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To understand the biogeography of truffie-like fungi, DNA sequences were analysed from
representative taxa of Hysterangiales. Multigene phylogenies and the results of ancestral
area reconstructions are consistent with the hypothesis of an Australian, or eastern Gond-
wanan, origin of Hysterangiales with subsequent range expansions to the Northern Hemi-
sphere. However, neither Northern Hemisphere nor Southern Hemisphere taxa formed
a monophyletic group, which is in conflict with a strictly vicariant scenario. Therefore,
the occurrence and importance of long-distance dispersal could not be rejected. Although
a pre-Gondwanan origin of Hysterangiales remains as a possibility, this hypothesis requires
that Hysterangiales exist prior to the origin of the currently recognized ectomycorrhizal
plants, as well as the arrival of mycophagous animals in Australia. This also requires
that a basal paraphyletic assemblage represents parallel evolution of the ectomycorrhizal
symbiosis, or that Hysterangiales was mycorrhizal with members of the extinct flora of
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Introduction Conversely, Suillus (Wu et al. 2000) and the Tricholoma matsu-

take group (Chapela & Garbelotto 2004) showed that eastern
North American and eastern Asian taxa were more closely
related to each other than to western North American taxa.

Although fungi are ubiquitous and play an important role in
terrestrial ecosystems, biogeography of fungi (or mycogeogra-

phy) has not been extensively studied within a phylogenetic
framework. The cryptic nature of many fungi makes them dif-
ficult to sample, thus hindering global-scale biogeographical
studies. Many mycogeographical studies have focused on
Northern Hemisphere taxa. For example, Grifola (Shen et al.
2002) and Amanita (Oda et al. 2004) showed a Palearctic versus
Nearctic pattern, which is a pattern that is common in biogeo-
graphical studies of plants, where a disjunct eastern North
America versus eastern Asia distribution pattern is not
supported by phylogenetic analyses (Xiang et al. 1998).
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Several studies have dealt with fungi distributed both in
the Northern and Southern Hemisphere. Interestingly, myco-
geographical patterns frequently show a New World versus
0ld World pattern, not a Laurasia versus Gondwana pattern,
which would be expected if the present distribution was
caused by the break up of Pangaea. Examples of a New World
versus Old World pattern include the Pleurotus cystidiosus group
(Zervakis et al. 2004), Schizophyllum (James et al. 2001), and
Lentinula (Hibbett 2001). Several exceptions to this pattern
were observed in each study and they were usually explained
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by rare, but recent long-distance dispersal. For example, long-
distance dispersal between Australia and New Zealand was
postulated for Leéntinula (Hibbett 2001). Conversely, Pleurotus
(Vilgalys & Sun 1994) and Panellus (Jin et al. 2001) were mono-
phyletic in the Northern Hemisphere versus mono- or para-
phyletic in the Southern Hemisphere. Although this pattern
could be consistent with an ancient vicariant event in Pan-
gaea, the authors proposed a more recent origin of the groups
and dispersal scenario between the Northern and Southern
Hemisphere continents. Similar patterns were observed for
Armillaria (Coetzee et al. 2003) and Pisolithus (Martin et al.
2002), but ancient origins of these genera were suggested. No-
tably, Martin et al. (2002) suggested that the ancestor of the
ectomycorrhizal genus Pisolithus was a generalist mycorrhizal
symbiont, and originated before the break up of Pangaea in
the Triassic period.

In this study, we assessed a global biogeographical pattern
of Hysterangiales. Hysterangiales is an order of the subclass
Phallomycetidae (Basidiomycota), which forms hypogeous fruit-
ing bodies commonly referred to as false-truffles (Castellano
et al. 1989; Hosaka et al. 2006). Because of its hypogeous habit,
the spores of Hysterangiales are not thought to be disseminated
by wind, as is the case of many epigeous mushroom-forming
fungi that are capable of long distance spore dispersal (Thiers
1984). Instead, they produce a unique aroma that attracts
small animals, which rely on hypogeous fungi as a large part
of their diet (Castellano et al. 1989; Thiers 1984). Hypogeous
fruiting bodies are eaten by small animals and the fungal
spores are disseminated with the animal faeces (Castellano
et al. 1989; Malajczuk et al. 1987b). Because spore dissemina-
tion of hypogeous fungi, including that of Hysterangiales,
depends on such mycophagy, long-distance (e.g. transoce-
anic) dispersal of spores of hypogeous fungi is arguably less
likely.

Despite its hypogeous habit and high dependency on ani-
mal mycophagy, Hysterangiales is distributed worldwide,
both in the Northern and Southern Hemisphere (Castellano
1999). This is consistent with Hysterangiales being an old
taxon, and the current distribution being the result of ancient
vicariant events associated with the supercontinent Pangaea.
Alternatively, it could be explained by Hysterangiales being
a much more efficient disperser than predicted by morphol-
ogy with a more recent origin. So far, Australia, North Amer-
ica, and Europe are documented centres of diversity for
Hysterangiales, with more than 15 endemic species from each
area (Castellano 1999), and recent studies also revealed rela-
tively high diversity in New Zealand (Castellano & Beever
1994) and South America (Castellano & Muchovej 1996). The
other known distributions of Hysterangiales include Africa, In-
dia, temperate and tropical Asia, New Caledonia, and Papua
New Guinea (Castellano et al. 2000). Importantly, the distribu-
tion of each species appears to be restricted to a single conti-
nentor island (Castellano 1999). Therefore, areas of endemism
can easily be defined as each continent (e.g. North America) or
island (e.g. New Caledonia).

Most species of Hysterangiales are considered obligate
ectomycorrhizal fungi. A wide range of trees, including both
gymnosperms and angiosperms, are known as ectomycorrhi-
zal hosts for Hysterangiales (Castellano 1999). Although host
range varies, any one species of Hysterangiales only associates

with hosts from one plant family and often only one genus or
species (Castellano 1999). Major ectomycorrhizal host families
for Hysterangiales include Pinaceae, Myrtaceae, Fagaceae, and
Nothofagaceae. There are some examples of Hysterangiales
associated with Dipterocarpaceae, Ericaceae, Casuarinaceae, and
caesalpinioid legumes (Caesalpinioideae) (Castellano 1999;
Castellano & Beever 1994; Castellano et al. 2000). This relative
host specificity of the ectomycorrhizal systems enables us to
assess the historical host-fungus associations, e.g. host-track-
ing versus host-shifting, and gives us clue to the historical bio-
geography of Hysterangiales.

Recent studies support the gomphoid-phalloid clade (Phal-
lomycetidae), to which Hysterangiales belongs, as one of the
basal clades of Agaricomycetes (mushroom-forming fungi)
(Binder & Hibbett 2002; James et al. 2006; Lutzoni et al. 2004).
Precambrian origins of major fungal lineages are postulated
by some molecular clock studies (Heckman et al. 2001; Hedges
et al. 2004). Halling {2001) and Martin et al. (2002) hypothesized,
although not based on molecular clock or fossil records, that
ectomycorrhizal fungi have diversified in the Jurassic or
even older before the break up of Pangaea. These data are
again consistent with the potentially ancient and vicariant or-
igin of Hysterangiales.

All of the above features of global distribution with well-
defined areas of endemism, ectomycorrhizal host range and
specificity, hypogeous habit, and phylogenetic position make
Hysterangiales an attractive system for testing numerous evo-
lutionary hypotheses including dispersal versus vicariance,
host-tracking versus host-shifting, and the ancient origin of
extant fungal lineages. To address the overall goals of this
study we sampled all available species of Hysterangiales with
an emphasis on geographical distribution and ectomycorrhi-
zal host association. As far as we know, this is the first phylo-
geographical study of globally distributed truffle-like fungi.

Materials and methods
Taxon sampling, PCR, and DNA sequencing

Taxa sampled, along with GenBank accession numbers, are
listed in Supplementary Material Table 1. One hundred and
fourteen taxa (two outgroup and 112 ingroup taxa) were sam-
pled for this study. The selection of ingroup and outgroup taxa
was based on the phylogeny of previous studies (Hosaka et al.
2006) to cover the diversity of Hysterangiales. Among the
ingroup taxa, 107 taxa were ectomycorrhizal, and five taxa
were considered as saprobic, based on the habitat informa-
tion, or direct observation (morphological or molecular) of
ectomycorrhizas (Agerer & losifidou 2004; Castellano 1990;
Castellano & Beever 1994; Dell et al. 1990; Lu et al. 1999; Malajc-
zuk et al. 1987a; Miller & Miller 1988; Molina & Trappe 1982;
Miiller & Agerer 1996; Raidl & Agerer 1998; Stewart & Trappe
1985).

DNA was extracted from glebal tissue of fresh or dried
fruiting bodies using the protocol of Humpert et al. (2001).
DNA sequence data were obtained from five independent
loci: LROR-LR3 region for nuLSU rDNA; MS1-MS2 region for
mtSSU rDNA; ATPase subunit 6 (atp6); bRPB2-6F-bRPB2-7R re-
gion for the second largest subunit of RNA polymerase (RPB2);



450

K. Hosaka et al.

EF1-983F-EF1-1567R region for translation elongation factor
subunit 1e (EF-1a). The primers and PCR protocols were
described previously (Kretzer & Bruns 1999; Liu et al. 1999;
Matheny 2005; Rehner & Buckley 2005; Vilgalys & Hester
1990; White et al. 1990).

Phylogenetic analyses

DNA sequences were initially aligned using Clustal X (Thomp-
son et al. 1997), followed by manual alignment in the data
editor of BioEdit ver. 7.0.1 (Hall 1999). Ambiguously aligned re-
gions and introns were excluded from the analyses.

To test for incongruence among the five individual data-
sets, 70 % BS trees from parsimony analyses of individual
loci were compared. First, 70 % BS trees were calculated (100
BS replicates with five random addition sequences, TBR and
Mulirees options off) including only the taxa with sequences
from all five loci. These trees were used as constraints in a dif-
ferent dataset (for example, parsimony analysis of the atp6é
dataset with the nuLSU rDNA tree as a constraint), using the
‘Load Constraints’ option in PAUP version 4.0b10 (Swofford
2002). Parsimony analyses (a two-step search approach de-
scribed below) were conducted under these constraints, keep-
ing only the trees that are compatible with these constraints.
A total of ten constraint parsimony analyses were conducted
for all pair-wise gene comparisons.

Comparisons of constraint and unconstraint trees were
made using the ‘Tree Scores’ option in PAUP version 4.0b10
(Swofford 2002). Parsimony based comparisons were per-
formed by the Templeton test (Templeton 1983), using non-
parametric  pairwise tests option. Likelihood-based
comparisons were performed by the Shimodaira-Hasegawa
test (Shimodaira & Hasegawa 1999), using RELL optimization
with 1K BS replicates. Significance of results was determined
by a P-value less than 0.05. After testing for incongruence,
the individual gene datasets were combined and phylogenetic
(both parsimony and Bayesian) analyses were conducted with
a combined dataset of five loci described above.

Parsimony analyses were conducted under the equally-
weighted parsimony criterion using PAUP version 4.0b10
(Swofford 2002). A two-step search approach was performed.
In the first step, the heuristic search option [with tree bisec-
tion-reconnection (TBR), no Multrees] and 1K replicates of
random addition sequence were performed, keeping only up
to two shortest trees per replicate. In the second step, all of
the shortest trees from the first step were used as starting
trees for the heuristic search option (with TBR and Mulirees
on) with MAXTREES set to 10K. Support for the individual
nodes was tested with BS analysis under the equally-weighted
parsimony criterion. BS analysis was based on 500 BS repli-
cates using the heuristic search option (TBR and Multrees
off), with five random addition sequences.

Bayesian analyses were conducted using MrBayes version
3.0b4 (Huelsenbeck & Ronquist 2001). Eleven data partitions, in-
cluding nuLSU rDNA and mtSSU rDNA, and one for each codon
position for each of the three protein-codingloci, were delimited
for Bayesian analyses. The GTR +I" +1 model was employed
separately for each of the 11 data partitions. Bayesian analyses
were run with 5M MCMCMC generations with four chains, sam-
pling trees every 100th generation. The log-likelihood scores of

sample points against generation time were plotted using
TRACER version 1.3 (http://evolve.200.0x.ac.uk/software.html)
to determine if the run reached stationarity. We also observed
the average standard deviation of split frequencies and verified
that the values dropped below 0.01. The support of nodes was
tested by PPs, obtained from a 50 % majority rule consensus
after deleting the trees in the burn-in period.

Biogeographical analyses

Areas of endemism

The areas used in this study were delimited based on the geo-
logical history of Pangaean break up (Fig 1). Although some
areas, especially the Holarctic (Northern Hemisphere) could
be further divided into several smaller areas, these subdivi-
sions were not used for the analyses. This is mainly because
the area relationships for the Holarctic are not necessarily
hierarchical. For example, the land connection between North
America and Eurasia was connected and disconnected several
times (Sanmartn et al. 2001). The following ten areas of ende-
mism were used throughout this study for biogeographical
analyses: (1) Australia (AUS): this is one of the better repre-
sented areas for Hysterangiales. Most AUS Hysterangiales are
represented in Victoria and its vicinity, but some are from
Western Australia, Queensland, or Tasmania. In this study,
AUS including Tasmania was treated as one unit area. Forty-
four species were represented for this study. (2) New Guinea
(PNG): two species were represented, and both are from Papua
New Guinea (Goroka and Lae). Although several areas of New
Guinea Island could be treated separately due to its complex
geological history, the whole island was treated as one area
for this study. (3) New Zealand (NZ): both North and South Is-
lands were treated as the same area. One species of Hysteran-
gium (H. youngii) was collected in NZ, and it was demonstrated
to be very closely related to the other Holarctic taxa. Although
we do not have a detailed vegetation record of the collecting
site, we strongly suspect that this species was collected under
planted Pinaceae or Fagaceae originating in the Northern Hemi-
sphere. Therefore for this study, H. youngii was treated as
a Holarctic taxon. Fifteen species were represented for this
study. (4) New Caledonia (NC): two species were represented
for this study, and both are from the main island of NC (Grand
Terre). (5) Southern South America (SSAM): defined here as the
southern temperate region of South America, following the
treatment of Sanmartin and Ronquist (2004). All known Hys-
terangiales distributed in SSAM are from Argentina or Chile.
Four species were represented for this study. (6) Northern
South America (NSAM): defined here as north-central South
America east of the Andes, following the treatment of
Sanmartin & Ronquist (2004). All known Hysterangiales distrib-
uted in NSAM are from Guyana. Four species were represented
for this study. (7) Africa (AF): one species was represented for
this study, and it is from Zimbabwe. (8) India (IND): one spe-
cies was represented for this study, and it is from Karnataka
Province (southwest IND). (9) Southeast Asia (SEA): defined
here as Malaysian Peninsula. PNG was treated as an indepen-
dent area, and not included in SEA. Three species were repre-
sented for this study. Two of them are from southern part of
Thailand, and the other is from Singapore. (10) Holarctic
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Fig 1 - Area cladograms based on geological data. (A) Based on Sanmartin & Ronquist (2004). (B} Based on McLoughlin (2001).
The two cladograms differ only ien the relative position of India. The position of Southeast Asia was arbitrarily determined
because of its complicated history (see Materials and methods). Time is in million years ago (Mya) from present. The black
triangle in (B) indicates an alternative position of Southern South America based on Hallam (1994), showing the initial
separation of Southern South America from the rest of Gondwana (see Materials and methods, Geological scenario).

(HOL): defined here as a combination of Palearctic and Nearc-
tic. One species is from Central America (Costa Rica), and it
was treated as a HOL taxon, following the treatment of San-
martin & Ronquist (2004). Thirty-six species were represented
for this study. HOL can be further divided into four regions;
western North America (WNAM), eastern North America
(ENAM), Asia, and Europe (EUR). However, these subdivisions
were not used for biogeographical analyses.

Geological scenario

Two slightly different geological area cladograms are presented
as the sequence of Pangaean breakup (Fig 1). One cladogram
(Fig 1A) was based on Sanmartin & Ronquist (2004), where
they used the opening of the South Atlantic Ocean (135 Mya)
as a basis of the initial break up of Gondwana. However, several
studies (McLoughlin 2001; Hallam 1994) suggest that the opening
of the Weddell Sea (ca 160 Mya) separated eastern (including
AUS, NZ, and IND) and western Gondwana (including AF and
NSAM). This event was reflected in the alternative geological
scenario (Fig 1B). Timing of the separation of IND from the rest
of Gondwana and collision to the northern continents is also
controversial. Sanmartin and Ronquist (2004) used 120 Mya as
the timing of separation of IND (and Madagascar) from AF.
However, some studies suggest that IND was connected to the
rest of eastern Gondwana via Antarctica and the Kerguelen
Plateau until 80 Mya (Sampson et al. 1998). Although it is
currently submerged, the Kerguelen Plateau emerged above
sea level during the Cretaceous and might have been an impor-
tant corridor for terrestrial organisms (McLoughlin 2001).

The position of SEA was somewhat arbitrarily reflected in
Fig 1 because of its hybrid nature. Geological evidence suggest
that the present SEA was once located in the northern periph-
ery of eastern Gondwana (Metcalfe 1998). The separation of
SEA from Gondwana happened multiple times during the
Paleozoic and Early Mesozoic. The geological history of Malay-
sian Peninsula is of particular interest herein, because all
three SEA species of Hysterangiales sampled in this study are
from this region. The present Malaysian Peninsula was largely
composed of continental terrane known as Sibumasu, which
was separated from Gondwana by the Late Permian and
collided into Asia by the Late Triassic (Metcalfe 1998). Because
these events occurred before the major break up of Pangaea,
SEA was treated as a sister area of HOL.

SSAM retained a direct land connection to Antarctica until
ca 30 Mya (McLoughlin 2001). However, Hallam (1994) sug-
gested that there was a seaway separating the southern tip
of South America from Antarctica in the Jurassic. Because
a land connection between South America and Antarctica is
well-documented throughout the Cretaceous (McLoughlin
2001), there was not a dispersal barrier between South Amer-
ica and Australia for terrestrial organisms with a Cretaceous
origin. However, for the organisms with pre-Jurassic origin,
this seaway could have served as an effective barrier.

Analytical tools

We used two computer programs for testing and refining the
biogeography of Hysterangiales: DIVA 1.1 [Ronquist F, 1996.
Computer program and manual available by anonymous FTP
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from Uppsala University (ftp.uu.se or ftp.systbot.uu.se)] for
dispersal-vicariance analysis (Ronquist 1997), and TreeFitter
1.0 (http://www.ebc.uu.se/systzoo/research/treefitter/treefitter.
html) for parsimony-based tree fitting. Both methods are
parsimony-based approaches that explicitly optimize the
taxon-area cladogram by minimizing the total event cost.
Four types of events are considered: vicariance, duplication
(speciation within an area), dispersal, and extinction. Vicari-
ance is a null hypothesis for speciation, and is, therefore,
assigned zero cost, whereas dispersal and extinction receive
positive costs (Ronquist 1997; Sanmartin & Ronquist 2004).
By explicitly assigning the costs for each event, these methods
differ from other computer programs for biogeographical
analyses, such as COMPONENT (Page 1990) and TreeMap
(Page 1995), which maximize the vicariance events at the
expense of introducing more dispersal and extinction than
necessary. In addition, DIVA can be applied without prior
knowledge of the area relationships because it does not as-
sume that area relationships are hierarchical (Ronquist 1997).

One obvious weakness of these methods is that optimiza-
tions depend on the specific value of the cost of individual
events (Sanmartin et al. 2007). Because vicariance receives
zero cost, the methods inevitably favour vicariance recon-
structions over dispersal (Cook & Crisp 2005). A simulation
study by Ronquist (2003) showed that optimizations under
the current event cost settings (low cost to vicariance and
duplication, and a higher cost to dispersal and extinction) per-
formed well in a variety of host-parasite association patterns.
However, how this result applies to real data is largely
unknown. Parsimony-based methods are based only on a sin-
gle topology, and information on branch lengths, uncertainty
of phylogenies, and divergence time, is usually ignored.
Efforts have been made to incorporate such information un-
der likelihood (Ree et al. 2005) or Bayesian framework (Huel-
senbeck et al. 2000). However, it is still premature to use
these approaches for a large, real dataset like this study
because a huge computational time is required and, in some
cases, the model currently employed is too simplistic
(Huelsenbeck et al. 2003). We suggest that readers who wish
to use DIVA and TreeFitter consider the aforementioned
advantages and, especially disadvantages, before drawing
any conclusions about biogeographical hypotheses of organ-
isms of interest.

Dispersal-vicariance analyses

Ancestral areas of each node in the phylogeny of Hysteran-
giales were reconstructed using DIVA. The reconstructions
were made using the default event cost settings (zero for
vicariance and duplication, 1 for dispersal and extinction).
We used these event costs because the current version of
DIVA does not allow users to change the cost settings. An ini-
tial attempt of ancestral area reconstructions resulted in
highly unresolved reconstructions on many basal nodes.
DIVA optimizations become less reliable at basal nodes, which
tend to have large distributions that include most or all of the
areas occupied by the terminals (Ronquist 1996). One solution
for this problem is to constrain the maximum number of unit
areas allowed in ancestral distributions. By doing this, we are
asking ‘if this group had a restricted distribution in the past,
what is the most likely ancestral distribution of the group

(Ronquist 1996)?’ Therefore, reconstructions were made
constraining the number of ancestral areas using the ‘maxar-
eas’ command. The number of maximum ancestral areas was
constrained from two to ten (=unspecified), and each result
was compared.

Parsimony-based tree fitting

Searches for the best area cladograms. TreeFitter was used to
find the best (most parsimonious) area cladograms, inferred
from the taxon-area cladogram (Fig 3). The area cladogram
with the lowest cost best explains the taxon distributions in
the phylogeny (Sanmartin & Ronquist 2004). Searches were
conducted using the ‘exhaustive’ option with the default
settings for event costs (zero for vicariance and duplication,
1 for extinction, and 2 for dispersal).

Tree fitting and randomization tests. To assess the statistical
significance of the fit between the geological area clado-
gram (Fig 1B) and the phylogeny of Hysterangiales (Fig 3),
randomization tests were conducted. Randomization tests
were based on 10K permutations of the terminals in the
geological area cladogram to offer the maximum sensitivity
for detecting vicariance patterns (Sanmartin & Ronquist
2004). The percentage of area cladograms obtained from
permutations with a lower cost than the original area clad-
ogram was used as the significance value (P<0.05). The
number of each event (vicariance, duplication, dispersal,
and extinction) was also inferred by fitting the taxon-area
cladogram (Fig 3) to a geological area cladogram (Fig 1B), us-
ing the ‘calcevents’ command of TreeFitter.

Sensitivity analyses. For both of the above analyses, a range of
event cost settings were implemented to investigate the sen-
sitivity of results. Analyses were conducted by changing the
event costs for vicariance, dispersal, and extinction from
zero to four while keeping the cost for duplication to zero.
Searches for the best area cladograms, tree fitting, and ran-
domization tests were performed under each of the event
cost settings.

Ancestral ectomycorrhizal host reconstructions

Ancestral ectomycorrhizal hosts were reconstructed for most
nodes of Fig 2 using MacClade version 4.06 (Maddison & Mad-
dison 2003). Because the Phallogastraceae clade contains only
non-mycorrhizal (saprobic) taxa, and the rest of Hysterangiales
are all ectomycorrhizal, the Phallogastraceae clade was not in-
cluded for reconstructions. Each taxon was coded for its
known ectomycorrhizal host plant. Although more specific
host information (genus or species of host plants) was avail-
able for some taxa, only family-level information was used
for coding. Eight host families (Myrtaceae, Nothofagaceae, Faga-
ceae, Pinaceae, Caesalpinioideae, Casuarinaceae, Dipterocarpaceae,
and Ericaceae) were used for coding. If presumable ectomycor-
rhizal hosts could not be identified to a single host family, taxa
were coded as polymorphic. All reconstructions were based
on unweighted parsimony criterion. Because some nodes
were reconstructed only ambiguously, both maximum and
minimum number of all possible changes from one host



Hysterangiales biogeography

453

95/

99/69

100/100

Jm{mm dd%ﬂ iium T1088 EUR

5 Zemsre EU }4]
cragsum Grossi17 E

rangium selchalil OSCHE0
sterangium s.uc)scmzzasenm(a:
Hystara nglwmﬁsrcusaﬂﬁ
© Hysur

. 78397
i T1528 WNAM (314
} ;ag rabile OSCEIVI0 bnam (0]
o GSC 122857 4
} youngi DSCEGES NZ (3 0rd?)
5p. 117656 WNAM

(o]

sp.THE
FENGIum cﬂn'ansum 05055265 ENAM (3)
i congesum Kers4984 EUR (4)
ngiufm sp.T22832 WNAM

cora mmoswasg WHAM (3)
sursum OSCHESHE WNAM (3

e

angii AR (1 T
e o b T 2256 WNAM [3
€ :;mmgrm 8p.TATE4 WNAM

2]
S H1010 AUS (8)
FET 20, 7923 ;ﬂ
/ﬁrs:nwup RMS I%Daﬂ Nsnﬁg&q AFE)

sp_CleIZZBSG ASIA (4)

SEA
7 mmnnara’gscama WNAM (314)
0 AHFE02 WN

20

100/98
—Q®

100/99

Hysisrangium 057 AUS l
Hystarangiu OSC 9529
H}’fl.ltagnw:,mHMZil )

Hysg:w Wk OSC1224‘1£'5 PNG (4)

i aﬂhghmil' ?ME“r é‘l
Qitm adliny
Hysterangium sp, 1 26367 M
lysterangiumsp, T26347 SEAM rﬁ“ '

X

258 Als (1)
8(:5929 AUB
&6 AUS (1
ahuhsa OS5C55518 AUS | *
amicorum DSC59285 AUS (1)

zzlzex
HH

sa\e\ﬁue.\msf\\—\
‘ sa\e\_ﬁuejaxsf\\—\—woa

100/100

alia arenana DSCE3306 AI.I%E;
— 9825 AUS
= Nothocastorsum

L=

—®

100/74
100/100

L‘aargrsum S0, %‘SWE:‘%H
mmigiohes

St Ak
h terangium sp. H2022 .M?gz puan
L% e rangmm a5 2&3 AUS (1)

]

fnari AUS (1)
TE‘QZZ 8
la»smmglm ml'l‘nlu

o
%*511205?392 Al.l& i'n

m&mﬁuaoscswad .ws'}a‘!
OSCH9692 NZ (2)
Ballacer sburnsa 0SCEE601 NZ(2)
Galtacsa sp.OSC122728 NZ(2)
Gallaces
p. O 8 (1
. 050122813 AUS
clelandii OSCE;

4
AUS |(]
utisria claiandi oscaani AUS (1)
sp Beatanss AUS (1

Gu

Galluces
Aua!.rug\autb

Austrogauti 05012253? NZ
mﬂmgngw;pma Caafi

o ! OSCH 9@31

lmn’a manjimupa: D SCESE00 AUS (1
Austrogaulisria

MWBF?.T’E :x'é“ M'

autuensis OSCEI673 N2
Protubera P, T20066 ALIS

0 oscsgs-ts AUS 1‘11

M

phillipsi OSC56022 WNAM

sacoafus T13202 ENAM
Profubara

0.05 expected substitutions per site

SUC-M7
Phalius hadnan 05C 107658 Outgroup

mambranacsumT 12836EUR (4)
muraumnms ENAM(3)
WHAM

1

pachysporus OSCADZIS gﬁg?ﬁssz Au& !l“
Ehblapal:h)d-‘lrix DSCHER0S

Chondrogaster ai tisparus O

Hysterangium |

{Northern Hemisphere?)

Aroramyces

(Northern &
Southern Hemisphere)

Hysterangium |l
(AUS, PNG, NC, NZ, SSAM)

Mesophelliaceae
(AUS)

Gallaceaceae

(AUS, NC, NZ, SSAM)

v
g Phallogastraceae

/7 (Northern &

Southern Hemisphere}

Fig 2 - A 50 % majority rule consensus of Hysterangiales phylogeny derived from Bayesian analysis. Taxon names followed by

area of distribution (for abbreviation of areas, see Fig 1 and Materials and methods), and by presumable ectomycorrhizal host
in parentheses (1 = Myrtaceae, 2 = Nothofagaceae, 3 = Pinaceae, 4 = Fagaceae, 5 = Dipterocarpaceae, 6 Caesalpinioideae,

7 = Ericaceae, 8 = Casuarinaceae). Numbers in circles indicate the ancestral ectomycorrhizal host inferred from unweighted
parsimony reconstructions. Black circles on nodes indicate ambiguous reconstructions. Numbers on branches are nodal
supports shown as percentage (Bayesian PP/parsimony BS values; asterisk indicates no BS support. Only deep nodes are
endemism).

labelled). °One taxon distributed in New Zealand, but treated as a Holarctic taxon (see Materials and methods, Areas of
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family to the others was recorded using the ‘state changes and
stasis’ option.

Results and discussion
Phylogenetic analyses

Comparisons of 70 % BS trees from the individual gene analy-
ses did not reveal any major conflicts among the datasets. The
combined dataset after excluding the ambiguously aligned re-
gions had an alignment length of 2842 bp, including 651 bp of
atp6, 543 bp of nuLSU rDNA, 758 bp of RPB2, 483 bp of EF-1a,
and 407bp of mtSSU rDNA. The number of parsimony
informative characters was 968 for the combined dataset, in-
cluding 293 for atp6 (77, 35, and 181 for 1st, 2nd, and 3rd codon
position, respectively), 142 for nuLSU rDNA, 294 for RPB2 (47,
18, and 229 for 1st, 2nd, and 3rd codon position, respectively),
155 for EF-1a (12, 8, and 135 for 1st, 2nd, and 3rd codon posi-
tion, respectively), and 84 for mtSSU rDNA.

Parsimony analyses yielded 320 most parsimonious trees,
of which 73 trees were found in the first step of the heuristic
search. The most parsimonious trees had 6275 steps with
a CI of 0.259, RI of 0.703, and RC of 0.183. Bayesian analyses
reached the plateau of the log-likelihood at approximately
400K generations (based on the plotting using TRACER), and
the average standard deviation of split frequencies went
below 0.01 after approximately 800K generations. A 50 % ma-
jority rule consensus of the 40K Bayesian trees with the aver-
age log-likelihood of —36882.42 (harmonic mean) is provided
(Fig 2), after discarding the first 10K trees (1M generations) as
the burn-in phase. The potential scale reduction factor was
1.000-1.002 for all parameters, indicating that the analyses
were run for a sufficient number of generations.

The phylogenetic analyses with a combined five-gene data-
set strongly supported the monophyly of Hysterangiales (100 %
PP and BS value; Fig 2), consistent with the earlier study by
Hosaka et al. (2006). In addition, all major groups found previ-
ously (Hosaka et al. 2006) were recovered with strong support.
Six major clades within Hysterangiales were recognized, all of
which, except for the Hysterangium I and Aroramyces clades,
were well-supported by both the Bayesian and parsimony
analyses (Fig 2). All saprobic taxa within Hysterangiales were
confined to the Phallogastraceae clade (Castellano 1990; Miller
& Miller 1988), and the rest of Hysterangiales were all ectomy-
corrhizal taxa (ECM-Hysterangiales clade in Fig 2). This
suggests a single origin of the ectomycorrhizal habit for Hys-
terangiales or less parsimoniously, parallel gains of ectomycor-
rhizal habit. Although multiple losses of ectomycorrhizal
habit have been hypothesized to have occurred during the
evolution of Agaricomycetes, as well as multiple gains (Hibbett
et al. 2000), no apparent loss of mycorrhizal habit was ob-
served in Hysterangiales.

Higher-level phylogeny of Hysterangiales revealed that
strong biogeographical patterns exist (Fig 2). While the Phallo-
gastraceae clade was composed of both Northern and Southern
Hemisphere taxa, the three basal clades within the ECM-Hys-
terangiales clade were composed strictly of Southern Hemi-
sphere taxa (Fig 2). Northern Hemisphere taxa were
restricted to the more terminal clades (Hysterangium 1 and

Aroramyces clades; Fig 2). Neither Northern Hemisphere nor
Southern Hemisphere taxa formed monophyletic groups, so
the simple Northern versus Southern Hemisphere vicariant
pattern could not be applied. Southern Hemisphere taxa
comprised a basal paraphyletic assemblage, and Northemn
Hemisphere taxa were nested within Southern Hemisphere
taxa. One major clade (Hysterangium I) was strictly composed
of Northern Hemisphere taxa (Fig 2).

Several nodes showed congruent patterns with the geolog-
ical history, including the sister relationships of AUS and PNG
(Hysterangium 11 clade), and NC and NZ (Gallaceaceae clade). As
far as we know, the area relationship observed in the phylog-
eny of Hysterangiales is one of a few biogeographical examples
showing the sister relationship of NZ and NC. The Phallogastra-
ceae clade showed a pattern consistent with Pangaean
breakup (Fig 3). Although only five taxa are included in this
clade, the pattern might correspond to the initial split of Pan-
gaea into Gondwana and Laurasia (McLoughlin 2001; Hallam
1994; Fig 1). The area relationships observed in the Aroramyces
clade (Fig 3) might also be a reflection of ancient geological
event. This clade contains both Southern and Northern Hemi-
sphere taxa, and it is the only clade containing AF and IND
taxa. Furthermore, the area relationships within this clade
seem to be congruent with the geological history of Pangaean
break up (Fig 1). Taxa from AF, NSAM, IND, NC, and AUS form
a monophyletic group, which is consistent with the fact that
all those areas were once united as a single continent, Gond-
wana. The difference is that AF and NSAM did not form mono-
phyly, but the general patterns closely resemble the sequence
of Pangaean break up.

Several incongruent patterns with the geological history
were also observed. The most frequent pattern was sister re-
lationship of AUS and NZ, which was observed in six nodes
(Fig 3). Generally, AUS and NZ are not considered the sister
areas. Several geological evidences suggest that NZ and NC
were separated from AUS by 80 Mya, while AUS was still con-
nected to SSAM via Antarctica (McLoughlin 2001; Hallam
1994). If this is the case, we expect to see a sister relationship
of AUS and SSAM, instead of AUS and NZ. Although SSAM was
represented only in two clades in this study (Gallaceaceae and
Hysterangium 1I clades; Fig 3), the patterns in both clades
showed that AUS and NZ are more closely related to each
other than either one of them is to SSAM. Many independent
studies have shown that biogeographical patterns of AUS and
NZ could only be explained by long-distance dispersal
between these areas (Pole 1994; Knapp et al. 2005; Moyersoen
et al. 2003). That significant areas of NZ have been submerged
during Late Cretaceous to Mid-Tertiary (Pole 1994; McLoughlin
2001) also support the ideas that the presence of many, if not
all, terrestrial organisms in NZ are due to long-distance dis-
persal, most likely from AUS.

Dispersal-vicariance analyses

DIVA suggested that the common ancestor of Hysterangiales
had a wide distribution, but the reconstructions varied under
different constraints on the maximum number of areas
(Table 1). When ‘maxareas’ was not specified, the most basal
node (node 1, Fig 3) was reconstructed as widespread in all
ten unit areas (Table 1), whereas AUS, NZ and HOL were
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Fig 3 - Simplified taxon-area cladogram used for DIVA and TreeFitter analyses. Taxon names were replaced by areas of
endemism (for abbreviation of areas, see Fig 1 and Materials and methods). Areas are followed by more specific locality
information if available. Holarctic is subdivided into four unit areas, but these were not used for the analyses. Clade names
follow Fig 2. Characters above branches indicate the results of the ancestral area reconstructions using DIVA. Two or more
characters without a space indicate that the ancestors were widespread across those areas. Characters separated by a slash
indicate the alternative equally parsimonious reconstructions. Ancestral areas reconstructed consistently throughout the
‘maxareas’ option of DIVA (ranging from two to ten) are shown. Numbers in squares (1-17) indicate the nodes that had
different reconstructions throughout the ‘maxareas’ settings. See Table 1 for the reconstructions on nodes 1-17.

unambiguously reconstructed as the ancestral distribution
under the ‘maxareas’ constraints from three to six. Regard-
less, a wide distribution of the common ancestor of Hysteran-
giales, both in the Northern and Southern continents, was
suggested. Nodes 2-5 (Fig 3) were reconstructed more

ambiguously (Table 1). When ‘maxareas’ was specified to
nine or unspecified, at least four (to >100) equally parsimoni-
ous reconstructions were available for each node, and all
nodes were reconstructed as a wide distribution that include
all or most unit areas, including HOL (Table 1). However, it is
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Table 1 - Ancestral area reconstructions inferred from dispersal-vicariance analyses

Node Maxareas

10 {unspecified) 6" 7 8 9
1 ABCDEFGHI) ACT ACI/ABCEFI] 47 combinations (3-8)¢ 10 combinations (9)
2 6 combinations (7-10) A 7 ¢ombinations (1=7)° =100 combinations (1-8)" 47 combinations (7-9)
3 4 combinations (8-10) A 5 combinations (1-7)”  >100 combinations (1-8)® 31 combinations (7-9)
4 8 combinations (7-10) A 9 combinations (1-7)°  >100 combinations (1-8)" 59 combinations (6-9)
5 4 combinations (7-9) Al 5 combinations (2-6)° 92 combinations (2-8)° 28 combinations (6-9)
6 AYCIACH ' CI/ACT Al/CHAC AUCUAC! Al/CI/ACT
7 A/C/AC AJAC A/CIAC AIC/AC/CD/ACD A/CIAC
8 A/AC/ACD A AJACIACD. A/AC/AD/ACD AJACIACD
9 & combinations (7-9) A 7 combinations (1-6)" ~100 combinations (1-8)® 42 combinations (6-9)
10 8 combinations (6-9) 28 combinations (2-6) 31 combinations (2-6)  >100 combinations (2-8} 56 combinations {5-9)
11 24 combinations (4-8)  A/AVACI A/AVCUACL >100 combinations (1-8)°  >100 combinations (3-8)
12 & combinations (4-7) 32 combinations (1-6) 33 combinations (1-7) 61 combinations (1-7) 32 combinations (3-7)
13 12 combinations {4~7) 77 combinations (2-6) 78 combinations(2-7) 92 combinations (2-7) 48 combinations (3-7)
14 4 combinations {3-5) 15 combinations (2-5) 15 combinations (2-5) 15 combinations (2-5) 12 combinations (2-5)
15 DFH/ADFH 7 combinations (2-4) 7 combinations (2-4) 7 combinations (2-4) & combinations {2-4)
16 DH/ADH AH/DH/ADH AH/DH/ADH AH/DH/ADH AH/DH/ADH
17 BF/BF] BF/FJ/BF] BE/FJ/BE] BF/FJ/BE] BF/FJ/BF]

Reconstructions were conducted by changing the ‘maxareas’ option of DIVA from two to ten (unspecified). Two or more characters without
a space indicate that the ancestors were widespread across those areas. Characters separated by a slash indicate the alternative equally par-
simonious reconstruction. When more than three equally parsimonious reconstructions are available, the number of possible combinations
is showmn. Numbers in parentheses indicate the minimum and maximum number of unit areas for the equally parsimonious reconstructions.
Node numbers and abbreviations of areas correspond to those of Fig 3.
a Reconstructions on nodes 1-9 were identical under the 'maxareas’ settings from two to six except for node 1and 6, which were reconstructed

respectively as A/AC/Al and AI/CI under the ‘maxareas’=2.

b Only reconstruction with one unit area was A.

¢ Only reconstruction with two unit areas was Al

d Only reconstruction with three unit areas was ACL

e Egually parsimonious reconstructions included A, Al, CI, and ACL

difficult to distinguish whether the results actually supported
a wide ancestral distribution or they are the analytical artefacts
of DIVA having unreliable reconstructions at basal nodes. How-
ever, the reconstructions were more consistent under the ‘max-
areas’ constraints from two to eight (Table 1). For example,
nodes 2-4 were either unambiguously reconstructed as AUS
(‘maxareas’ = 2-6) or AUS was suggested as one of the most
parsimonious reconstructions (‘maxareas’ = 7-8; Table 1). This
suggests the origin and initial diversification of the ECM-Hysteran-
giales occurred in AUS, or eastern Gondwana, and range expan-
sion of the ECM-Hysterangiales was the result of northward
movement from the Southern Hemisphere.

DIVA was unable to resolve the ancestral areas for many
nodes in the Aroramyces clade (Table 1). However, under the ‘max-
areas’ constraints, node 9 was either unambiguously recon-
structed as AUS (‘maxareas’ = 2-6) or AUS was suggested as one
of the most parsimonious reconstructions (‘maxareas’ = 7-8;
Table 1). If this scenariois correct, this suggests that range expan-
sion of the ECM-Hysterangiales to the Northern Hemisphere hap-
pened more than once: once at node 5 and at least one more time
at nodes 10-13. This is consistent with the polyphyly of Northern
Hemisphere taxa (Figs 2 and 3), and that the phylogeny of Hyster-
angiales cannot be explained strictly by vicariance.

The ancestral areas of the Hysterangium II clade were
unambiguously reconstructed for all nodes throughout the
different ‘maxareas’ constraints (Fig 3). The reconstructions
suggest that the common ancestor was distributed in AUS
and SSAM, and the (potential) vicariant event caused

a speciation into two lineages: one restricted to AUS and the
other restricted to SSAM. Further range expansion to NZ (in
two separate lineages) and to PNG were followed by another
potential vicariant event. Because NZ was separated from
Gondwana earlier than AUS and SSAM (Fig 1), two potential
vicariant events depicted in Fig 3 (AE to A & E versus ACto A
& C) are not compatible, unless the alternative geological
hypothesis by Hallam (1994) is postulated (see Materials and
methods, Geological scenario). Because of short branch lengths
observed in the clade, phylogenetic patterns (e.g. NZ taxa
deeply nested within AUS taxa), and the results of the ances-
tral area reconstructions, we hypothesize that NZ taxa in the
Hysterangium Il clade are the result of long-distance, transoce-
anic dispersal from AUS.

Parsimony-based tree fitting

Twenty-two equally parsimonious area cladograms were
recovered from the phylogeny of Hysterangiales using TreeFit-
ter (Fig 4), but none corresponded to a topology identical to the
geological history of Pangaean break up (Fig 1). Among the
22 area cladograms, there were only two consistent patterns,
i.e. sister relationships of AUS and NZ, and SEA and PNG (Fig
4A), both of which are incongruent with geological history
(Fig 1). The results suggest that there have been long-distance
dispersal events between AUS and NZ, and SEA and PNG.
However, the searches for the best area cladograms were sen-
sitive to the event cost settings. Different sets of area
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Fig 4 - The most parsimonious area cladograms inferred from the taxon-area cladogram in Fig 3. Strict consensus (A) and
50 % majority rule consensus (B) of 22 equally parsimonious area cladograms. (C)-(X) Equally parsimonious area cladograms.

For abbreviations of areas, see Fig 1.

cladograms were obtained in each event cost settings, and the
22 trees obtained under the default cost settings (Analysis 1 of
Table 2) were always suboptimal in terms of tree lengths (data
not shown), except for analyses 9-13 and 15-16 (Table 2),
which found more parsimonious trees than could be stored
in memory. Despite these differences, most area cladograms
obtained under a range of event cost settings consistently
showed the sister area relationships of AUS and NZ, and SEA
and PNG (data not shown).

Randomization tests showed that the fit between the phy-
logeny of Hysterangiales (Fig 3) and the geological history (Fig 1)
was statistically not significant (Table 2). The results were
consistent under the different event cost settings (Table 2).
This suggests that the fit between the phylogeny of Hysteran-
giales and geological history could happen by chance, and
that current distribution of Hysterangiales cannot be fully
explained by Pangaean break up. The number of inferred bio-
geographical events also was relatively stable throughout the
range of the event cost settings we have investigated (Table 2).
In general, low number of vicariance (four or less) and
extinction (11 or less) events and higher occurrence of dis-
persal (20 or more) events were inferred (Table 2). Only
exceptional results were observed in the analysis 4, in which
more vicariance (14) and extinction (59) events than dispersal
(3) events were inferred (Table 2). In this analysis, dispersal
events received a much higher cost than extinction (and
vicariance) events (Table 2). This weighting scheme was
identified as the most appropriate model to analyze the

‘cospeciation-sorting pattern’ (Ronquist 2003), which in a bio-
geographical context could be referred to as vicariance-
extinction pattern. Although none of the randomization tests
showed significant results, the lowest P-value (though well
above 0.05) was obtained under this model (Table 2). We con-
sider the results inconclusive, but it might be a weak indica-
tion that vicariance events are at least partially responsible
for the current distribution of Hysterangiales.

Ancestral ectomycorrhizal host reconstructions

The phylogeny of Hysterangiales revealed many closely related
species of Hysterangiales did not share the same host families
(Fig 2). Most major clades within the ECM-Hysterangiales clade
were represented by two or more ectomycorrhizal hosts,
except the Mesophelliaceae clade, which is strictly associated
with Eucalyptus (Myrtaceae). The results also indicate that
frequent host shifts occurred during the evolution of Hysteran-
giales (Fig 5). However, host shifts are not necessarily between
the two closely related groups of plants. For example, no host
shifts between Nothofagaceae and Fagaceae, both of which be-
long to the order Fagales, were observed (Fig 5).Conversely,
host shifts between distantly related plants, e.g. Pinaceae and
Fagaceae, were frequently observed. This suggests that the
phylogenies of Hysterangiales and its ectomycorrhizal host
plants do not follow cospeciation patterns.

The host-fungus associations closely correlate with the
current geographic distributions. That is, most Northern
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Table 2 - Searches for the best area cladograms and frequency of events inferred using various event costs

Analysis no. Event cost® No.MPAC” TL-MP? TL-Geo® Fit’ No. of inferred event®
Vic Dup Dis Ext Vic Dup Dis Ext

1" 0 i} 2 1 22 30 44 0486 34 4446 21-22 0-2

2 0 0 1 1 40 17 22 0310 34 4445 22 )

3 o 0 1 2 1 18 22 0287 34 4445 2 0

4 0 0 4 1 7 a3 71 0207 14 53 3 59

5 a 0 1 4 36 18 22 0288  3-4 4445 22 0

6 1 0 4 2 1 59 91 0333 3 4445 21-22 0-2

7 1 0 2 2 6 43 47 0213 3 45 22 0

8 1 0 2 4 6 43 47 0215 3 45 22 0

9 2 0 1 1 100K° 25 25 1 0 45 25 0

10 2 0 2 1 100KS 50 50 i -3 45-49 21-95 0-8

11 2 0 1 2 100K° 25 25 1 0 45 25 0

12 4 0 1 2 100K 25 25 fa 0 45 25 0

13 4 0 2 1 100K= 50 50 1 ] 45-49 21-25 0-8

14 & 0 4 1 5 74 91 0271 0 50 20 11

15 4 0 1 & 100K° 25 5 1 0 45 25 0

16 4 0 1 1 100K* 25 25 1 0 45 25 0

a Event costs for Vic, vicariance; Dup, duplication; Dis, dispersal; Ext, extinction.

b Number of equally parsimonious area cladograms obtained under the event cost settings implemented.

¢ More trees were found than could be stored in memory.

d Tree length (total cost) of the most parsimonious area cladograms obtained under the event cost settings implementad.

e Tree length (total cost) of the geological area cladograms (Fig 18) obtained under the event cost settings implemented.

f P-value of fit between the taxon-area cladogram (Fig 3) and geological area cladogram (Fig 1B) tested by permutation of the aréas in the geo-
logical area cladogram. Results are considered significant when P < 0.05.

g Maximum snd minimum number of events (Vic, vicariance; Dup, duplication; Dis, dispersal; Ext, extinction) inferred by fitting the taxon-area

cladogram (Fig 3) to geological area cladogram (Fig 1B).
h Default settings of TreeFitter.

Hemisphere species associate with Fagaceae or Pinaceae and
Southern Hemisphere species associate with Myrtaceae or
Nothofagaceae. Bidirectional host shifts were observed only
between Pinaceae and Fagaceae (one to seven shifts in both
directions), or between Myrtaceae and Nothofagaceae (two shifts
from Nothofagaceae, five shifts from Myrtaceae) (Fig 5). All other

0-1
Dipterocarpaceae - Caesalpinioideae
4 " ., - H
S 01

." ..

patterns for host shifts, except for the shift from Myrtaceae to
Fagaceae with three possible steps, occurred only once. This
indicates that the biogeography of Hysterangiales has been
shaped by host availability, i.e. co-occurrence with host trees
in a common geographic area, and not by a pattern of specia-
tion based on strict host-tracking.

Myrtaceae was reconstructed as the most ancestral host of
the ECM-Hysterangiales (Fig 2). Furthermore, the common
ancestors of the Hysterangium II, Mesophelliaceae and Gallacea-
ceae clades were all reconstructed as Myrtaceae (Fig 2), and
taxa associated with Nothofagaceae were confined to the
more terminal clades (Fig 2). This contrasts with the tradi-

Ericaceae tional view that considered Nothofagus an ancestral host for
: i A ) many ectomycorrhizal fungi in the Southern Hemisphere,
0-1 ..’ 3 and host shifts to Myrtaceae happened more recently as Myrta-
I . ceae (especially Eucalyptus) expanded its distribution range
= e " o Pera,,
Noliolagaoss e . Fagaceae (Malloch et al. 1?89). .
If Myrtaceae is indeed the most ancestral ectomycorrhizal
3 5 1.7 /1? host, the most parsimonious explanation is that Hysterangiales
S is as old as, or younger than, Myrtaceae. A molecular clock
Myriaceae .........c.oovmnnnnnnnnne Pinaceae

01

Fig 5 — Frequency of ectomycorrhizal host shifts inferred
from unweighted parsimony reconstructions. Arrows indi-
cate the direction of host shift. Numbers on arrows indicate
the minimum and maximum possible steps. Host shifts
with possible zero occurrences are indicated by dotted
arrows. Ectomycorrhizal hosts are coded in eight states,
each state corresponding to host family.

study suggested that the family originated less than 90 Mya
(Sytsma et al. 2004). In this scenario, Hysterangiales could be
even younger because not all members of Myrtaceae are
ectomycorrhizal (Wang & Qiu 2006). This is inconsistent
with the hypothesis that Hysterangiales originated before the
break up of Gondwana. Furthermore, age estimates for any
known ectomycorrhizal hosts of Hysterangiales are signifi-
cantly younger than the initial break up of Gondwana
(Schneider et al. 2004; Wang et al. 2000; Wikstrom et al. 2001).
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Therefore, for Hysterangiales to be older than the Gondwanan
break up, ad hoc hypotheses, such as novel ectomycorrhizal
association with ancient plants or parallel gains of ectomycor-
rhizal habit, must be postulated.

Biogeography of animals with emphasis on mycophagy

The association between small animals and truffle-like fungi
can be seen in many areas of the world. In the Northern Hemi-
sphere, small mammals especially rodents (e.g. squirrels,
mice, voles), and in the Southern Hemisphere several marsu-
pials (e.g. potoroo, bettong, bandicoot) eat significant amount
of fruiting bodies of truffle-like fungi as part of their diet (Cas-
tellano et al. 1989; Claridge 2002; Fogel & Trappe 1978; Malajc-
zuk et al. 1987b). Because of the tight interaction between
mycophagous animals and truffle-like fungi, some sort of
co-evolutionary scenario is a possibility.

Two major animal groups containing mycophagous ani-
mals are Eutheria (including extant placental mammals) and
Metatheria (including extant marsupials), and they are proba-
bly the sister groups (Phillips & Penny 2003). Although the
age estimates for the origin of Eutheria and Metatheria vary
from Permian to Mid-Cretaceous (Bromham et al. 1999), fossil
evidence suggests that both groups originated in Asia (Luo
et al. 2003). They expanded their distribution to North America
and then to South America at around the K/T boundary
(Nilsson et al. 2003). Metatheria did not reach AUS until Late
Cretaceous or early Tertiary because the first appearance of
marsupial fossils in AUS is from 55 Mya (Bromham et al.
1999). At that time, SSAM and AUS were still connected
through Antarctica, so that marsupials could expand their
range via Antarctica. This pattern is also consistent with the
mammal phylogeny, which shows a more basal position of
Asian and North American taxa with terminal AUS taxa (Luo
et al. 2003). This means that one of the most important spore
vectors for truffle-like fungi may not have been present in
AUS until relatively recently, suggesting that mycophagous
animals, e.g. marsupials, may not be the most important fac-
tor for the initial range expansion of Hysterangiales.

Although mycophagy by small animals, especially rodents
and small marsupials, is usually emphasized for truffle-
animal interactions, there may be other organisms that could
serve as important spore vectors. For example, mycophagy by
arthropods is well-documented for many groups of fungi
(Martin 1979). The order Phallales, which is closely related to
Hysterangiales, is one of the prime examples of insect mycoph-
agy (Hosaka et al. 2006). Its phylogenetic affinity with Hysteran-
giales leaves a possibility that the ancestor of Hysterangiales
was at least partially dependent on arthropods for spore
dispersal. Exactly how arthropods are important for spore dis-
persal of Hysterangiales compared with mammals/marsupials
is unclear. Some truffle-like fungi are known to emit chemical
compounds to attract various insects (Pacioni et al. 1991),
which implies that the interactions between Hysterangiales
and arthropods should not be ignored.

There are some examples of mycophagy by birds (Simpson
2000; Claridge 2002) and deer (Ashkannejhad & Horton 2006).
Lilleskov & Bruns (2005) suggested the potential importance
of linkages between below ground and above-ground food
webs, e.g. predatory animals as secondary spore vectors by

feeding on mycophagous animals. In addition, abiotic factor,
such as rainwater, may be equally important for physical
movement of spores (Fogel 1976). These data imply that
spores of truffle-like fungi could potentially be dispersed for
long distances. Recent population genetics studies suggest
that although the spores of truffle-like fungi can be dispersed
for a few kilometers in continuous forest with a presence of
mycophagous mammals (Kretzer et al. 2005), the existence of
oceans (Wedén et al. 2004), mountain ranges (Murat et al.
2004), and valley systems (Grubisha et al. 2007) could be effec-
tive dispersal barriers.

Fossil records of fungi

Fossil records give us important clues for understanding the
ancient fungal biota. Fungal fossils from the Proterozoic era
are documented by Butterfield (2005), but the phylogenetic
position of these fossils is difficult to evaluate. From the Paleo-
zoic era, Glomeromycota (460 Mya; Redecker et al. 2000) and
Ascomycota (400 Mya; Taylor et al. 2005) have been docu-
mented. One Basidiomycota fossil is also known as hyphae
with clamp connections (290 Mya; Dennis 1970). However, it
cannot be assigned to any specific group of Basidiomycota.
The oldest fossil records of Agaricomycetes are from the Creta-
ceous period ca 100 Mya (Hibbett et al. 1997; Poinar & Brown
2003). A possibility of Palaeoclavaria (Poinar & Brown 2003) be-
ing a close relative of Clavariadelphus in Phallomycetidae
(Hosaka et al. 2006) cannot be discarded, but is difficult to eval-
uate. There are much more recent fossils of ectomycorrhizas
from the Eocene (LePage et al. 1997) and Geastraceae, which
belongs to Phallomycetidae, and therefore is closely related
td Hysterangiales (Hosaka et al. 2006), from the Miocene
(Magallon-Puebla & Cevallos-Ferriz 1993). These fossil records
cast no doubt about the existence of fungi in the Paleozoic
era. However, to discuss the biogeography of Hysterangiales,
scarce fossil records of mushroom-forming fungi give us
little insight into the ancient mycobiota. Based on the fossil
records, a Jurassic or older origin of Agaricomycetes is likely,
but no direct evidence suggests the divergence time of
Hysterangiales.

Conclusions

In conclusion, the phylogeny of Hysterangiales, as well as the
results of ancestral area reconstructions, suggests that ecto-
mycorrhizal lineages of Hysterangiales originated in AUS or
eastern Gondwana with subsequent range expansions to the
Northern Hemisphere. Because of the ambiguity associated
with different constraints and event cost settings of biogeo-
graphical analyses, the origin of Hysterangiales and the timing
of its range expansions are still inconclusive. However, con-
sideration of the age of host trees and known mammalian dis-
persers are most consistent with a post-Pangean origin of
Hysterangiales. Regardless, models for both ancient and more
recent origins of Hysterangiales are consistent with hypogeous,
truffle-like fungi being capable of transoceanic dispersal.
Given its hypogeous and ectomycorrhizal habit, it is intriguing
to know how and whether Hysterangiales could carry out such
long-distance dispersal. If correct, then our initial hypothesis
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that truffle-like fungi have more limited spore dispersal as
compared with their epigeous counterparts is incorrect.
Future research should focus on more sampling from the
presently underrepresented areas, e.g. AF, IND, and Asia, to
further clarify the biogeographical patterns of Hysterangiales.
Additional paleontological studies of fossil ectomycorrhizas
and mushroom-forming fungi from more ancient geologic
periods would be of great benefit. Because no definitive fossils
of Hysterangiales are currently known, more robust age esti-
mates will have to be obtained with well-supported, higher-
level phylogeny for Agaricomycetes using the external fossil
records.
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