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The basidiomycetous polypore genus Polyporus s. str. can be subdivided into
several infrageneric groups, one of which is ‘Polyporellus’. This publication mainly
discusses four widespread species within the ‘Polyporellus’ group: Polyporus
arcularius, P. brumalis, P. ciliatus, and P. tricholoma. As morphological characters
may be ambiguous in identifying similar specimens in this group, this paper
expands on an earlier study determining phylogenetic species entities in ‘Poly-
porellus’. A total of 35 additional ITS rDNA (ITS I - 5.8S — ITS II) sequences was
inserted into the phylogenetic analysis. The presence of P. ciliatus or P. tricholoma
in temperate North America could not be confirmed by morphology or molecular
data. Spore ranges for the three species P. arcularius / P. brumalis / P. ciliatus were
found to overlap. Our study indicates a closer relationship of the gilled Lentinus
tigrinus (= Polyporus gerdai) to P tricholoma than to any other of the ‘Poly-
porellus’ species investigated.

Keywords: Polypores, Basidiomycota, systematics.

Polypores are a morphological type of mushrooms in reference to
usually tough basidiomata with poroid hymenophore, mostly grow-
ing on woody substrates as saprobes or pathogens. In modern deli-
mitation, the basidiomycete genus Polyporus Adanson 1763: Fr. 1821
emend. D. Kriiger in Kriiger & Gargas (2004) is characterized by
usually forming short-lived basidiomata with stipes, and causing
white-rot in wood. Within this genus is an infrageneric group ‘Poly-
porellus’, as circumscribed by Nufiez & Ryvarden (1995). We con-
tinue to use informal group names following Nufiez & Ryvarden
(1995), and not the genus Polyporellus established by Karsten (1879)
that was never formally described as a subgeneric taxon of Poly-
porus. The phylogeny of the entire genus Polyporus and related
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genera remains unresolved as of submission of this manuscript
(Kriger 2002, Kriiger & Gargas 2004, Lutzoni et al. 2004).

‘Polyporellus’ contains three extratropically distributed species
frequently encountered across Europe: Polyporus arcularius Batsch:
Fr., P brumalis Pers.: Fr., and P, ciliatus Fr. whereas Polyporus tri-
choloma Mont. is found in tropical and subtropical areas. The phe-
notypic variability of basidiomata of these species makes identifica-
tion difficult (Jahn 1969, Kriiger 2002: 28). Characters such as hir-
sute appearance (Bremer 1986, Kreisel 1963) or later appearance of a
dark stipe cuticle (Nufiez & Ryvarden 1995: 16) may lead to confu-
sion with the infrageneric group ‘Melanopus’. We previously con-
firmed tetrapolar mating systems for species within ‘Polyporellus’,
confirmed mating barriers between species and assessed phyloge-
netic relationships between species of this group (Kriiger et al. 2003,
2004). Polyporus arcularius, P. brumalis, and P, ciliatus, all originally
described from Europe, have also been reported in South America
(Popoff & Wright 1998: P. arcularius and P. ciliatus; Nuiez & Ryvar-
den 1995). Borges da Silveira & Wright (2002) and Borges da Silveira
et al. (2003) reported isozyme and mating data in South American
‘Polyporellus’ but did not include European material. In the past, the
name P arcularius was wrongly applied to P brumalis, and P bru-
malis to P. ciliatus (Kreisel 1963).

Here, we address the following problems: (1) What is the identity
of several Canadian collections® previously identified as Polyporus
ciliatus? Nufiez and Ryvarden (1995) disputed the existence of P
ciliatus in North America, but Hoffmann (1978) reported that a
DAOM (Department of Agriculture, Ottawa, Mycology) culture
available to us and initially received by him under the name P. bru-
malis yielded monokaryons compatible with P ciliatus. Several
additional Canadian collections from DAOM identified as P. ciliatus
were also examined. (2) Is there a novel species in Canada? Wide-
pored basidiomata of a tentative new species of ‘Polyporellus’, called
‘Polyporus longoporus’ by Mr. Serge Audet, were examined using
molecular tools. (3) Is Polyporus tricholoma, in the Americas
hitherto unknown north of the Caribbean, extant in Canada? A
Canadian collection of ‘Polyporellus’ phenotypically resembling
Polyporus tricholoma and P. ciliatus was examined with molecular
tools. (4) Is P ciliatus extant in South America? A collection from
Ecuador morphologically resembling P. ciliatus as known from Eur-
ope was included for molecular identification.

‘Polyporellus’ as circumscribed by Nufiez & Ryvarden (1995) is
the group within Polyporus that is closest to Lentinus Fr. 1825

! Collections are meant to be synonymous to the term specimen or a number of
specimens from the same locality.
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(Kriiger 2002: 28). Based on phylogenetic data and deduced second-
ary structure of ribosomal RNA Polyporus was already emended to
include Lentinus tigrinus under the new name Polyporus gerdai
D. Kriger (Kriger & Gargas 2004). The phylogenetic analyses pre-
sented here additionally re-examine (5) which species of the poroid
‘Polyporellus’ taxa is closest to Lentinus tigrinus (Bull.: Fr.) Fr., and
(6) determine if P tricholoma is an aggregate of morphologically
similar, tropical populations of the other ‘Polyporellus’ species as
suggested by Corner (1984: 50). Overall, the analyses here shed light
on the geographic range of species in a widely distributed genus
which appears to be a non-monophyletic remnant of once much
wider taxonomic delimitation. To draw attention to the traditional,
morphologically based taxonomy, the name Lentinus is used in this
paper, which is not a retraction from previous conclusions. Upcom-
ing results from other researchers are expected to lead to an attempt
to preserve the two genera, Lentinus and Polyporus, through efforts
of typification and conservation (Scott Redhead, pers. communica-
tion).

Materials and Methods

The collections investigated in this study are listed in Table 1.
Maintenance of cultures and collections followed procedures descri-
bed by Kriiger et al. (2003). In addition, we have calculated spore
ranges for collections identified as Polyporus arcularius, P. brumalis,
or P ciliatus within this study and/or Kriiger et al. (2003). Average
spore sizes (length, width, Q = length divided by width), minimum
and maximum, and standard deviations were calculated with
Microsoft Excel. Only collections identified to species by at least two
criteria (mating studies, morphology, or sequence data) here and in
Kriiger et al. (2003) were used for calculation of these ranges.

Extraction of total nucleic acids followed methods described by
Kriiger et al. (2003) or Kriiger (2002: 19). PCR of the ribosomal ITS -
region (internal transcribed spacer: ITS I — 5.8S — ITS II nuclear
rDNA) and sequencing were as described by Kriiger et al. (2003), or
Kriiger (2002: 77).

Sequence correction and alignment followed procedures from
Kriiger et al. (2003). MEGA2 files were created with the program
ForCon v. 1.0 (Raes & van de Peer 2002). Modeltest v. 3.06 (Posada
and Crandall 1998), MrModeltest (Nylander 2004), and PAUP* w.
4.0b10 (Swofford 2001) were used for suitable models of evolution.
Minimum-evolution (ME) distance analysis was performed in
MEGA2 (Kumar et al. 2001), with 100 bootstrap resamplings, clo-
sest-neighbor-interchange swapping level 2, pairwise deletion of
gaps, Tamura-Nei model with gamma shape parameter 0.59 esti-
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mated by Modeltest. Treefinder (Jobb et al. 2004), and MrBayes 3
(Ronquist and Huelsenbeck 2003) were used for maximum-like-
lihood (ML) and Bayesian (BI) analyses under the Modeltest para-
meters. In Treefinder, 100 ML bootstrap pseudoreplicates were per-
formed. Bayesian analysis was done in MrBayes3 under the follow-
ing parameters: ngen=1000000 samplefreq=100 burnin=10000 con-
type=allcompat ngammacat=6 memcp and 6 MCMC chains.

DAMBE v. 4.0.75 (Xia & Xie 2001) was used to prune identical
sequences (and hence represent identical sequences only once), and
data were further reduced in the MEGA2 data explorer by removing
parsimony-uninformative and gap characters. Resulting shortened
data were analysed in maximum-parsimony (MP) in DAMBE (1000
jackknife pseudoreplicates).

A ME ratchet (Nixon 1999, Sikes & Lewis 2001, Vos 2003) was
implemented in PAUP*, using 100 each of 25%, 50%, and 75%
deletion faststep jackknife pseudoreplicates each for multiple hill-
climbing starting points for the first of 100 iterations (hs status=no
nrep=1 swap=TBR start=current steepest=yes). The ME ratchet is an
application of the ratchet reweighting and search principle from MP
and ML into ME. Subsequently, 3 best trees from all 99 following
iterations performed with a neighbor-joining starter tree, nearest-
neighbor-interchange branch swapping and 500 seconds time limit
were saved. Resulting PAUP* ME trees form the jackknife and the
ratchet were compared using the SH-RELL test (Kishino et al. 1990,
Shimodaira & Hasegawa 1999) in ML under the model suggested by
Modeltest, as well as compared with constrainted-analysis (Table 2)
ME trees.

Trees were processed in TreeView v. 1.6.1. (Page 1996) and Mes-
quite (Maddison & Maddison 2003) and imported into graphics and
text programs. The constraints were created using TreeView.

Described pruning of data to the most informational content,
use of ME faststep and ratchet methods in PAUP*, and use of the
faster DAMBE MP and MEGA2 ME algorithms were needed due to
the high level of positional instability within the major clades, which
results in large amounts of equiparsimonious trees in MP analysis.
Conversely, Treefinder is among the fastest programs for ML analy-
sis.

Results

The aligned ITS region rDNA sequences contained 660 nucleo-
tide sites including gaps [available from the public databases under
accession number ALIGN_000375 (ftp://ftp.ebi.ac.uk/pub/databases/
embl/align/)]. A total of 166 sites were variable. Of the 99 parsi-
mony-informative sites 64 sites were retained by MEGA2. All trees
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depicted were rooted with Trametes hirsuta (Wulf.: Fr.) Pilat. The
model of evolution for the 660 nucleotide data obtained from Mod-
eltest was GTR+G+I (Lset Base=(0.2203 0.2436 0.2349) Nst=6
Rmat=(1.1195 3.5278 3.4817 0.8250 3.5278) Rates=gamma Shape=
0.5971 Pinvar=0.4265).

Results of the DAMBE MP analysis are given in Fig. 1. Only
jackknife values above 50 % (500) are indicated. Within the major
clades, support is low and the position of the tip branches is vari-
able, albeit within P tricholoma, high support values are also
encountered.

The bootstrap consensus from the ML analysis in Treefinder
determined the tree topology as shown in Fig. 2. As in MP, the P, tri-
choloma aggregate is the best-resolved part of the tree, while the other
major clades show little internal resolution. BI results are congruent
with the high support values given for the major clades in Fig. 2.

All of MP, ME (e.g. Fig. 3, a simple ME analysis), ML, and
Bayesian analyses support a closer relationship of Lentinus tigrinus
to the P, tricholoma aggregate than to the three major temperate taxa
P. arcularius, P. brumalis, and P. ciliatus. To further evaluate statis-
tically the reliability of this hypothesis and others alluded to above,
we created topological constraints with unaffected clades being col-
lapsed to polytomies.

A total of 620 trees were evaluated after the unconstrained ME
ratchet and constrained ME analyses. The best tree selected by ML
methods was an unconstrained tree found during the ME ratchet.
Table 2 summarizes the ML test results and indices of compared
trees. Constraints 1 and 2 forcing Lentinus tigrinus to be the sister
clade to all Polyporus tricholoma or even all ‘Polyporellus’ collec-
tions yield statistically sound phylogenetic trees not significantly
different from the best of unconstrained trees. Constraint 3 forced P
corylinus to be ‘concladic’ with P ciliatus, which was found to be
statistically sound and is the result in all unconstrained analyses.
With a lesser P value, ‘P. longoporus’ can be supported as concladic
to P. ciliatus (Constraint 4), while the alternative Constraint 5 with
‘P. longoporus’ to be concladic with P. arcularius is more supported.
In all unconstrained analyses, this collection appears basal to P
ciliatus, with P corylinus the next relative towards the P ciliatus
clade tip. A low P value was found on analysis with Constraint 6,
suggesting Canadian P, cf. tricholoma’ is unlikely close to P. ciliatus.
Unconstrained analyses always position this collection in P bruma-
lis. Constraint 7 (Ecuadorian AAU44971 ‘P cf. ciliatus’) received
even lesser probability of actually supporting conspecifity with P
ciliatus. All of the unconstrained analyses under any of the optim-
ality criteria actually placed this collection into the P tricholoma
complex.
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AF516548

Polyporus tricholoma

Lentinus tigrinus |

AF516539
AF516538

Polyporus ciliatus

( Polyporus brumalis )

Trametes hirsuta

( Polyporus arculanus )

0.1

Fig. 3. PAUP* simple heuristic ME analysis. Major clades collapsed, rooted with
Trametes hirsuta.

Regarding the search strategy we note that the ME ratchet
resulted in trees becoming less and less robust under ML criteria
across the progressing iterations, while the ME score across the
search remained unstable.

Morphological notes

Spore ranges for the Polyporus tricholoma complex were repor-
ted in Kriiger et al. (2004), and Fig. 4 plots approximate spore mea-
surements for the three other major ‘Polyporellus’ species, P arcu-
larius, P. brumalis, and P, ciliatus. For P. ciliatus, 171 spores from 18
collections positively identified here or in Kriiger et al. (2003) were
measured. They ranged from (5.0-)? 6.827 (-9.0) um x (1.5-) 1.924
(-3) pm, Q (2.167-) 3.635 (-5.333), indicating narrowly cylindrical

2 Extreme measures in brackets.
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spores. For 238 spores from 24 of 30 collections of Polyporus bru-
malis measurements were (5-) 7.166 (-9.5) um x (1.5-) 2.315 (-3.5) pum,
Q (2.286-) 3.150 (-5.667). Excluding FB7883, we took spore mea-
surements of 110 Polyporus arcularius spores derived from 11 of 21
available collections. The P. arcularius values were as follows: (6.0-)
8.095 (-11.0) um x (2.0-) 2.763 (-4.0) um, Q (1.714-) 2.961 (-4.000).
Ten FB7883 spores measured (6.0-) 8.440 (-9.0) um x (2.0-) 3.000
(-3.5) um, Q (2.170-) 2.810 (-3.200).

12 P. arcularius P. brumalis P. ciliatus
£ & MAX
5 10 5 N
5 8 -—-l»nnEAN *
6 +—oMIN = {
° ° ®
4 < < = i.—
4+ + 8 'g' 2
2 3 3 = _%_ 3
0
L Wl Q L Wil Q L Wl Q
STDEV 11 | 04 | 04 | 08| 04| 05| 07 | 03 | 06
MAX 1 4 4 95| 35| 57| 9 3 5.3
AVERAGE | 81| 28 3 72| 23| 31| 68 | 19 | 38
MIN 6 2 1.7 5 15 | 23 5 | 15| 22

Fig. 4. Box plot of spore size ranges in ‘Polyporellus’. L. = length, W = width, Q = L.
divided by W, STDEV = standard deviation, MAX = maximum size, MEAN =
arithmetic mean, MIN = minimum size. Values plotted are rounded in the table
below.

These spore sizes correspond well with those reported in the
monograph by Nuflez & Ryvarden (1995), but we measured some
smaller and larger spores, widening the range mostly upwards. The
averages, however, were within the ranges given by Nufiez & Ryvar-
den. Polyporus arcularius has the largest spores, followed by P. bru-
malis, and then P. ciliatus, which also has the narrowest spores. This
may correlate with usual pore size, but this can be variable.
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Another noticeable feature reported by Hoffmann (1978) and
observed here was the production of apparently monokaryotic fruit-
ing bodies. Polyporus ciliatus and P. brumalis tended to form elon-
gated stipes on the agar surfaces. One of Hoffmann’s original dikar-
yon cultures (DSMZ-H25) also formed such a stipe when grown in
liquid medium for DNA extraction.

Discussion

Specimens re-identified: We received two Canadian voucher
specimens and cultures, DAOM155905 and DAOM72515, filed as
Polyporus ciliatus. The latter, originally identified as P brumalis,
was re-identified only after Hoffmann (1978) reported that the frui-
ted dikaryotic culture generated monokaryons compatible with P
ciliatus. We also received Hoffmann’s original culture, kept for a few
decades at DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH). However, all sequences ultimately derived from
DAOMY72515 appeared in the P. brumalis clade (Figs. 1, 2). This also
holds true for DAOM155905, the other strain® received as P, ciliatus.
Based on sequence data alone, these identifications can be corrected
to P. brumalis, and the specimens agree with P. brumalis sensu Nufiez
& Ryvarden (1995). Hoffmann’s report of compatibility may be based
on the occasional ability of members of the ‘Polyporellus’ group to
hybridize, as also mentioned by Kriiger et al. (2003). So far, we see no
evidence of P ciliatus being present in North America, confirming
the suggestion by Nufiez & Ryvarden (1995).

The Canadian collection received from Mr. Audet as Polyporus
cf. tricholoma resembles P. tricholoma or P. ciliatus in small pores,
thin and ciliate fruiting body. Similarity notwithstanding, by
sequence data it is not identical to P. tricholoma or P. ciliatus, but is
related to P brumalis and P. arcularius, and possibly conspecific
with the former. This may result from past hybridization, or other-
wise may reflect support for Corner’s (1984: 50) suggestion that P
tricholoma is an agglomerate of aberrant specimens of several Poly-
porus species. Morphology can be misleading and no mating studies
could be conducted, as there was no culture available. The collection
AAU44971, resembling P ciliatus in macromorphology and spore
statistics, is closely related to the P. tricholoma groups discussed in
Kriiger (2002: 92 ff). These results cast some doubt on the validity of
basidiome identification in this group based on macromorphology or
micromorphology of basidiomata.

3 The use of the term strain here indicates a culture officially maintained in a cul-
ture collection.
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Perhaps due to darkening with age, a Korean collection
(NG980201/3) was received as Polyporus melanopus Mont. (‘Mela-
nopus’ group of Polyporus, Nuilez & Ryvarden 1995), but sequence
and spore statistics identified it as P brumalis. We have previously
corrected misidentified Danish and Austrian collections of P bru-
malis and P ciliatus collections in the course of mating studies
(Kruiger et al. 2003), and there also, either hirsute fruiting body sur-
faces or darkened stipes/pores of aged fruiting bodies caused diffi-
culties with identification. These basidiomata were sometimes
named P. melanopus by previous collectors. Notably, DAOM155905,
identified as P ciliatus, had orange pores, suggesting P. ciliatus f.
ciliatus and not P. ciliatus f. lepideus in the sense of Kreisel (1963).
Aged fruiting bodies and herbarium specimens may lose the snow-
white appearance of pores Kreisel attributed to P, ciliatus f. lepideus,
which was compatible with P. ciliatus s. str. (Hoffmann 1978). One
finds pore surfaces with greyish, reddish, brown or cream shades in
both P. brumalis and P. ciliatus.

No definitive judgment has been made about ‘Polyporus long-
oporus’ except that it appears not to be conspecific with P. arcular-
ius. The Mediterranean P. corylinus may or may not be conspecific
with P, ciliatus while its DNA implicates it is as closely related to the
latter.

Nuclear LSU (large subunit) rDNA data showed Lentinus tigri-
nus to be nested between Polyporus tricholoma and the other ‘Poly-
porellus’ taxa (Kriiger 2002: 22, 25). In this paper, ITS sequences
show the closer relationship of gilled L. tigrinus to the P, tricholoma
complex than to other ‘Polyporellus’. The lack of more taxa of poroid
‘Polyporellus’ as well as Lentinus in the data matrix might account
for the trichotomy at the base of the ingroup, and calls for wider
sampling of both. Lentinus for us contains gilled ‘Polyporellus’
pending transferral into a wider Polyporus as forecasted from Krii-
ger & Gargas (2004).

Overlapping spore ranges are of limited taxonomic value. Spore
statistics were included here to link with the keys published so far,
allowing later comparison with material from outside the recorded
geographic range. The value of macromorphology can be limited by
variable pore sizes, decoloration of aged specimens, varying degrees
of hirsute surfaces and formation of dark stipe cuticles. This multi-
technical approach may yet lead to further discovery of evolutionary
and phylogeographic patterns in polypores. The addition of ITS
rDNA data is a powerful identification tool if restricted to the use of
unambiguously alignable sequence lengths. Use of further sequence
data may help resolve outstanding issues of phylogenetic history of
polypores, if there is any one detectable common signal that can
trace a real and dichotomous phylogeny (Bapteste et al. 2005). Per-
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haps concatenated gene sequences increasingly available in the
phylogenomics era will lead to strong support for the one or the
other phylogeny applicable to a new delimitation of the genus Poly-
porus and its component taxa. Limited sequence data such as those
of the rDNA cluster alone may have indicative value for the practi-
cing taxonomist and forest pathologist.
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