(Felsenstein, 1993), running on a Macintosh Quadra
800. Aligned sequences in Nexus format were trans-
formed into PHYLIP format wusing MacClade 3.0
(Maddison and Maddison, 1ggz2). Pairwise distance ma-
trices were generated from the aligned sequences us-
ing the DNADIST program of PHYLIP with Kimura
(1980) and ML (Felsenstein, 1993) models of nucleo-
tide substitution. Under both models a 2:1 transition:
transversion bias was assumed. The Kimura model as-
sumes equal frequencies of all nucleotides, but the
ML model allows for varying [requencies, which in
this case were determined empirically from the ob-
served base composition of the sequences. Pairwise
distances estimated with the Kimura and ML models
arc based on nucleotide substitutions at all positions,
and do not take indels into account. Phylogenies were
estimated from the distance matrices using Fitch-Mar-
goliash (FM, Fitch and Margoliash, 1967) and Neigh-
bor-Joining (N], Saitou and Nei, 1987) analyses using
the FITCH and NEIGHBOR programs, respectively.
FITCH analyses used global rearrangements and 25
random taxon addition sequences. Trees generated by
both FITCH and NEIGHBOR can have unequal
branch lengths, which allows for differences among
evolutionary rates across lineages. Bootstrapping was
performed with ML distances and FM and NJ analyses
(100 replicates, using the SEQBOOT, DNADIST,
FITCH, NEIGHBOR, and CONSENSE programs).

Maximum likelihood (ML) analysis was performed
using fastDNAml 1.0 (Olsen et al., 1992) on a
PowerMacintosh 7100 (empirical base frequencies,
global rearrangements, transition:transversion ratio =
2). FastDNAml implements a modification of the ML
algorithm used in the DNAML program of PHYLIP
(Felsenstein, 1993).

Evaluation of alternate ingroup rootings.—PAUP was
used with topological constraints to generate trees that
forced alternate rootings of the ingroup topology.
Constraint trees were constructed that forced the root
to be attached to a particular internode, thus implying
monophyly of two groups of ingroup taxa, but no
other topology was specified. Five such constraint trees
were used, each of which placed the root along a branch
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TasLE II. Distribution of different classes of characters
between ITS] and ITS2

Number of
characters

ITS1 +
ITS1 ITS2 1TS2

Classes of characters

Single nucleotide positions

—without gaps® 44 60 104
—with gaps and informative nucleo-

tide variation® 7 8 15
—with gaps, without informative nu-
cleotide variation® 1210 22
Multiple-base indels® 4 15 19
Total under indel coding 67 93 160
Total under gap = missing coding 51 68 119
% informative sites—all taxa’ 27.4 278 276
% informative sites—ingroup
only 11.3 16.7 41.2

* Scored under both indel coding and gap = missing cod-
ing.

® Not scored under gap = missing coding.

“ (All characters except multiple base indels)/(average
length of sequences). Excludes 185, 5.85, and 255 rDNA.

that was strongly supported by bootstrapping and de-
cay index. Indel coding was used, with other settings
as in the main parsimony analyscs.

Constrained and unconstrained topologies were
compared by three criteria: tree length (given by
PAUP), log-likelihood ratios (Felsenstein, 1993; Kish-
ino and Hasegawa, 198g), and Templeton's (1983) non-
parametric test for parsimony. Log-likelihood ratios
were calculated using the DNAML program in PHY-
LIP (Felsenstein, 1993). This method compares the
difference in log-likelihood for individual sites (aligned
nucleotide positions) between the most likely tree and
a suboptimal tree. If the mean of the log-likelihood
differences is 1.96 standard deviations or greater, then
the tree with the lower likelihood is considered a sig-
nificantly worse hypothesis than the most likely tree.
MacClade was used to transform tree topologies gen-
erated by PAUP into PHYLIP format, which neces-
sitated arbitrary resolution of polytomies in trees gen-
crated by PAUP.

Templeton's (1983) test makes pairwise comparisons
of tree topologies and asks if, given a single dataset,
a suboptimal tree suggests a significantly less parsi-
monious hypothesis of character evolution than the
shortest tree. The protocol we followed was outlined
by Larson (1994) for comparison of trees derived from
molecular vs. morphological characters, but it is equal-
ly applicable to comparison of optimal and con-
strained topologies: 1) Constrained topologies were
compared to the most parsimonious tree using the

“compare trees” function in MacClade, and charac-
ters that changed a different number of times on the
two trees were identified. 2) Characters with different
numbers of changes on the two trees were ranked by
the absolute value of the difference in the number of
steps on the two trees, with tied ranks receiving the
midpoint rank if rankings were consecutive. 3) Ranked
characters were segregated based on whether the num-
ber of changes on the most parsimonious tree minus
the number of changes on the constrained tree was
positive or negative. 4) Positive and negative ranks
were summed separately and the sum with the smaller
absolute value was taken as the test statistic 7,. 5) The
test was deemed significant if the values of T, were
less than the critical values for the Wilcoxon rank sum
(Rohlf and Sokal, 1981, Table 30), with n equal to the
number of characters with different numbers of
changes on the two trees under comparison. Following
Felsenstein (1g85b) and Larson (1g94), the probabili-
ties used here are for a two-tailed test (TABLE ITI).

Fvaluation of congruence between miDNA RFLPs and
rlINA sequences.—Assessing phylogenetic congruence
of the mtDNA RFLP data of Fukuda et al. (1994) and
the rDNA sequence data was complicated by the fact
that the mtDNA data are represented as a matrix of
pairwise distances, whereas the rDNA data are dis-
crete. If the miDNA data had been in discrete form
(e.g., restriction site presence/absence, sequence data),
then we would have been able to explore combined
vs. independent parsimony analyses of the mtDNA and
ITS data (cf. Barrett et al., 1gg1, Bull et al., 1993, and
de Queiroz, 1993). This would have also permitted us
to perform reciprocal evaluations of mtDNA and ITS
trees and darta (e.g., Rodrigo et al., 1993). Given the
constraints of the data formats, we followed two ap-
proaches to assess congruence of the ITS and mtDNA:

1) The pairwise distances based on mtDNA RFLPs
published by Fukuda et al. (1994) were reanalyzed us-
ing FM and NJ analyses in PHYLIP, including only
the 14 isolates common to both the miDNA and rDNA
datasets. The topology derived from the mtDNA RFLPs
was used to guide construction of a constraint tree
that forced monophyly of the major clusters suggested
by the miDNA analyses, with no other topology spec-
ified. Constrained and unconstrained parsimony anal-
yses of the rDNA sequences were performed, using a
reduced datset that included the 14 isolates common
to the mtDNA study and the present study, plus the
outgroups (indel coding, other settings as in analyses
of the entire rDNA dataset). Results of constrained
and unconstrained analyses were evaluated by the same
criteria as the analyses of alternate ingroup rootings
(tree length, log-likclihood ratios, and Templeton’s
nonparameleric test of parsimony).
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2) Dendrograms from the FM and NJ analyses of
mtDNA RFLPs were used to code a single mtDNA
character with five unordered character states, cor-
responding to the major clusters discussed above. Par-
simony analyses of the reduced rDNA datasct were
performed with the miDNA characrer included or ex-
cluded, and the resulting topologies were compared.
It has previously been shown that in certain cases the
addition of a small number of characters can change
topologics derived from large datasets, particularly in
areas of the cladogram where character support is
weak (Donoghue and Sanderson, 1992). Therefore, we
thought it was worthwhile to see whether inclusion of
the single mtDNA character in the analysis would af-
fect the wpology, even though it is far outnumbered
by the rDNA sequence characters.

Biogeography.—Geographic origins of the isolates were
mapped onto the ITS topologies in MacClade using
parsimony. Geographic distribution was coded as a
single character, with 6 unordered states: South Pa-
cific (Borneo and PNG), Thailand, Japan, New Zca-
land, Tasmania, and Mexico.

RESULTS

Alignment.—Aligned scquences (excluding sequences
of Kwan et al., 1992) are shown in FiG. 1. Virtually all
positions were readily alignable across both the out-
group and the ingroup, except for one region in IT52
that was unambiguously alignable only within the in-
group, or within the two L. boryana isolates. This region
consisted of 49 base pairs (bp) in L. boryana and 29-
33 bp in the ingroup (Fi16. 1, see region bracketed by
# symbols). The approximate length of ITS1 was 234
bp in L. boryana and 229 bp in the ingroup; ITS2 was
314 bp in L. beryana and 276 bp in the ingroup. The
5.85 rDNA was 157 bp. Base composition of the entire
region, from DNAML output, was approximatcly A =
25%,C=17%, G = 21%, T = 37%.

Parsimony analyses.—Under gap = missing coding,
there were 119 characters, whereas under indel coding
there were 160 characters (TasLE 1I). The difference
is due to two classes of characters that are ignored
under gap = missing coding: 1) positions that have a
potentially informative distribution of gaps, but no
informative nucleotide variation (22 characters; c.g.,
FiG. 2, row B), and, 2) multiple-base indels (19 char-
acters; c.g., FIG. 2, row D). Distribution of the differ-
ent classes of characters between ITSI and IT52 is
summarized in TABLE II. There was no informative
variation in the 5.85 rDNA or the flanking sequences
of 185 rDNA (about 30 bp) and 255 rDNA (about 25
bp).

Parsimony analysis of the entire dataset under indel

coding yielded 30 equally parsimonious trees (223
steps, C1 = 0.871, Fi. 3), whereas analysis under gap
= missing with no transition:transversion bias coding
vielded 541 trees (156 steps, CI = 0.897). Despite the
large difference in the number of equally parsimoni-
ous trees produced under the different coding schemes,
there is no positive conflict between the strict consen-
sus trees of the two sets of analyses (in each consensus
tree there is one node that resolves part of a poly-
chotomy in the other consensus tree). Analyses with
gap = missing coding and transition:transversion bias
weighted at 1:5, 1:10, or 1:30 each yielded 150 trees,
the strict consensus of which was identical to the strict
consensus of the trees produced under gap = missing
coding with no rtransition:transversion bias.

Under indel coding, there were four well-supported
groups, as measured by bootstrapping and decay in-
dex, within which there was generally little resolution.
These clades have been designated groups I-1V (Fic.
3). Group I (bootstrap 91%, decay = 6) includes six
isolates from Japan, one isolate from Thailand, and
one isolate from Borneo. The isolate from Borneo is
the sister group of the others, which form a moderately
well-supported clade (bootstrap = 79%, decay = 2),
designated group Ia. Group 11 (bootstrap 96%, decay
= /) consists of six isolates [rom PNG, and one isolate
from Tasmania. A clade consisting of two of the PNG
isolates, designated group Ila, is strongly supported
as monophyletic, but there is no other structure in
group I1. Group 111 (bootstrap 100%, decay = 4) in-
cludes five isolates from New Zealand. Group IV
(bootstrap 100%, decay = 15) includes two isolates
from PNG. Higher-order relationships among groups
I-1V are resolved, but not very strongly supported:
group I + IT + 111 (bootstrap = 74%, decay = 2),
group 11 + TII (bootstrap = 71%, decay = 1). Under
gap = missing coding, bootstrap support was almost
unchanged for groups la, 11, Ila, III, IV, T + 11 +4
111, and IT + 111 (F1G. 3). However, support for group
I fell to 76% (FiG. 3).

In the analysis of the entire dataset under indel
coding, 103 of the 160 characters changed along the
branch leading from the outgroup to the ingroup,
which was by far the longest branch on the tree (FiG.
3). In the Lundberg-rooted analysis, there were only
74 informative characters, which is 86 fewer than in
analyses with outgroups included. In other words,
51.875% of the characters included in the ouigroup-
rooled, global parsimony analysis of the entire dataset
under indel coding are noninformative for the in-
group topology. The Lundberg-rooted analysis pro-
duced 30 equally parsimonious trees (109 steps, CI =
0.862). The strict consensus tree (not shown) was iden-
tical to that from the comparable analysis of the entire
dataset (FIG. 3). Bootstrap values for groups I, 11, 111,
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and IV were 93%, 93%, 100%, and 100%, respectively,
which are similar to those from the global parsimony
analysis (F1G. 3). However, support for group Ia rose
to 100% in the Lundberg-rooted analysis (from 79%).

Analyses of ITS2 data from the TMI isolates plus
the outgroups yielded 10 trees (145 steps, CI = 0.876)
whose strict consensus is topologically compatible with
that derived from analyses of the total dataset (F1Gs.
3, 4). Levels of bootstrap support for the monophyly
of exemplars of groups I-IV were comparable to those
from analyses of the entire dataset (FIG. 4). However,
strict consensus trees derived from the reduced da-
taset show groups I, 11, and 111 forming a trichotomy,
and thus do not positively support monophyly of group
IT + TIL. Inclusion of the three Kwan et al. (1ggz)
sequences did not change overall relationships among
the TMI isolates (12 trees, 154 steps, C1 = 0.851).
The three sequences from Kwan et al. (1ggz) were
included in the group 1 clade, which was supported
at 84% by bootstrapping (F1G. 4).

Distance and ML analyses.— Distance analyses using ML
or Kimura models of nucleotide substitution and FM
or NJ analyses all yielded virtually identical topologies.
Groups I-IV, as defined above, were all supported as
monophyletic in distance-based topologies. The major
difference between results of the distance analyses and
those of parsimony analyses was that in all the distance
trees group 1 was the sister group of the rest of the
ingroup, with groups II, IIl, and IV forming a clade
(F1G. 5). Groups 1I and III were still supported as
monophyletic in the distance trees. Thus, the ingroup
topology from the distance analyses can be obtained
merely by rerooting the ingroup topology from the
parsimony analyses (Fi1Gs. 3, 5). Bootstrap levels of
support for groups 11, 1lla, 111, and 1V in both FM
and NJ analyses of ML distances were comparable to
those from parsimony analyses. However, support for
group I fell to 62%, and support for group la rose to
100%. FastDNAmI yielded a topology (not shown) that
is completely compatible with the strict consensus of
the maximum parsimony topologies.

Ingrouf rerooting costs.—The position of the ingroup
root in the parsimony trees was designated root A (F16G.
3). Five alternate placements for the root along strong-
ly supported branches were investigated, which were

designated roots B—F (FiG. 3). Parsimony analyses us-
ing topological constraints to force these rootings pro-
duced from 10} to 75 trees each, under indel coding,
The rerooting costs (difference in length between most
parsimonious trees and constrained trees) were +6,
+8, +8, +2, and +12 steps for roots B-F, respec-
tively (TABLE ITI). Single trees from each constrained
parsimony analysis were input into DNAML, along
with one of the most parsimonious unconstrained trees,
for comparison of log-likelihood differences. The most
likely input topology, estimated by DNAMIL., was the
tree with root E. Roots A, B and D were not considered
significantly worse than the most likely tree, but roots
C and F were rejected (TABLE III).

The trees used in the log-likelihood test were also
used in Templeton’s nonparametric test, except that
polytomies were not resolved. The number of char-
acters that changed a different number of times on
the most parsimonious trees vs the constrained trees
ranged from B (root B) to 20 (root F). Roots C, D,
and F were rejected (p < 0.01-0.05), but roots B and
E were not significantly less parsimonious than the
shortest tree (TABLE L1I).

Congruence of miDNA RFLPs and yDNA sequences.—
Reanalysis of the mtDNA RFLP distance data (Fukuda
et al., 19g94) with NJ or FM analysis resulted in virtually
identical topologies that supported the same five ma-
jor clusters as the UPGMA and N]J dendrograms of
Fukuda et al. (19g4). We designated these clusters mt-
1-V (F1G. 6). Mt-I contained four isolates from Japan.
Mt-1I contained two isolates from Japan, two from
PNG, and one from Borneo. Mt-111 contained two
isolates from New Zealand. Mt-1V contained a single
isolate from Thailand. Finally, mt-V contained two
isolates from PNG. Mt-11T and mt-IV correspond per-
fectly to group III and group IV, respectively. The
major discrepancy between the mtDNA and rDNA
groups is that the ITS group I isolates are spread
among mt-I, mt-I1, and mt-V (F1Gs. 3, 6).
Unconstrained parsimony analysis of rDNA squ-
ences from the TMI isolates plus outgroups under
indel coding yielded five equally parsimonious trees
(198 steps, CI = 0.871). Inclusion of a single unor-
dered character with states corresponding to the
mtDNA groups had no effect on this topology. When

—_

F1c. 3. Phylogram depicting one of 30 equally parsimonious trees for ITS sequences, under indel coding {223 steps, CI
= ().871). Branches marked with an asterisk collapse in strict consensus tree. Numbers without prefixes or suffixes above

branches are number of character state changes along branch under ACCTRAN optimization. Numbers preceded by “d

are decay index values. Numbers with % signs are bootstrap frequencies (1000 replicates) from analyses under indel coding
or gap = missing coding (in parentheses). Rooting options discussed in text are indicated by arrows with letters. Bracketed

groups Ia-IV are discussed in text



630 MYCOLOGIA

JPN1
JPN2
JPNB
JPN4
JPN5
JPN3
THL
BOR
PNG1
PNG2 ]
NZL1
NZL2
PNG3 .
PNG4;
MEX1
MEX2

PNG1 ©
PNG2

s NZH
NZL2

PNG3
B PNGa 'V

MEX1
MEX2

Fic. 4. Phyvlogenctic relationships of shiitake isolates in-
ferred from IT52 sequences only. Numbers by branches with
% signs are bootstrap frequencies (100 replicates). Groups
identificd with Roman numerals 1a-1V correspond (o groups

the mtDNA groups were constrained to be monophy-
letic (with no other topology specified) in analyses of
rDNA sequences, a single tree was generated which
required |7 additional steps (215 steps, CI = 0.814).
The mtDNA topology is rejected by both log-likeli-
hood ratios and Templeton’s test (TABLE I1I).

DISCUSSION

ITS phylogeny.—The various analytical methods that
we used for the rDNA sequence data each have unique
tree-building algorithms and optimization criteria. In
parsimony analyses, we varied the sample of taxa and
characters and explored the effects of indels and tran-
sition:transversion biases on phylogenetic estimates.
Throughout these analyses, certain aspects of the to-
pologies remained constant, and we take these as our
strongest phylogenetic hypotheses (FiGs. 3-5). The
most robust clades were groups 11, 11a, 111, and 1V,
which were present in all analyses, and were consis-
tently supported by over 95% of the bootstrap repli-
cates (decay = 4-15). Groups I and la were also mono-
phyletic in all analyses, but levels of support varied
considerably among different analyses (bootstrap val-
ues = 62%-100%). Although groups I-IV were gen-
erally well-supported as monophyletic, there was little
resolution within them (except for groups la and Ila).
To understand relationships within groups I-1V, more
rapidly evolving sequences may be useful, such as the
intergenic nontranscribed spacers of rDNA (Anderson
arrd Stasovski, 1992).

Support for group I in parsimony analyses was sen-
sitive to the choice of character coding scheme. Group
I received only moderate support under gap = missing
coding (76% with outgroup rooting), whereas under
indel coding it received strong support (91% with out-
group rooting, FiG. 3). This indicates that the indel
characters provide considerable additional support for
group L. The weakest support for group I was obtained
with distance analyses (bootstrap = 62%). Both the
Kimura and MIL. models of nucleotide substitution ef-
fectively ignore indels, which may account in part for
the low support for group I in distance analyses.

Because of the extent of sequence divergence be-
tween the ingroup and outgroup, we were concerned
that inclusion of the L. boryana isolates in global par-
simony analyses could result in spurious resolution of
clades in the ingroup. However, the ingroup topology

—
[a-IV in F1G. 3. A: TMI isolates plus outgroups only; strict
consensus of 10 trees, 145 steps, CI = 0.876. B: TMI isolates
plus outgroups, and sequences from Kwan et al. (1ggz); strict
consensus of 12 trees, 154 steps, CI = (0.851. The Kwan el
al. sequences (underlined) are nested in group L



HIBBETT ET AL.: SHITAKE MOLECULAR PHYLOGENY 631

100% PNG6E

100%

L s s T

68%
9% G1 1

TAS
PNG7
G8
ZL2

NZLS
100% | NZL4 n

ZL3
S6%INZLY

84%

| 100% PNG3 |

NG4

Fic. 5. Phylogenetic relationships of shiitake inferred
from distance analyses of I'TS sequences. Tree derived from
FM analysis using ML distances. Numbers with % signs are
bootstrap frequencies (100 replicates). Bracketed groups are
same as in FIG. 3.

of the Lundberg-rooted analysis was identical to that
of the global parsimony analysis. Thus, even though
the ingroup and outgroup sequences are highly di-
vergent, there is apparently not enough homoplasy
introduced by inclusion of the outgroups to change
the ingroup topology. Robustness of groups I-1V, as
measured by bootstrapping, was also not strongly af-
fected by exclusion of the outgroups (except for group
la, which was strengthened), despite the fact that over
half of the characters that are included in the global
parsimony analyses are noninformative for the in-
group topology. These observations are consistent with
the findings of Harshman (1994), who noted that in-
clusion or exclusion of large numbers of characters in
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FiG. 6. Relationships of mitochondrial genome in TMI

shiitake isolates based on FM analysis of distances published
by Fukuda et al. {(1994). Roman numerals preceding isolate
numbers correspond to ITS groups identified in F1c. 3.
Shaded boxes delimit putatively monophyletic mtDNA groups
used to construct topological constraint tree and define
mtDNA character states.

a data matrix that are “irrelevant”™ to a particular node
generally has little effect on the bootstrap support for
that node.

The position of the root of the ingroup is the most
problematic aspect of the rDNA topology. We ex-
amined the effect of placing the root along each of
the six strongly supported internodes, designated roots
A-F (F1G. 3, TAsLE I11). Roots C and F were rejected
by both log-likelihood ratios and Templeton's test, and
have rerooting costs of +8 and +12 steps, respec-
tively. Root I was rejected only by Templeton’s test,
and has a rerooting cost of +8 steps. Roots A, B, and
E were not significantly different by cither log-likeli-
hood ratios or Templeton’s test. Root A was favored
in all parsimony analyses, whercas root E was favored
by distance analyses. Root B was not rejected by the
Templeton or ML tests, but it is considerably less par-
simonious than root A (+6 steps) and was not favored
by any analyses (TABLE I11). Trees with root E are only
two steps longer than the most parsimonious trees.
DNAML. evaluation of alternate roots found the tree
with root E to be the most likely. This was somewhat
surprising because the tree inferred by fastDNAmI had
root A. Possible explanations for this result are that
fastDNAml failed to find the optimal tree, or, perhaps
more likely, that MacClade's arbitrary resolution of
polytomies resulted in trees that are suboptimal by the
likelihood criterion. We regard root A to be only mar-
ginally better supported than root E.

The phenomenon of “'long branch attraction™ (Fel-
senstein, 1978) could cause error in the placement of



632

Evaluation of alternate roots and mtDNA topology

TaeLe 111,

Log likelihood (L) ratio test results

In L.
—2328.55262

—2330.67062
—2340.41686
—2336.66832
—2324.48549

Templeton test results

Favored by
which analyses?

Evaluation of alternate rooting options

Rejected?

5.D
5.4867

4.840
7.1903
7.3860

Differencer

Rejectedr

T

Tree length*

Root

No

—4.06713
—6.18513
—15.93136
—12.18283

Not applicable (shortest tree)

223

Parsimony, fastDNAml

None

No

3

No

8
12
16
14
20

8.0
12.0

229 (+6)
231 (+8)

2

Yes

Yes (p < 0.02)
Yes (p < 0.05)

No

None

No

32.0

€
e

1(+8)

3

None

Not applicable (best tree)

—23.28836

42.0
40.0

225 (+2)

FM, NJ, DNAML

None

E

Yes

8.7055

86

g
.

347.77

=2

Yes (p < 0.01)

235 (+12)

Evaluation of mtDNA lnpnlng}r“

Not applicable (best tree)

—=2111.15107
—46.89027

—2158.04134

Not applicable (shortest tree)

31.5

198

Unconstrained parsimony tree

Yes

16,1835

Yes (p < 0.01)

22

215 (+17)

Constrained by mtDNA topology

* Under indel coding. Difference in length between most parsimonious tree and constrained trees in parentheses.

® TMI isolates plus cutgroups only.

© Difference in In likelihood (L) between best tree and suboptimal tree.
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the root in our parsimony analyses. Long branch at-
traction is most likely in situations where there is con-
siderable inequality among lengths of branches of a
(true) phylogeny. In such cases, it is possible that so
many character state transformations will occur along
two long branches that by chance the convergent char-
acters will come to overwhelm the “true” phylogenetic
signal. Thus, taxa that are not actually closely related
can appear to be monophyletic due to convergence.
In our parsimony trees, root A is placed along the
longest internode in the ingroup (FiG. 3), which in-
creases our suspicion that long branch attraction may
be a factor. Measures that might help to resolve the
position of the root with greater contidence, by coun-
teracting the effects of long branch attraction, include
addition of more isolates, which could increase the
branch density of the ingroup topology, or examina-
tion of a region that evolves more slowly than the ITS,
such as large subunit rDNA divergent domains (Bruns
et al., 1gg1; Hibbett, 1992).

Congruence of I'TS and mtDNA topologies.—In compar-
ing the mtDNA and ITS topologies, we wish to focus
only on aspects of both that are strongly supported
(de Queiroz, 1993). In the case of the ITS sequence
data, branch robustness within analyses and congru-
ence between analyses provide measures of confidence
and suggest that we should focus on groups I-IV.
Unfortunately, the mtDNA dendrograms are based on
distance measures rather than discrete characters,
which makes it impossible to estimate topological ro-
bustness with the same bootstrap or decay index mea-
sures. In the absence of such robustness measures, we
arbitrarily collapsed short internodes in the miDNA
dendrograms, which resulted in an unordered set of
groups that are phenetically distinct (mt-T to V, Fic.
6). We think that this is a conservative interpretation
of the mtDNA data, but acknowledge that there are
sources of error that could bias the inferred distances.
Most significant is the problem of length mutations.
The pairwise distance measures published by Fukuda
et al. (1994) were based on presence or absence of
comigrating fragments in restriction endonuclease-di-
gested mtDNAs, visualized by ethidium bromide stain-
ing. Gels were not blotied and probed to assess ho-
mology of fragments or to perform restriction map-
ping. Length mutations introduce error into this sort
of analysis because single indels can affect multiple
fragments (Bruns et al., 1gg1; Hibbett, 19g2). From the
sums of fragment sizes in individual mtDNA digests,
Fukuda et al. (19g4) estimated thal the mitochondrial
genome in shiitake ranges from approximately 70 to
90 kilobase pairs, which indicates that length muta-
tions have indeed occurred. For these reasons, we view
the mtDNA topology with caution, and we treat mtDNA
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groups I-V as tentative hypotheses of monophyletic
mitochondrial lineages.

The dendrograms based on mtDNA RFLPs and the
cladograms based on TDNA ITS sequences have points
of agreement as well as disagreement (F1Gs. 3, 6). Both
support groups I1I and IV, and both suggest that PNG
isolates occur in two separate clades (ITS groups I1
and IV, or mtDNA groups II and IV). The major
difference is that ITS group | contains exemplars of
the mtDNA groups [, 11, and V. From log-likelihood
ratios, Templeton's (1983) test, and comparison of tree
lengths, it is clear that the miDNA topology is rejected
by the ITS sequence data (TABLE 111). Thus, the mtDNA
and ITS topologies are incongruent in aspects that
were deemed internally well-supported. How could
this come about? Given our confidence in the ITS
topology and our skepticism about the mtDNA to-
pology, one interpretation would be that the mtDNA
tree simply does not reflect the actual mtDNA phy-
logeny. Nevertheless, the degree of congruence be-
tween the mtDNA and ITS trees suggests that there
is phylogenetic signal in the mtDNA distance matrix
or, at the very least, that not all branches in the mtDNA
dendrogram arc artifacts. We therefore must entertain
the possibility that both the ITS and mtDNA topolo-
gies correctly estimate their underlying gene phylog-
enies, and that their incongruence is due to the fact
that the nuclear ITS and the mitochondrial genome
have different evolutionary histories.

In recent years, a substantial body of literature has
accumulated describing situations where phylogenies
of different genes from the same organisms can be
incongruent with each other, or with the phylogenies
of species or populations (Doyle, 19gz2; Maddison, 19g5;
Pamilo and Nei, 1988; for an example in fungi, see
Lutzoni and Vilgalys, 1995). Presumably common phe-
nomena that could result in conflicts between gene
phylogenies and species phylogenies include lineage
sorting, contemporary gene flow, and hybridization
(excluding exotic mechanisms such as virus-mediated
horizontal gene transfer). Lineage sorting is most like-
ly when times between population divergences are short
and population sizes are large. Thus, lineage sorting
may be an especially serious source of error for phy-
logenetic studies whose operational taxa are closely
related and presumably recently diverged, as is the
case here. Hybridization is certainly possible in shi-
itake because of the demonstrated ability of strains
from throughout Asia-Australasia to interbreed (Shi-
momura ct al., 19gz). Long distance dispersal of shi-
itake isolates, which could facilitate hybridization, is
possible through acrial spore dispersal and transpor-
tation of cultivars by humans. The latter may be an
especially significant factor in northeast Asia where
shiitake has been cultivated for many centuries (Chang

and Miles, 1987). Thus, based on cur understanding
of the biology of shiitake and its recent human-influ-
enced history, there are reasons to think that different
loci in shiitake could have different evolutionary his-
tories.

In spite of our suspicion that the ITS and mtDNA
have incongruent phylogenies, our lack of confidence
in the mtDNA topology precludes making strong state-
ments about whether this is true. For the moment, we
take the ITS topology to be our best-supported esti-
mate of the organismal phylogeny of shiitake, with the
caveal that we suspect that the mitochondrial phylog-
eny may be incongruent. To critically address this issue
it will be necessary to have data that permit rigorous
assessment of the mtDNA phylogeny as well as recip-
rocal comparisons of trees and data (e.g., Rodrigo et
al., 19g93) for mtDNA and ITS. The mitochondrial large-
subunit TDNA might have appropriate levels of se-
quence variation for inferring the mtDNA phylogeny.
Restriction mapping of the mitochondrial genome
could also provide discrete characters for phylogenetic
analysis. In shiitake it appears that there is no recom-
bination of mtDNA in normal meiosis and mating
(Matsumoto and Fukumasa-Nakai, 1gg3). Thus, for the
purpose of estimating gene phylogenies, the entire
mitochondrial genome can be treated as a single locus.
Ideally, we would also like to have data for multiple,
unlinked nuclear genes. By comparing and combining
(where appropriate) evidence and trees from multiple
loci we should achicve a better understanding of the
evolutionary history of populations in Lentinula, in-
cluding dispersal, establishment, and gene flow.

Taxonomic and biogeographic conclusions.—Because of
the limited sampling in this study, both of genes and
isolates, we are reluctant to propose taxonomic changes
at this time. Nevertheless, some preliminary conclu-
sions can be drawn. The ITS topology suggests that
there are at least four major lineages of shiitake in
Asia-Australasia (F1G5. 3-5). Because they are capable
of mating, we anticipate that some mycologists will
continue to call them all L. edodes. We think that this
would be unfortunate, however, because a treatment
that lumps all lineages of shiitake into the same species
would convey no information about the apparent phy-
logenetic diversity in shiitake, information that could
be important for understanding character evolution,
biogeography, and distribution of genetic variation.
Ultimately, we think that the most useful, predictive
classification will be one that recognizes separate lin-
eages in shiitake as distinct species, even though or-
ganisms in these lineages have retained the ability to
interbreed.

Pegler (1983) recognized three species of shiitake,
but our results provide only limited support for his
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FiG. 7. Biogeographic hypotheses for shiitake. A. Hypothesis under ingroup root A, which is favored by parsimony analyses
(F1G. 3). B. Hypothesis under root E, which is favored by distance analyses (Fi1G. 5). Under cither rooting, the South Pacific

region (black) appears to be the ancestral area for shiitake.

classification of Lentinula. The I'TS data strongly sup-
port monophyly of the New Zealand isolates (group
I11, F1Gs. 3-5), which correspond 1o L. novaezelandieae
sensu Pegler. Monophyly of the New Zealand form of
shiitake is also suported independently by mtDNA

RFLPs (Fukuda et al., 1994, F1G. 6) and isozymes (Fu-
kuda and Tokimoto, 19g1).

If group Ia, containing isolates from Japan and
Thailand, is accepted as monophyletic, then L. edodes
sensu Pegler is also supported (F1Gs. 3-5). However,
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this clade was strongly supported only in distance anal-
yses (F1G. 5), whereas it received moderate support in
parsimony analyses (FiG. 3). Furthermore, it is not
clear whether the isolate from Thailand in group la
(THL, TMI-1633) would have been assigned 1o L. edodes
or to L lateritia by Pegler. In Pegler's monograph, L.
edodes was based on material from Japan, China, and
Vietnam, whereas L. lateritia was based on material
from Borneo, Australia, India, and Bhutan. Thailand
is geographically intermediate between these poorly
delimited ranges. Furthermore, group la is nested
within group I which includes the isolate from Borneo
(BOR, TMI-689), which is definitely in the range of
L. lateritia. Pegler himself expressed reservations about
the distinction of L. edodes and L. lateritia, saying that
“Lentinula lateritia may be no more than a tropical
form of L. edodes™ (1983, p. 233).

The ITS data suggest that L. lateritia sensu Pegler is
a paraphyletic group from which L. edodes s. str. and
L. novaezelandieae have been independently derived.
If this is true, then the morphology of L. lateritia should
be plesiomorphic for shiitake. Comparison with the
putative sister-group, L. boryana, supports this view.
Based on Pegler’s (1983) descriptions, L. beryana and
L. lateritia share several features that may be primitive
for Lentinula, including a smooth stipe (vs fibrillose-
squamulose stipe in L. novaezelandieae) and a smooth,
thin-fleshed pileus (vs thick-fleshed pilcus with squa-
mules or fissures in L. edodes). Thus, our results suggest
that L. lateritia sensu Pegler is an evolutionary grade
united only by symplesiomorphies (rather than a
monophyletic group with uniquely derived charac-
ters).

We mapped the geographic origins of the isolates
onto topologies with both root A and root E (Fic. 7).
Under either rooting, the most parsimonious inter-
pretation is that the South Pacific (Borneo and PNG)
is the ancestral area for shiitake. These results suggest
that populations of shiitake in continental and north-
eastern Asia, New Zealand, and Tasmania have been
derived from South Pacific populations (FiG. 7). Ad-
mittedly, our interpretations are bascd on a limited
geographic sample of isolates. Areas from which we
do not have representatives include Australia, China,
and the Himalayan nations of Bhutan, Nepal, India,
etc. More isolates are also needed from throughout
southcast Asia and the south Pacific, including Viet-
nam, Thailand, Taiwan, Phillipines, Indonesia, etc.
Nevertheless, based on the sample of isolates at hand,
it appears that the South Pacific area has the highest
phylogenetic diversity of shiitake in Asia-Australasia.
In particular, PNG stands out because ITS groups 11
and IV both occur on this island. Exemplars of group
IT (TMI-1485) and group IV (TMI-1499) have been
shown to be mating compatible (Shimomura et al.,
1992). The presence of ITS groups Il and IV in PNG

could reflect a) biogeographic barriers 1o mating be-
tween groups 1l and IV, or, b) a maintained poly-
morphism for ITS type in PNG shiitake populations.

Analyses of I''S2 sequences alone placed the three
Kwan et al. (1gg2) isolates in group Ia, which includes
all of the isolates from Japan and the one isolate from
Thailand (FiG. 4). This suggests that the Kwan et al.
isolates are derived from northeast or continental Asian
material. This seems plausible because the majority of
shiitake isolates in culture collections are probably de-
rived from Chinese, Japanese, and Korean strains. Even
though Kwan et al. found the I'TS2 sequences 1o be
oo conservative for strain identification, our results
suggest that I'TS sequences permil coarse estimation
of the geographic origin of isolates.

Practical implications.— The ITS, mtDNA, and isozyme
data all agree that there are multiple, genetically di-
vergent lineages of shiitake in Asia-Australasia, some
of which may have restricted distributions, such as
group 111, which occurs only in New Zealand, or group
1V, which is limited to PNG (Fics. 3-7). Because all
shiitake lineages tested to date have been mating com-
patible (Shimomura et al., 19g2), the genetic diversity
present in nature is readily accessible 1o mushroom
breeders for use in strain development. However, we
suspect that most (if not all) commercial cultivars of
shiitake in use today are derived only from Japanese,
Chinese, or Korean strains. It so, then the wild pop-
ulations of shiitake outside of northeast Asia represent
an untapped genetic resource that could prove valu-
able for future breeding programs. Thus, wild biodi-
versity of shiitake deserves protection for economic as
well as ethical reasons.

Unfortunately, throughout their range, natural
populations of shiitake face serious threats to their
existence. Foremost among these is habitat loss through
deforestation. A more insidious potential threat to
indigenous shiitake populations is contamination by
exogenous genotypes originating from mushroom
farms. Shiitake cultivation, whether on logs or in bags,
produces a high density of fruiting bodies of a single
genotype. Escape of cultivars under such circumstanc-
es is quite likely, as has already been shown to have
occurred in A. bisporus (Kerrigan and Ross, 198g). Many
nations that have native shiitake populations are de-
veloping shiitake cultivation, such as PNG, Nepal, Vi-
etnam, Bhutan, Thailand, etc. (International Sympo-
sium on Production and Products of Lentinus Mush-
room, abstracts distributed in Qingyuan, China, Nov,
1, 1994), presumably using imported cultivars from
northeast Asia. It would be ironic if development of
local shiitake industries in these countries ultimately
came to limit the growth of the global shiitake industry
because of loss of wild genetic diversity.

We think that it is imperative that fieldwork be un-
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dertaken to document the remaining biodiversity of
shiitake, and to establish culture collections for con-
servation of germplasm. We also have two suggestions
that might help protect local populations of shiitake
by reducing the probability that cultivars will be re-
leased. The simplest solution would be for mushroom
growers in sensitive areas to collect and cultivate only
native strains of shiitake. Of course, this would prob-
ably require that many local isolates be screened in
order to find those with desirable market properties.
Alternately, it might be possible 1o develop methods
of cultivation that limit the release of spores to the
environment. Perhaps the most elegant solution (re-
quiring no modification of cultivation practices) would
be to develop cultivars of shiitake that do not release
spores. Already, a sporeless mutant of shiitake that
produces normal fruiting bodies, but has defective
spore maturation has been described (Hasebe et al.,
19g1). With protoplast fusion techniques and di-mon
matings, it may be possible to incorporate such strains
in breeding programs aimed at producing environ-
mentally friendly shiitake cultivars.
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