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Abstract

Polypores, as wood-rotting fungi, play a vital ecological role in breaking down the wood substrate, releasing crucial nutrients into the soil,
shaping the carbon dynamics, and contributing to the overall health of the forest ecosystem. Despite their significance, the fungal diversity in the
Hindu Kush region remains inadequately explored. This study collected specimens from district Swat, Khyber Pakhtunkhwa Province, Pakistan, a
part of the Hindu Kush region. After a rigorous examination of the collected specimens for the morphoanatomical characteristics, the
concatenated sequence dataset (ITS + nrLSU) derived from generated sequences along with valid and published reference sequences was
subjected to phylogenetic analyses using different methods: maximum parsimony, maximum likelihood, and Bayesian analyses. The study
revealed two new species from the country, belonging to two polypores families i.e., Climacocystaceae and Fomitopsidaceae. Furthermore, the
analysis confirmed the identification of Daedalea dickinsii Yasuda, Neoantrodia serialis (Fr.) Audet, and Rhodofomes roseus (Alb. & Schwein.) Kotl. &
Pouzar as a new addition to the polypore inventory of Pakistan. These species received phylogenetic support and were proven to have
corresponding morphological characteristics concerning pertinent original descriptions. The inclusion of these new wood-inhabiting fungi in the
country's mycofloral list expands our understanding of fungal diversity, and distribution patterns, and contributes to global fungal biodiversity.
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Introduction

Polyporales Gaum represents a taxonomically diverse group
of fungi that have received much scientific attention due to
their fundamental ecological functions in the forest ecosystem.
Because of their lignicolous habit, they are associated with
different types of forest woods and cause different types of rot
in both living and dead tree species!'.. They are responsible for
the disintegration of wood components and help humification
and mineralization processes!?. Based on phylogenetic analy-
ses of nrRNA genes and other protein-coding genetic markers,
29 lineages at the family level have been revealed in this
groupBl. One important family found in the Antrodia clade of
Polyporales is Fomitopsidaceae Julich 1981, which consists of
brown-rotting genera, such as Antrodia P. Karst., Daedalea Pers.,
and Fomitopsis P. Karst.[*-6l, Recently, many authors have
undertaken consistent taxonomic revisions within Polyporales.
For instance, Binder et al.l” and Justo et al.[®! specified that the
genera Climacocystis Kotl. & Pouzar and Diplomitoporus
Domanski exhibit an independent status in the phylogenetic
analyses, and their familial placement remained uncertain®. In
a subsequent study by Liu et al. a new family named Climaco-
cystaceae was proposed to accommodate these general?.

Climacocystis Kotl. & Pouzar was introduced as a monotypic
genus comprising only the type species Climacocystis borealis
(Fr.) Kotl. & Pouzar!'%, This genus belongs to the residual poly-
poroid clade and shares a close phylogenetic relationship with
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Diplomitoporus Domanski, Physisporinus P. Karst., and Steccher-
inum Gray!"'l. The genus is characterized by annual, pileate
basidiocarps, a monomitic hyphal system with clamped gener-
ative hyphae, thick-walled ventricose cystidia, thin-walled,
broadly ellipsoid basidiospores that do not react to Melzer's
reagent. Climacocystis is rarely distributed in the northern hemi-
sphere and is known to cause white rot in gymnospermsl7.12-15],
In 2014, Climacocystis montana B.K. Cui & J. Song was added to
the genus as a new species from high-altitude temperate
forests in Chinal'"l,

Among the brown-rotting polypores, Fomitopsis P. Karst.
sensu lato (s.l.) is the largest genus in terms of species diversity.
The genus is characterized by annual to perennial, sessile to
effused-reflexed, woody, white or pinkish poroid basidiocarps,
possessing dimitic to trimitic hyphal system consisting of
clamped generative hyphae, presence or absence of cystidial
elements, and ellipsoid to subglobose thin-walled hyaline
basidiospores, showing negative reaction to Melzer's reagent, it
mainly causes a brown rot to a variety of hosts!>'216171 Based
on Hattori & Sotome, approximately 40 distinct species have
been identified within Fomitopsist'8l. Many species are found in
North America, Europe, and East Asial®'9-27]. The phylogeny of
Fomitopsis has long been debated, resulting in multiple taxo-
nomic revisions and extensive investigations. In a comprehen-
sive study conducted by Han et al.l29, it was discovered that
Fomitopsis s.|. does not form a monophyletic group. Instead,
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numerous species within this group exhibit a close relationship
with the brown-rotting species of Antrodia and Daedaleal*28l,
Such observations prompted a reevaluation, leading to the
recognition of distinct genera of brown-rotting fungi. The
'rosea clade', primarily comprising Fomitopsis rosea (Alb. &
Schwein.) P. Karst. and Fomitopsis cajanderi (P. Karst.) Kotl. &
Pouzar, were reclassified under a new genus named Rhod-
ofomes Kotl. & Pouzarl¥, Additionally, other significant genera,
such as Fragifomes B.K. Cui, M.L. Han & Y.C. Dai, Niveoporofomes
B.K. Cui, M.L. Han & Y.C. Dai, Rhodofomitopsis B.K. Cui, M.L. Han
& Y.C. Dai, Rubellofomes B.K. Cui, M.L. Han & Y.C. Dai, and Unguli-
daedalea B.K. Cui, M.L. Han & Y.C. Dai, were recognized within
Fomitopsis s.l. by Han et al.>l.

The Hindu Kush Mountain range in Pakistan is a biodiversity
hotspot, which is poorly documented(?°l, Recently, a variety of
mushrooms have been reported[3031], but their molecular data
is still scarce. We conducted a detailed examination of wood-
rotting specimens belonging to two families, collected from
Hindu Kush Mountain in Pakistan, based on morphological
observations and two genetic markers analysis (internal
transcribed spacer — ITS and nuclear large subunit ribosomal
DNA — nrLSU). Two species new to science and three new
records in Pakistan are proposed in this study.

Materials and methods

Morphological characterization

The current research examined voucher specimens obtained
from high-altitude temperate forests in the Swat district,
Khyber Pakhtunkhwa (KP) Province, Pakistan. This district is
located within the Hindu Kush Mountain range between lat.
34°34'-35°55' N and long. 72°08'-72°50' E. Woody vegetation,
dense forest, and humid climatic conditions of the forests favor
the growth of many wood-rotting fungi. During regular
surveys, polypore specimens were collected from the area. The
ephemeral macroscopic characteristics of basidiocarps were
carefully documented in a field notebook. Terminologies intro-
duced by Petersen were utilized to describe colorsi32, All
studied specimens were carefully dried at a temperature
between 30 to 35 °C for 72 h until constant weight was
obtained as suggested by Hu et al.33! and deposited at the
herbarium of the University of Malakand, Pakistan (BGH).

The basidiocarps were subjected to microscopic examina-
tion using the methods and techniques outlined in previous
studies!'#34], The standard notations described by Ji et al. were
used for documentation34.. Freehand anatomical sections were
prepared and analyzed under a microscope at magnifications
up to 1,000x. The hyphal system, septal features, hymenial
elements, and spore characteristics were studied in detail.
Reagents such as 5% KOH, lactophenol cotton blue (CB), and
Melzer's reagent (IKl) were employed to test for basidiospore
staining. The resulting reactions were categorized as amyloid or
Melzer's-positive (IKI+) if basidiospores showed staining, or
inamyloid or Melzer's-negative (IKI-) for a negative reaction.
The presence or absence of cyanophilic reaction was deter-
mined, and CB- denotes acyanophilous samples and CB+ for
cyanophilous samples, following the classification by Banik et
al.B3l. The mean spore length (L) and width (W) were calculated
by determining the arithmetic average of all measured spores.
The variation in the length-to-width ratios (L/W) among the
specimens examined was represented as Q. The spore
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measured, denoted as 'n(a/b)’, where ‘a’ represents the number
of spores studied and 'b' the total number of specimens exam-
ined. Measurements of various structures were conducted
using Image J softwarel36l,

DNA extraction

For gDNA extraction, a standardized CTAB method was
followed with some modifications3’-39. Around 50 mg of a
pore surface piece was homogenized in 400 pl of a 2% CTAB
buffer containing 0.2% fS-mercaptoethanol using a multi-beads
shocker. The homogenate was then incubated at 65 °C for 1 h
and added with 350 pl of chloroform: isoamyl alcohol (24:1)
and then vortexed until a cloudy white mixture was obtained.
Subsequently, the solution was centrifuged at 13,200 rpm at
4 °C for 20 min. The resulting supernatant, at the aqueous
phase, was carefully transferred to a new autoclaved micro-
tube. For the precipitation of DNA, 133 pul of ice-cold isopro-
panol was added to the supernatant, followed by centrifuga-
tion at 13,200 rpm at 4 °C for 20 min. The supernatant was
discarded, and the resulting DNA pellet was washed twice by
adding 500 pl of ice-cold ethanol. After each addition, the
mixture was briefly vortexed and centrifuged for 3 min. The
resulting pellet was air-dried and subsequently re-suspended in
100 pl of distilled water. The DNA extract was preserved at
—20 °C until further use. The quantity and purity of the DNA
extracts were assessed using the NanoDrop 1000 Spectropho-
tometer V3.7 (Thermo Fisher Scientific, Wilmington, DE, USA).

PCR and Sanger sequencing

The entire ITS and partial nrLSU regions were PCR-amplified
on an Applied Biosystems Veriti thermal cycler using PuReTaq
Ready-To-Go PCR Beads (GE Healthcare, Buckinghamshire, UK).
The primer pairs used for ITS and nrLSU regions amplification
were ITS1/ITS4 and LROR/LRS5, respectively39-41, The PCR reac-
tion mixture (total vol. of 20 ul), consisted of 2 pl of genomic
DNA (approx. 100 ng), 0.5 pl of each forward and reverse
primer, 2.6 pul of Tag PCR buffer (10X), 11.4 pul of sterile
deionized water (Fisher Scientific), 0.5 ul of Taqg DNA poly-
merase from Takara BIO INC,, 2.0 pul of MgCl,, and 0.5 pl of
dNTPs. The following thermocycling parameters were used for
the amplification: initial denaturation at 95 °C for 5 min
followed by 35 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C
for 30 s and a final extension step performed at 72 °C for
8 minl*2, Negative controls were included in the PCR reactions
to ensure the absence of contamination. The PCR products
were then run on an ethidium bromide-stained 1% agarose gel
(Fisher Scientific, Waltham, MA, USA). A 1 Kb DNA ladder from
Promega was used as a size reference to estimate the size of
the amplified bands. After purification of the PCR products
using the MEGA quick-spinTM PLUS Total Fragment DNA Purifi-
cation Kit from Thermo Fisher Scientific, Sanger sequencing
was performed at the sequencing facility of Macrogen Inc. in
Seoul, South Korea (https://dna.macrogen.com). The purified
PCR products were sequenced using the BigDye Terminator
v3.1 cycle sequencing method.

Phylogenetic analyses

To confirm the identity of query nucleotide sequences, each
sequence fragment was subjected to an individual Basic Local
Alignment Search Tool (BLAST)M3. An initial dataset was
obtained by retrieving and examining all publicly available ITS
sequences in GenBank of NCBI under the query general*¥, To
ensure the correct identification and retrieval of the right
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reference sequences, protocols recommended by Nilsson et
all*sl and Schoch et all“l were followed. Specimen names
associated with valid herbarium codes were included in the
final data set.

Multiple alignments of the final data set were performed
using an online version of MAFFT v. 7 softwarel*’]. The align-
ment was manually adjusted by removing gaps and ambigu-
ous sites using BioEdit 7.2.5 softwarel*®], using methods from
Shen et al.*9). The outgroup taxa Perenniporia ochroleuca (Berk.)
Ryvarden and Perenniporia medulla-panis (Jacg.) Donk were
used, following Soares et al.22l. Three phylogenetic analyses
were performed on the combined ITS + nrLSU data set[3450,
The maximum parsimony (MP) analysis encompassed 1,000
iterative heuristic search replicates, employing random addi-
tion of taxa searches alongside tree-bisection-reconnection
(TBR) branch exchanges. A consensus tree following the 50%
majority rule was constructed, and the tree topology was
assessed by computing parameters such as tree length, consis-
tency index (Cl), homoplasy index (HI), and retention index
(RNB1,

The maximum likelihood (ML) analysis was performed using
IQ-TREE version 1.6.125']. To compute the best-fit substitution
model via the Akaike information criterion (AIC), jModelTest
was used>2l, The final tree was inferred using 1,000 bootstrap
values and setting all the base frequencies and substitution
parameters as stated by Hoang et al.53l, The Bayesian Metropo-
lis-coupled Markov Chain Monte Carlo (MCMCMC) inference
was employed through MrBayes version 3.1554, For each parti-
tion, substitution models were defined as nst = 6, rates =
invgamma (ITS), and nst = 6, rates = invgamma (nrLSU). Model
parameters, such as base frequencies, substitution rates,
gamma shape, and p.inv., were set for each partition accord-
ingly. The analysis involved an operation of four chains
throughout two million generations. Trees were sampled at an
interval of 100 generations. The initial 5,000 trees (25% of the
total) were excluded as burn-in, and the consensus tree was
constructed from the remaining samples. The stop rule was set
at stopval = 0.0153], The generated tree was visualized using
FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/) and
subsequently subjected to editing. The ideal topologies
derived from ML analysis were exhibited and verified using
thresholds of ML-BS score (=75), MP-BS score (=50), and
Bayesian posterior probabilities (BPPs) (= 0.95)B34.

Results

The phylogenetic relationships of the species were analyzed
using three methods: MP, ML, and Bayesian analysis. All
inferred trees for each region were largely congruent, leading
us to combine the matrices for further analysis. The results from
the ML analysis are presented in Fig. 1, showing bootstrap
proportion (MP), bootstrap (ML), and BPP values. The dataset
consisted of 198 sequence variants, 99 ITS and 67 nrLSU
sequences, including our subject sequences (Table 1). This
added up to 37 species, with Perenniporia ochroleuca (Berk.)
Ryvarden and Perenniporia medulla-panis (Jacg.) Donk serving
as outgroup taxa. The concatenated data matrix, after align-
ment, consisted of 1,458 nucleotide characters, including gaps.
Of these, 928 (86.3%) characters remained constant, 101
(4.91%) were variable or singleton sites considered parsimo-
niously uninformative, and 429 (8.8%) were parsimony informa-
tive characters, with a total of 552 distinct patterns. During the
heuristic search of MP analysis, tree-bisection-reconnection
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(TBR) branch swapping was employed, resulting in 100 equally
parsimonious trees on one island. From these trees, a 50%
majority rule consensus parsimonious tree was constructed,
with the following description: tree length = 2,138, consistency
index = 0.394, retention index = 0.818, rescaled consistency
index = 0.322, and homoplasy index = 0.606. A two-partition
dataset (ITS + nrLSU) was used for the ML analysis, and the
initial log-likelihood was —11,213.440. The best evolutionary
models for the ITS and nrLSU regions were GTR+I+G, with esti-
mated gamma shape parameters of 0.6590 and 0.4810, and p-
invariance values of 0.2310 and 0.4950, respectively. The analy-
sis converged after 20,000,000 generations, with a standard
deviation of split frequencies of 0.009983. The results from both
the Bayesian and likelihood analyses exhibited similar topolo-
gies and clade distributions.

Based on molecular and morphological analyses, two new
species were confirmed: one in Climacocystis and the other in
Rhodofomes. The sample sequence MUSI21-41 forms a distinct
and independent lineage within Climacocystis, receiving strong
support (100% MP, 100% ML, and 1.00 BPP). In addition, it
differs significantly in microscopic characteristics from the two
well-supported species within the genus, namely C. montana
B.K. Cui & J. Song and C. borealis (Fr.) Kotl. & Pouzar. Similarly,
the sample sequence MU1E exhibited robust clustering with
significant support (71% MP, 97% ML, and 1.00 BPP) within the
Rhodofomes clade. However, it is noteworthy that this
sequence forms an independent lineage, distinctly separate
from other known Rhodofomes species. Despite some morpho-
logical similarities with the known species within the genus, a
few characteristics are unique to this new description.

Additionally, through phylogenetic analysis, three polypores
new to Pakistan were identified. MUBS40 corresponds to
Daedalea dickinsii Yasuda. This assignment received substantial
phylogenetic support (88% MP, 100% ML, and 1.00 BPP). Speci-
mens examined under MUJMk14 are classified as Neoantrodia
serialis (Fr.) Audet, with strong support values (98% MP, 100%
ML, and 1.00 BPP). Finally, the sample MUBS85 groups together
with Rhodofomes roseus (Alb. & Schwein.) Kotl. & Pouzar, show-
ing significant support values (87% MP, 98% ML, and 1.00 BPP)
(Fig. 1). The morphological characteristics of these three
species from Pakistan corresponded to each of the descrip-
tions of type specimens.

Taxonomy

Climacocystis temperata S. Hussain, M. Nisar & Y.W. Lim sp.
nov.

Mycobank no.: MB852033

Holotype: Climacocystis temperata, voucher no. MUSI21-41,
PAKISTAN, KP PROVINCE, Sailand, Swat District, (lat. 34°59'09" N
and long. 72°10'55" E, 2,748 m a.s.l.) in mixed coniferous forest
on dead tree inside the hollow stumps (6 feet) of Abies pindrow
(Royle ex D. Don) Royle, July 29, 2021, MUSI21-41(BGH
F000501), Mycology section of Botanical Garden Herbarium,
University of Malakand (BGH). nrRNA gene sequences holotype:
ITS (OR364522), nrLSU (OR364606).

Diagnosis: Distinguished from other Climocystis spp. by
having larger (up to 19 cm wide) and leathery basidiocarp, with
distinclty zonate pileal surface, pores 1-3 (usually 2)/mm, with
entire to serrate margin, possessing varied shaped hymenial
cystidia, elongated clavate basidia up to 47 um long, notably
larger ellipsoid basidiospores (6.7-10.7 x 3.9-6.1 um), showing
Q =1.40-1.51, and associated with A. pindrow.
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Fig. 1 ML consensus phylogenetic tree of species from brown-rotting genera including Antrodia, Daedalea, Fomitopsis, Neoantrodia,
Rhodofomes, Rhodofomitopsis, and white-rotting Climacocystis species based on ITS and nrLSU sequences. Node support values are shown in
the order of MP bootstrap/ML bootstrap/Bayesian posterior probabilities. Collection/voucher numbers are appended as tip labels and our
specimens shown as underlined. Two new species R. flavomarginatus and C. temperata are indicated in bold and three previously unrecorded
species in Pakistan are underlined.
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Table 1. Names, collection numbers, and corresponding GenBank accessions of the taxa used in the phylogenetic analyses of this study.

Taxa Collection no./voucher ITS nrLSU Origin
Antrodia albida CBS 308.82 DQ491414 NA Korea
A. serpens X1508 KC543167 NA France
A. serpens X1511 KC543169 NA France
A. heteromorpha CBS 200.91 DQ491415 NA Korea
A. heteromorpha 0509-187 KC543121 KC543121 USA
A. heteromorpha X1474 KC543150 KC543150 Norway
A. heteromorpha X1841 KC543177 KC543177 Finland
A. mappa Am4132 KC543130 KC543130 Canada
A. mappa Am4239 KC543113 KC543113 Finland
Brunneoporus malicola BCRC 35452 DQ013299 AY333837 Taiwan
B. malicola MJL1167SP AY966449 NA Taiwan
Climacocystis borealis Dai 3703 KJ566626 KJ566636 China
C. borealis Dai 11798 KJ566632 KJ566641 China
C. borealis Dai 13208 KJ566635 KJ566642 China
C. borealis Dai 4014 KJ566627 KJ566637 China
C. borealis FD-31 KP135308 KP135210 USA
C. borealis KHL13318 (GB) JQ031126 NA Sweden
C. montana Cui 10603 KJ566634 NA China
C. montana Cui 17122 ON682359 ON680811 China
C. montana Cui 17502 MW377276 MW377356 China
C. montana Cui 9610 KJ566630 NA China
C. montana Cui 17123 ON682360 ON680812 China
C. montana Cui 9607 KJ566629 KJ566639 China
C. montana Cui 9612 KJ566631 KJ566640 China
C. montana Dai 23003 ON682358 0OL423570 China
C. montana Cui 9603 KJ566628 KJ566638 China
C. temperata MUSI21-41 OR364522 OR364606 Pakistan
Daedalea circularis Cui10134 JQ314352 KP171221 China
D. circularis Dai 13062 KP171200 KP171222 China
D. dickinsii Yuan 1090 KR605790 KR605729 China
D. dickinsii Yuan 2685 KP171201 KP171223 China
D. dickinsii Yuan 2707 KP171202 KP171224 China
D. dickinsii MUBS40 OM533594 NA Pakistan
D. modesta Cui 10151 KP171205 KP171227 China
D. modesta Dai 10844 KP171206 KP171228 China
D. neotropica DLC04-100 FJ403218 NA Belize
D. neotropica DLCO04-80 FJ403217 NA USA
D. quercina Dai 12659 KP171208 KP171230 Finland
D. quercina Dai 12697 KP171209 KP171231 Czech Republic
D. quercina Dai 2260 KR605792 KR605885 China
D. quercina Dai 12152 KP171207 KP171229 China
Fomitopsis betulina CBS:377.51 MH856908 MH868430 China
F. betulina Cui 10756 KR605797 KR605736 China
F.cana Cui6239 JX435777 JX435775 China
F.cana Dai9611 JX435776 JX435774 China
F. meliae 1P_1_1 FJ372673 FJ372695 Thailand
F. meliae Dai 10035 KR605774 NA China
F. palustris CBS 283.65 DQ491404 MH870206 Korea
F. pinicola CBS 221.39 DQ491405 NA Korea
F. pinicola H:HK-19330 KF169655 NA Russia
F. pinicola PeruMyc1520 MG820763 NA Italy
F. subtropica Cui 10578 KR605787 KR605726 China
F. subtropica Cui10140 JQ067651 NA China
Neoantrodia serialis CBS 306.82 DQ491417 NA Korea
N. serialis MUJMk14 OR364518 NA Pakistan
N. serialis P213 AJ344139 NA Germany
N. variiformis CBS 309.82 DQ491418 NA Korea
N. variiformis FP90100SP AY966453 NA China
Niveoporofomes spraguei CBS 365.34 DQ491406 NA Korea
Perenniporia medulla-panis Cui14515 MW989399 NA China
P. ochroleuca Dai11486 HQ654105 JF706349 China
Rhodofomes cajanderi CBS 127.24 DQ491407 MH866275 Korea
R. cajanderi CBS 195.37 DQ491399 NA Korea

(to be continued)
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Table 1. (continued)

Taxa Collection no./voucher ITS nrLSU Origin
R. cajanderi Cui 9871 KC507158 KC507168.1 China
R. cajanderi Cui 9888 KC507156 KC507166 China
R. cajanderi HOU 10773 DQ491413 NA Korea
R. cajanderi LE-BIN 3546 MG735350 NA Russia
R. cajanderi V 0410/14a,b-J USA KR605768 KR605707 USA
R. carneus Leif Ryvarden 10118 KF999921 KF999925 China
R. carneus 015519 KC507155 KC507165 China
R. cystidiatus Yuan 6304 KR605769 KR605708 China
R. flavomarginatus MU1E OR364739 OR364741 Pakistan
R.incarnatus Cui 10348 KC844848 KC844853 China
R.incarnatus HSJ-2006a DQ491411 NA Korea
R.incarnatus SNU m-05072501 DQ491409 NA Korea
R.incarnatus Yuan 2653 KC844849 KC844854 China
R. roseus Cui 10633 KR605782 KR605721 China
R. roseus Cui 10520 KC507162 AY333809 China
R. roseus Cui 10551 KC507163 KC507173 China
R. roseus JV1110/9 KR605783 KR605722 Czech Republic
R. roseus LE-BIN 3844 MG734829 NA Russia
R. roseus MUBS85 OR364705 OR364719 Pakistan
R. roseus RLG-6954 KC585353 KC585181 USA
R. subfeei Cui 9229 KR605789 KR605728 China
R. subfeei Dai 10430 KR605788 KR605727 China
Rhodofomitopsis africana MUCL 43284 DQ491422 NA Cameroon
R. cupreorosea CBS 236.87 DQ491400 AY515325 Costa Rica
R. cupreorosea NM692 MF589757 MF590128 Brazil
R. feei CBS 424.84 DQ491402 NA Korea
R. feei JV 0610/K9 KF999922 KF999926 Kout Mexico
R. feei Oinonen 6011906 KC844851 KC844856 Brazil
R. feei Ryvarden 37603 KC844850 KC844855 Venezuela
R. feei Uotila 42928 KF999924 KF999928 Australia
R. lilacinogilva Schigel 5193 KR605773 KR605712 Australia
Rubellofomes cystidiatus Cui 5481 KF937288 KF937291 China
R. minutisporus Rajchenberg 10661 KR605777 KR605716 Argentina
Subantrodia juniperina FP97452T AY966454 NA Taiwan
S.juniperina CBS117.40 DQ491416 MH867551 USA
Ungulidaedalea fragilis Cui 10919 KF937286 NG_060408 China

*NA = Not available.

Etymology: 'temperata’ is a Latin word characterizing the
distribution of C. borealis and C. montana in the temperate
forests, used in analogy with the other species of the genus.

Description: Basidiocarps are large sized, annual, imbricate,
connate at the attachment, dimidiate to applanate, laterally
stipitate, substipitate or almost sessile, thick fleshy and lea-
thery textured, watery, becoming lightweight and hard woody
when dry, having a distinct pungent odor and acidic flavor. Pilei
growing up to 5-12 cm long, 10-19 cm wide, and 1.5-3.5 cm
thick at the attachment point, hairy, showing distinct margins
up to 2.5 mm of white colored; upper surface plano-concave,
whitish or pale to cream-colored, distinctly zonate in mature
basidiocarp, furrowed or striated along the radii, tomentose or
somewhat velutinate, becoming dull yellowish brown when
dry. Margin whitish, sterile, smoothly blunt, and entire to
serrate in mature basidiocarp, distinct on both surfaces up to
2.5 mm wide. Stipe almost absent or with short robust stipe.
Pore surface pale yellow when fresh, bruises brown to clay buff
when dry, rounded to radially elongated (reaching up to 1.8
mm long), or elliptic and irregularly distributed. Pore lining first
rounded then more or less elliptical angular, number of pores
1-3 (2) mm~7; dissepiment 0.2-1.12 (0.49) mm in thickness, and
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usually lacerate. The tube layer is detachable, yellow to pale-
colored, and up to 3 mm at the widest point. Context whitish
showing prominent radial ridges when the tube layer is peeled
up, becoming spongy when dry, context up to 1.5 cm thick at
the widest point, distinctly colored from the tube layer (Fig. 2).

Hyphal system monomitic; generative hyphae in the tube
and context layer are IKl-, CB- unaffected by KOH. The contex-
tual hyphae are light yellow or rarely hyaline, usually branched,
occasionally septate, frequently clamped (compound clamps)
showing interwoven, subparallel arrangement, 5.2-8.1 (6.5) um
in diam. Hymenial cystidia, 22.8-58.5(39.8) x 3.8-9.4(6.1) um,
variable in shape, often capitated, ventricose, rarely hyphoid,
basally septate, smooth, thinwalled, usually yellowish colored,
lacking encrustation. Basidia long, clavate, granular yellowish
content, with four short sterigmata and basal clamp,
21.5-47.6(33.8) x 5.4-8.2(6.6) um (n = 35/3). Basidiospores are
ellipsoid shaped, thin, smooth, uniguttalate with hyaline lining,
non-dixtrinoid, acyanophilous, varied size, 6.7-10.7 x 3.9-6.1
pm, L = 7.72 + 0.35 pm, W = 5.34 + 0.51 um, Q = 1.40-1.51
(n=90/3) (Fig. 3).

Additional specimens cited: Vouchers including MUSI23-40
(lat. 34°59'27" N and long. 72°10'52" E, 2,935 m a.s.l., on stump
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Fig. 2 Basidiocarps of Climacocystis temperata (a), (b), (c) from its natural habitat; (d) close-up view of the pileal surface (fresh); (e) pore
surface; (f) cross sectional view of fresh specimen showing yellow tube layer and white context. Scale bars: (a), (d) =1 cm; (b), (c) =2 cm; (e) =4

mm; (f) =5 mm.

of A. pindrow), MUSI23-27 (lat. 34°59'36" N and long. 72°10'54"
E, 2,895 m a.s.l, on stump of A. pindrow) were collected from
the type locality and examined for the morpho-anatomical
characterization.

Rhodofomes flavomarginatus S. Hussain, M. Nisar & Y.W.
Lim sp. nov.

Mycobank no.: MB852034

Holotype: Rhodofomes flavomarginatus, voucher No. MUTE,
PAKISTAN, KP PROVINCE, Malam Jabba, district Swat, (lat.
34047'37" N and long. 72°34'38" E, 2,680 m a.s.l.) in the mixed
coniferous forest on dead tree stumps (7 feet) of Abies pindrow
(Royle ex D.Don) Royle, 15t September, 2016, MU1E (BGH
F000502), Mycology section of Botanical Garden Herbarium,
University of Malakand (BGH), nrRNA gene sequences holotype:
ITS (OR364739), nrLSU (OR364741). Rarely distributed in the
type locality.

Diagnosis: This species differs from other Rhodofomes
species by having large, thick, woody perennial, ungulate basi-
diocarps with clearly broad, obtuse, yellow-colored margins,
possessing dimitic hyphal construct, short, broadly clavate
basidia, 6.3-16.7(11.7) x 3.5-5.7(4.8) um, rare occurrence of
cystidioles and slightly small sized basidiospore (5.5-6.0 x
2.9-3.2 um).

Etymology: ‘'flavomarginatus' is a Latin word combining
'flavus' and 'marginatus’, signifying the yellow bordered basid-
iocarps of the species.

Description: Basidiocarps pileate, perennial, sessile to
effused reflexed, solitary, ungulate, dimidiate or semicircular on
the underside, hard, woody textured, becoming lightweight
when dry, indistinct odor and taste. Pileus 14 cm long, 10 cm
wide, 20 cm thick at the base; upper surface dark grayish
brown, becoming dull brown when dry, glabrous, azonate
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Fig. 3 Drawing from the microscopic examination of holotype
specimen of Climacocystis temperata. (a) Contextual generative
hyphae showing branches and clamps; (b) tramal monomitic
hyphal construct showing generative hyphae; (c) simple and
compound clamp connections; (d) hymenial cystidia of different
shapes; (e) basidia; (f) basidioles; (g) basidiospores showing
different aspect view. All scale bars are 10 pm.
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surface with 1-2 deep grooves or fissures behind the margin.
Margin rounded, smooth, sterile, blunt, undulating, forming
over-grown rim beyond the pileal and hymenophore surface,
yellow color, fading to light ochraceous when dry, 3-4 cm wide.
Stipe absent, broadly attached to the wood but easily separa-
ble from the substrate. Pore surface pinkish white, tuberculate,
producing amber to red colored exudates, pores minutes
(0.05-0.19 mm in diam.), mostly rounded, irregular in distribu-
tion, pore-lining entire, number of pores 5-6(5) mm-'; dissepi-
ment uniform in thickness 0.16-0.31 mm. Tube layer tightly
affixed to the context, striated or multilayered, dark brown
colored, each layer 2-3 mm thick. Context brownish, fibrous, or
cottony, up to 5 cm in thickness (Fig. 4).

Hyphal structure dimitic both in context and hymenophore
of the basidiocarp; skeletal hyphae predominate in the context,
3.3-7.4(5.4) um in diam (n = 40/1), rarely branched, non-
septate, yellowish to dark brown in KOH, solid to semisolid,
interwoven; generative hyphae found both in trama and
context, usually dominating in the trama, branched, clamped,
light yellow to hyaline, thin-walled, ranging
2.6-3.9(3.2) um in diam (n = 43/1), interwoven arrangement.
Basidia small sized, broadly clavate, with short 4 sterigmata and
a basal clamp, 6.3-16.7(11.7) x 3.5-5.7(4.8) um (n = 28/1).
Cystidioles club shaped, 23.2-30.6(27.3) x 3.4-4.2(3.9) um,
rarely observed. Basidiospores cylindric to ellipsoid, straight,
hyaline, thin, smooth, non-dixtrinoid, acyanophilous, 5.1-6.0 x
2.6-3.1 um, L=5.54, W =297 um, Q = 1.86 (n = 32/1) (Fig. 5).
Daedalea dickinsii Yasuda, Bot. Mag., Tokyo 36: (128)

(1922)

Mycobank no.: MB481905
Vouchers: PAKISTAN, KP PROVINCE: (i) Daedalea dickinsii

voucher No. MBS40, Sailand, district Swat, (34°59'48" N and

72°11'07" E, 2,888 m a.s.l.), mixed coniferous forest on living

Characterization of wood-decaying polypore

trees and dead tree stumps of Quercus semecarpifolia Sm.,
August, 2020, MBS40 (BGH F000503), Mycology section of
Botanical Garden Herbarium, University of Malakand (BGH).

Description: Basidiocarps are small, perennial, effused-
reflexed, imbricate, dimidiate, ungulate, broadly sessile thick
corky textured or coriaceous, becoming woody when dry,
having a distinct pungent odor and acidic flavor. Pilei 3-4 cm
long, 5-6 cm wide, 1-2 c¢cm thick at the broader base; upper
surface velutinate, brown or buff brown, becoming greyish
brown or dull brown when dry, distinctly zonate, sulcate,
concentric zonation at growing margin distinctly yellow.
Margin whitish or pale, sterile, smoothly rounded, and blunt or
obtuse up to 1 cm wide, fading to light brown when dry. The
stipe are almost absent but broadly attached to the exposed
wood. Hymenophoral surface ochraceous or light brown or
cream when fresh, becoming brown when dry; pores mostly
rounded or angular and irregularly distributed, labyrinthine or
daedaleoid, elongated and deep towards the base and shallow
to the growing margin, number of pores 1-2(2) mm-'; dissepi-
ment 0.3-0.9 mm in thickness, and usually entire. The tube
layer is tightly affixed to the context, whitish brown colored in
the young layer and light brown in the older layers, about
1-1.5 cm thick, almost concolorous with pore surface. Context
multilayered or zonate showing thin cuticle layer; tubes light
brown, coriaceous, spongy on drying, 0.3-0.8 cm at the widest
point near the attachment. Context to tube layer ratio is 1-2.5:1
Indistinct taste and order (Fig. 6).

Rot type: brown-rotting

Hyphal system dimitic; skeletal hyphae dominant in the
context layer, IKI-, CB-, range 3.1-6.3(5.0) pm (n = 35/1) charac-
terized by hyaline, rarely branched, non-septate, interwoven;
generative hyphae 2.6-4.0(3.2) rarely observed in the context.
Basidia, clavate, with short sterigmata, 12.9-28.8(20.8) X

Fig. 4 Basidiocarps of Rhodofomes flavomarginatus (a), (c) from its natural habitat showing pileal surface; (b), (d) close-up view of pores

surface (fresh) showing exudates. Scale bars: (a), (b), (d) =1 cm; (c) =5 cm.
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3.2-5.4(4.4) pm (n = 40/1). Cystidoles are fusoid or tubular, thin-
walled, hyaline, septated at the base 13.2-24.9(18.2), rarely
observed. Basidiospores narrowly cylindrical, thin-walled,

Fig. 5 Microscopic structures drawn from holotype specimen of
Rhodofomes flavomarginatus. (a) Context showing generative and
skeletal hyphae; (b) dimitic hyphal construct from trama; (c)
cystidioles; (d) basidioles; (e) basidiospores; (f) basidia. Scale bars
are 10 pm.
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non-dixtrinoid, acyanophilous, 6.6-11.3 x 2.7-3.9 um, L = 9.71
pum, W =3.48 um, Q = 2.79 (n = 32/1) (Fig. 6).

Neoantrodia serialis (Fr.) Audet, Mushrooms nomenclatu-
ral novelties 6:[2] (2017)

Mycobank no.: MB552864

Vouchers: PAKISTAN, KP PROVINCE: (i) Neoantrodia serialis
voucher No. MUJMk14, Jabba Mankyal, district Swat, (35°19'26"
N and 72°39'26" E, 2,650 m a.s.l.), mixed coniferous forest on
dwoned and dead tree logs of Abies pindrow (Royle ex D. Don)
Royle, July, 2019; (i) Neoantrodia serialis voucher No.
MUJMk14b, Jabba Mankyal, district Swat, (35°20'53" N and
72°40'50" E, 2,563 m a.s.l.), mixed coniferous forest on sloping
tree logs of Picea smithiana (Wall.) Boiss., July, 2020, MUJMk14
(BGH F000504), Mycology section of Botanical Garden Herbar-
ium, University of Malakand (BGH).

Description: Basidiocarps large sized, annual to perennial,
usually completely resupinate, evenly flat, covering up to 80 x
40 cm of the substrate surface, very rarely reflexed, closely
affixed or adnate to the downed logs or partly detaching at the
senescent portion, about 3-4 mm thick, margin compact or
slightly upwardly curved, wavy margin up to 0.5 mm thick and
indistinct at other parts; pore surface regular, white or cream,
becoming pale brown when dry, pores regular, rounded,
3-5(3) mm-', soft leathery textured becoming woody and
lightweight when dry; tubes layer concolorous with pore
surface, 2-3.5 mm thick, non-stratified; dissepiment thin and
entire; odor unrecorded, taste bitter (Fig. 7). Context white,
0.1-0.3 mm.

Hyphal system dimitic: skeletal hyphae were prominent, solid
or semisolid (with capillary to fairly wide lumen), rarely
branched and accidentally septated, 2.6-5.1(3.5) um in diam.

Fig. 6 Basidiocarps of Daedalea dickinsii (a) from its natural substrate; (b) pileal surface, also showing margin; (c) pore surface (dried); (d) cross
section showing context and tube layers; (e) close-up view of pores; (f) microscopy of context showing skeletal and generative hyphae; (g)
skeletal and generative hyphae from trama; (h) cystidioles; (i) basidiospores; (j) basidioles and basidia. Scale bars: (a)-(d) = 1 cm; (¢) = 5 mm;

(7~G) = 10 um.
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(n = 38/2), thick-walled, interwoven; generative hyphae abun-
dant, yellowish, thin-walled, branched, rarely septate and
clamped, occasionally inflated and tortuous, 2.4-4.9(3.9) um in

Fig. 7 Basidiocarps from Neoantrodia serialis. (a) Pore surface
showing close-up view of pores; (b) resupinate basidiocarp adnate
to the substrate; (c) skeletal and generative hyphae of context
showing branches; (d) generative hyphae from the trama showing
sepatation and branching; (e) basidiospores; (f) basidia and
hyphoid cystidia. Scale bars: (@) = 5 mm; (b) = 10 cm; (0)-(f) =
10 pm.

Characterization of wood-decaying polypore

diam. (n = 42/2). Cystidia frequenty occurring, deeply located
skeletocystidia possessing clavate apices and thick-walled,
10.6-18.7 x 3-5.5 um with hyphoid cystidioles. Basidia broadly
clavate, agglutinated, with short 4-sterigmate and a basal
clamp, 10.2-15.8(13.6) x 4.5-7.2(5.4) um. Basidiospores are
narrowly cylindrical to oblong, thin-walled, non-dixtrinoid,
acyanophilous, tapering towards the distal end, 5.6-8.7 x
22-32 um, L = 6.52 + 034 pm, W = 2.81 + 0.55 um, Q =
2.16-2.45 (n = 65/2). Large sized diffused crystals were also
found in the tramal tissue (Fig. 7).

Rot type: brown-rotting

Rhodofomes roseus (Alb. & Schwein.) Kotl. & Pouzar, Ceska
Mykol. 44 (4): 235 (1990)

Mycobank no.: MB127496

Vouchers: PAKISTAN, KP PROVINCE: Rhodofomes roseus
voucher No. MUBS85, Sailand, Swat District, (34°59'22" N and
72°10'56" E, 2,833 m a.s.l.), mixed coniferous forest on living
trees and dead tree stumps of Abies pindrow (Royle ex D. Don)
Royle, August, 2020, MUBS85 (BGH F000505), Mycology section
of Botanical Garden Herbarium, University of Malakand (BGH).

Description: Basidiocarps, annual, perennial, effused
reflexed, solitary, pileate dimidiate to applanate, semicircular,
sessile to broadly attached, hard, woody, tough textured,
becoming lightweight when dry, having indistinct odor and
taste. Pilei 2-4 cm long, 5-8 cm wide, and 1 cm thick at the
base, upper surface dark brownish, light pinkish brown towards
the margin, showing blackish stains, glabrous, azonate surface
no groove or fissure observed, Margin acute to rounded,
smooth, sterile, blunt, undulating, indistinct on both surfaces,
light pink brownish or clay pink. Stipe absent, broadly attached
to the woods. The pore surface is pinkish white or rosaceous,
producing cream colored exudates, pores minutes mostly

iO’OGOO'DOO
00000000

Fig. 8 Basidiocarps of Rhodofomes roseus (a) from its natural habitat showing pore surfaces and margin; (b) view of pileal surface; (c) cross
section view of fresh specimen depicting zonation; (d) close-up view of pores; (e) dimitic construct of context showing dominant skeletal
hyphae and generative hyphae; (f) skeletal and generative hyphae from trama; (g) basidioles; (h) basidia; (i) basidiospores. Scale bars: (a), (b) = 1

cm; (€) =5 mm; (d) =2 mm; (e)-(i) = 10 um.
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rounded to elliptical and irregular in size (0.04-0.36 mm in
diam.) and distribution. Pore lining entire, number of pores
5-6(4) mm-1; dissepiment non-uniform in thickness 0.1-0.3
mm. Tube layer tightly affixed to the context, striated or multi-
layered dark brown colored, 4-4.5 mm thick. Context brownish,
fibrous, pinkish white to light brown color, up to 7-9 mm thick
at the attachment with distinct cuticle of pileal surface. Section
exhibits distinctive zonation and layers representing seasonal
growth variation (Fig. 8).

Hyphal system dimitic both in the context and hymeno-
phore; skeletal hyphae indeterminate, rarely branched, non-
septate, hyaline, thick-walled, interwoven, 2.9-6.1 (4.6) um in
diam; generative hyphae predominant in the trama, branched,
rarely clamped, septate, light yellow, thin-walled, ranging
2.7-5.4(3.8) um in diam, interwoven arrangement. Basidia
clavate to broadly cylindrical, with short sterigmata and a basal
clamp, 7.2-16.2(11.9) x 3.7-5.9(4.8) um. Basidioles frequently
small sized, pyriform to globose shaped 9.2-12.7(11) x
3.3-5.6(4.8) um. Cystidial elements were not found. Basid-
iospores oblong to cylindric, hyaline, thin-walled, non-dixtri-
noid, acyanophilous, varied in size, 5.5-7.7 x 2.3-3.6 um, L =
5.84 um, W =2.72 pm, Q = 2.15 (n = 32/1) (Fig. 8).

Rot type: brown-rotting

Discussion

The analyses of both morphoanatomical characteristics and
phylogenetic data of the collected specimens revealed note-
worthy findings, contributing three new records to Pakistan
and two novel species. The species examined in this study are
distributed across distinct clades within two families, Fomitopsi-
dacae and  Climacocystaceae, located  within  the
Polyporalest*28l, The inferred phylogeny of the species high-
lights their interrelationship in the broader context (Fig. 1).
Phylogenetically, our findings additionally corroborate the clus-
tering of brown-rotting genera, as indicated in previous
studiesl20:21.2856571  Nevertheless, certain branches in the
heterogeneous brown-rotting cluster exhibited limited
resolutiont858l, These species may be distinguished morpho-
logically (Table 2).

The combined data from both nrRNA genes (ITS + nrLSU)
showed two large groups of clades, each consisting of a single
new species reported in this study. The group of Antrodia s.l.-
Daedalea s.|.-Fomitopsis s.l. all comprised brown-rotting genera
(Fig. 1), and this includes the recently established Rhodofomes,
occupying a distinct and prominent cladel*205960, Rhodofomes
clade is closely affiliated with Brunneoporus malicola (Berk. &
M.A. Curtis) Audet., but exhibits minimal similarity, both
morphologically and phylogenetically. Compared to other
known species, distinguishing features of R. flavomarginatus sp.
nov. include dimidiate, solitary, larger, and thicker basidiocarp
possessing wide obtuse margin, with capitate basidioles, short
basidia (6.2-13.8 x 3.5-5.7 um) cylindric to ellipsoid basid-
iospore (5.1-6.0 X 2.7-3.9 um) (Table 2). The second group
features sequences from Climacocystis, forming a highly cohe-
sive cluster of white-rotting species. Each of the tree species
formed a well-defined clade with high supports. Climacocystis
temperata sp. nov. is different from the other congeneric
species by its larger basidiocarp (up to 19 cm wide) with abun-
dant narrow, multiform cystidia, with zonate, white upper
surface and yellowish pore surface, wide-pored 1-3 (usually
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2)/mm, with distinctly larger ellipsoid basidiospores (6.7-10.7 x
3.9-6.1 pum). These morphological and phylogenetic differ-
ences provide the basis for proposing a new species.

Daedalea dickinsii, Neoantrodia serialis, and Rhodofomes
roseus were new records added to the country's polypore
inventory. After the species identifications based on phyloge-
netic assessments, morphological characters were examined to
confirm the identities. The examined Daedalea dickinsii
morphologically corresponds to the original description by
Yasudal®%, Further, our collected specimen of R. roseus exhib-
ited morphological and phylogenetic similarities with the
description provided by Gilbertson & Ryvardenl'7], Han et al.l6"],
and Justo et al.l®}, corroborated the initial proposal made by
Kotlaba & Pouzar!®2l. Similarly, Neoantrodia serialis in Pakistan
demonstrates noteworthy morphological similarity to available
species descriptions. Neoantrodia serialis was originally identi-
fied as Antrodia serialis (Fr.) by Donk in 19663, Later, phyloge-
netic reconfiguration of Antrodia s.l. has resulted in the estab-
lishment of multiple novel general®. Among them, there is
Neoantrodia Audet, designated for A. searilis and its related taxa
(approx. 13 species)?2, which includes the studied species N.
serialis.

Conclusions

Wood-rot fungal genera are well-studied in various coun-
tries, mainly from North America, Europe, and East Asia.
However, despite these extensive efforts, significant unac-
counted diversity still exists, particularly in several Asian coun-
tries, including Pakistan. Consequently, there is a critical need
to identify species within these underreported genera, employ-
ing diverse taxonomic approaches incorporating molecular,
ecological, and morphological evidence. The current study,
therefore, aimed to rigorously examine collections based on
morphological characteristics and phylogenetic evaluations. In
conclusion, the rich biodiversity in the Hindu Kush region offers
a favorable habitat for wood-inhabiting fungal species. The
numerous collections from the Northern area of Pakistan
deserve comprehensive morphoanatomical analysis and mole-
cular investigation. Utilizing such taxonomic data is primarily
essential for conservation efforts, resource management, and
scientific research not only within the country but also on a
global scale. Furthermore, the presence of wood-decaying
fungi showcases the region's remarkable ecological and
economic significance and contributes to our understanding of
global fungal biodiversity.
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species/specimen DNA sequences are publically available on
the accession provided in Table 1, in the GenBank data base of
NCBI.
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