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Abstract

During taxonomic studies of Neofavolus, two new species were discovered. Neofavolus americanus sp. nov. was collected in the
USA and is characterized by a white to cream pileal surface when fresh, large pores, 1-3 mm long x 0.5-1 mm wide, and
basidiospores 10.4—12 x 3.8-4.5 um. Neofavolus squamatus sp. nov. was discovered in China and is characterized by bright
squamae on the pileus and large pores, 0.7-3 mm long and 0.5-1.5 mm wide. Phylogenetic analyses carried out based on
sequences from the internal transcribed spacer regions (ITS) — the large subunit of nuclear ribosomal RNA gene (nLSU), the
small subunit of nuclear ribosomal RNA gene (nSSU), the small subunit of mitochondrial rRNA gene (mtSSU), the largest
subunit of RNA polymerase Il (RPB1), the second largest subunit of RNA polymerase II (RPB2), the (3-tubulin gene (7UB), and

the translation elongation factor 1-c« gene (TEF) — confirmed affinities of the two new species within Neofavolus.

Keywords Multi-gene - Phylogeny - Polyporaceae - Polyporus - Taxonomy - White rot fungi

Introduction

Neofavolus Sotome & T. Hatt., which was previously treated
as member of Polyporus P. Micheli ex Adans. (Nufiez and
Ryvarden 1995), was founded based on phylogenetical and
morphological analyses (Sotome et al. 2013). It is character-
ized by a glabrous pileus with or without scales, a hyaline to
brown cutis composed of hyaline to brown agglutinated gen-
erative hyphae. The segregation of Neofavolus from
Polyporus was accepted in recent studies (Dai et al. 2014;
Seelan et al. 2015; Sotome et al. 2016; Zhou et al. 2016;
Zmitrovich and Kovalenko 2016; Zhou and Cui 2017; Cui
et al. 2019; Luo et al. 2019; Palacio et al. 2019). Currently,
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six species are accepted in the genus Neofavolus: N. alveolaris
(DC.) Sotome & T. Hatt. (known from North America,
Europe, and East Asia, Sotome et al. 2013; Zhou and Cui
2017), N. cremeoalbidus Sotome & T. Hatt. (known from
East Asia, Sotome et al. 2013), N. mikawai (Lloyd) Sotome
& T. Hatt. (known from China and Japan, Palacio et al. 2019),
N. suavissimus (Fr.) Seelan, Justo & Hibbett (known from the
USA, Europe, and Japan, Seelan et al. 2015),
N. subpurpurascens (Murrill) Palacio & Robledo (known
from the neotropics, Palacio et al. 2019) and N. yunnanensis
C.L. Zhao (known from China, Luo et al. 2019).

During the taxonomic and phylogenetic studies of
polyporoid fungi, two new Neofavolus species were discov-
ered and confirmed after morphological and molecular analy-
ses. Their phylogenetic relationships were analyzed based on
ITS+nLSU dataset and ITS+nLSU+nSSU+mtSSU+TEF +
TUB + RPBI + RPB?2 dataset.

Materials and methods
Morphological studies
The examined specimens were mainly deposited at the her-

barium of the Institute of Microbiology, Beijing Forestry
University (BJFC, Beijing, China); duplicates will be sent to
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Center for Forest Mycology Research, Northern Research
Station, US Forest Service (CFMR, Madison, USA). Macro-
morphological characters were described based on field notes
and dried specimens. Color descriptions follow Petersen
(1996). Microscopic features were observed from free-hand
sections mounted in 5% KOH solution after staining in 1%
Congo red. Cotton Blue (CB) and Melzer’s reagents were
used to test the cyanophilous and amyloid reactions, respec-
tively. Nikon Digital Sight DS-Fil microscope (Nikon
Corporation, Tokyo, Japan) was used to observe and photo-
graph the microscopic elements at magnifications of up to
%x1000. Then, all the microscopic elements were measured
using the Image-Pro Plus 6.0 (Media Cybernetics, Silver
Spring, USA). The following abbreviations are used in this
article: IKI- = neither amyloid nor dextrinoid, KOH = 5%
potassium hydroxide, CB— = acyanophilous, L = mean spore
length (arithmetic average of all basidiospores), W = mean
spore width (arithmetic average of all basidiospores), Q = var-
iation in the L/W ratios between the specimens studied, Qm =
mean Q, n =number of basidiospores measured here.

Molecular phylogeny

A CTAB rapid plant genome extraction kit (Aidlab
Biotechnologies Co. Ltd., Beijing) was used to extract the
total genomic DNA from dried specimens and performed the
polymerase chain reaction (PCR) according to the manufac-
turer’s instructions with some modifications (Han et al. 2016;
Shen et al. 2019). Primer pairs used in this study were listed in
Table 1.

Final polymerase chain reaction (PCR) reaction volumes
were 50 ul, included 1.5 pl for each primer (10 pM), 2 ul
DNA extract, 20 ul ddH,O, and 25 pl 2 x EasyTaq PCR
Supermix (TransGen Biotech Co., Ltd., Beijing, China). All
DNA fragments were amplified in the SI000TM Thermal
Cycler (Bio-Rad Laboratories, California, USA) and se-
quenced by the BGI (Beijing Genomics Institute, China) using
the same primers. The PCR procedures for different DNA
sequences followed those used by Zhou et al. (2016).

Besides the sequences generated in this study, other refer-
ence sequences for our phylogenetic analysis were selected
from GenBank. The information of all the specimens used in
this study are shown in Table 2. Sequences of Trametes
conchifer (Schwein.) Pilat and 7. polyzona (Pers.) Justo ob-
tained from GenBank were selected as outgroups. Maximum
likelihood (ML), maximum parsimony (MP), and Bayesian
inference (BI) phylogenetic analyses were performed as re-
ported in Zhou et al. (2016) and Song and Cui (2017).
RAXML v.7.2.8 was used to construct a maximum likelihood
(ML) tree. Maximum parsimony (MP) analysis was applied to
the combined multiple genes datasets, and the tree construc-
tion procedure was performed in PAUP* version 4.0b10. All
characters were equally weighted, and gaps were treated as
missing data. Trees were inferred using the heuristic search
option with TBR branch swapping and 1000 random se-
quence additions. Max-trees were set to 5000. Branches of
zero length were collapsed, and all parsimonious trees were
saved. Descriptive tree statistics tree length (TL), consistency
index (CI), retention index (RI), rescaled consistency index
(RC), and homoplasy index (HI) were calculated for each
maximum parsimonious tree (MPT) generated. Bayesian

Table 1 The primers for each DNA fragment used in this study

DNA fragment Primer Sequence (5'-3') Reference

ITS ITS4 TCCTCCGCTTATTGATATGC White et al. 1990
ITS5 GGAAGTAAAAGTCGTAACAAGG

nLSU LROR ACCCGCTGAACTTAAGC Vilgalys and Hester 1990
LR7 TACTACCACCAAGATCT

EFl-a EF1-983F GCYCCYGGHCAYCGTGAYTTYAT Rehner and Buckley 2005
EF1-1567R ACHGTRCCRATACCACCRATCTT

[3-tubulin Btla TTCCCCCGTCTCCACTTCTTCATG Glass and Donaldson 1995
Btlb GACGAGATCGTTCATGTTGAACTC

nSSU PNSI1 CCAAGCTTGAATTCGTAGTCATATGCTTGTC Hibbett 1996
NS41 CCCGTGTTGAGTCAAATTA

mtSSU MS1 CAGCAGTCAAGAATATTAGTCAATG White et al. 1990
MS2 GCGGATTATCGAATTAAATAAC

RPBI RPBI-Af GARTGYCCDGGDCAYTTYGG Matheny et al. 2002
RPBI-Cr CCNGCDATNTCRTTRTCCATRTA
iRPBI1-2.2F GAGTGTCCGGGGCATTTYGG Binder et al. 2010

RPB2 fRPB2-5F GAYGAYMGWGATCAYTTYGG Liu et al. 1999
bRPB2-6F TGGGGYATGGTNTGYCCYGC
bRPB2-7.1R CCCATRGCYTGYTTMCCCATDGC Matheny 2005
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inference (BI) was calculated with MrBayes 3.1.2. PhyloSuite
v1.1.16 was used to determine the best-fit evolution model for
the combined multi-gene dataset for Bayesian inference (BI).

Trees were viewed and derived by using of the FigTree 1.4.0
(http://tree.bio.ed.ac.uk/software/figtree/). The topology of the
ML analysis was used, with ML bootstrap support > 50%, MP
bootstrap support > 50%, and BI posterior probabilities > 0.95
shown on branches (Fig. 1 and 2).

Results

The combined ITS+nLSU dataset had an aligned length of
2017 characters, of which 1516 characters are constant, 125
are variable and parsimony-uninformative, and 376 are parsi-
mony-informative. Maximum parsimony analysis yielded 12
equally parsimonious trees (TL =1357, CI=0.541, RI=
0.664, RC =0.359, HI = 0.459). Best model for the combined
ITS+nLSU dataset estimated and applied in the Bayesian
analysis was GTR + F + 1+ G4, Iset nst=6, rates=
invgamma; prset statefreqpr = dirichlet (1,1,1,1). Bayesian

98/99/1.00

analysis and ML analysis resulted in a similar topology as
MP analysis, with an average standard deviation of split fre-
quencies = 0.007016 (BI). The ML topology was shown in
Fig. 1.

The combined dataset ITS+nLSU+nSSU+mtSSU+TEF +
TUB + RPBI + RPB2) had an aligned length of 7286 charac-
ters, of which 5098 characters are constant, 529 are variable
and parsimony-uninformative, and 1659 are parsimony-infor-
mative. Maximum parsimony analysis yielded 2 equally par-
simonious trees (TL=6104, CI=0.559, RI=0.618, RC=
0.345, HI=0.441). Best model for the combined 8-gene
dataset estimated and applied in the Bayesian analysis was
SYM + 1+ G4, Iset nst=06, rates =invgamma; prset
statefreqpr = dirichlet (1,1,1,1). Bayesian analysis and ML
analysis resulted in a similar topology as MP analysis, with
an average standard deviation of split frequencies = 0.002240
(BI). The ML topology was shown in Fig. 2.

In the two phylogenetic results, both Favolus and
Neofavolus are well supported as individual monophyletic
groups, and the materials examined are highly supported as
two new species in the Neofavolus clade.

Neofavolus americanus Dai 12761 (T)
Neofavolus sp. MA672

58/54/-. Neofavolus alveolaris Dai 11290
59/59/0.96 Neofavolus alveolaris Cui 9900

100/100/1.00

72/58/-|

=

59/96/1.00

79/85/0,

Neofavolus squamatus Cui 12175 (T)
Neofavolus cremeoalbidus Cui 12412

98/100/1.001 Neofavolus cremeoalbidus TUMH:50009 (T)
100/100/1.00| Veofavolus mikawai Dai 12361
Neofavolus mikawai Cui 11152
100/100/1.001 Neofavolus yunnanensis CLZhao1633

Neofavolus yunnanensis CLZhao1639 (T)
100/100/1.00 | Veofavolus suavissimus LE202237

Neofavolus suavissimus DSH2011
100/100/1.00 | Neofavolus subpurpurascens CG6241

-/70/-|

100/100/1.00

100/100/1.00

100/100/1.00

| Neofavolus subpurpurascens CG6242
Favolus spathulatus Cui 8290

100/100/1.00
89/93/1.00 E Favolus niveus Cui 11129 (T)
93/76/1.00 Favolus acervatus Cui 11053

Favolus subtropicus Lifang 1938
Polyporus philippinensis Cui 10941
Favolus emerici Cui 10926

77/62/-

Favolus pseudoemerici Cui 11079

55/84/0.98

50/56/0.96

Picipes baishanzuensis Dai 13418
Picipes rhizophilus Dai 11599

-/77/1.00

-/mi— Polyporus tuberaster Dai 11

Polyporus umbellatus Pen 13513
271

99/99/1.00

Trametes polyzona Cui 11040
Trametes conchifer FP106793

0.03

Fig. 1 Strict consensus tree illustrating the phylogeny of Neofavolus and
related taxa generated by ML analysis based on ITS+nLSU sequences.
Branches are labeled with maximum likelihood bootstrap higher than
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Polyporus squamosus Cui 10595
Polyporus mangshanensis Dai 15151

50%, parsimony bootstrap proportions higher than 50%, and Bayesian
posterior probabilities more than 0.95. New species are indicated in bold
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Fig. 2 Strict consensus tree illustrating the phylogeny of Neofavolus and
related taxa generated by ML analysis based on ITS+nLSU+nSSU+
mtSSU+TEF + TUB + RPBI + RPB?2 sequences. Branches are labeled

Taxonomy

Neofavolus americanus J.H. Xing, J.L.. Zhou & B.K. Cui, sp.
nov. (Figs. 3 and 4)

MycoBank no.: MB 834716

Etymology. americanus (Lat.) referring to the geographic
distribution in America(USA).

Fruiting body: Basidiomata annual, laterally stipitate,
leathery when fresh, and hard when dry. Pilei semicircular,
depressed toward the stipe, 1.8-2.3 cm long from base to
margin, 2.8-3.5 cm wide, and up to 3 mm thick. Pileal surface
glabrous, white to cream when fresh, buff to buff-yellow and
with slightly radially aligned stripes on drying; margin plane
when fresh and straight to slightly incurved upon drying. Pore
surface white to cream when fresh, cream to saffron yellow
when dry; pores angular to elongate, 1-3 mm long and 0.5—
1 mm wide; dissepiments thin, entire to lacerate. Context
white when fresh and ivory to cream when dry, woody hard
upon drying, up to 1 mm thick. Tubes concolorous with pore
surface, decurrent on one side of the stipe, up to 2 mm thick.
Stipe short, glabrous, concolorous with pileal surface or

Polyporus umbellatus Pen 13513
Polyporus mangshanensis Dai 15151
Polyporus squamosus Cui 10595

with maximum likelihood bootstrap higher than 50%, parsimony
bootstrap proportions higher than 50%, and Bayesian posterior
probabilities more than 0.95. New species are indicated in bold

slightly lighter when dry, up to 8 mm long and 7 mm in
diameter.

Fig. 3 Basidiomata of Neofavolus americanus (Dai 12761). Scale bar =
1 cm
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Hyphal structure: Hyphal system dimitic; generative hy-
phae bearing clamp connections; skeleto-binding hyphae
IKI-, CB+; tissues unchanged in KOH.

Context: Generative hyphae frequent, hyaline, thin-walled,
frequently branched, and 2—-6.4 pm in diameter; skeleto-
binding hyphae dominant, hyaline, thick-walled with a wide
to narrow lumen, frequently branched, interwoven, and 1.8—
9.7 um in diameter.

Tubes: Generative hyphae frequent, hyaline, thin-walled,
frequently branched, and 2-3.8 pum in diameter; skeleto-
binding hyphae dominant, hyaline, thick-walled with a wide
to narrow lumen, frequently branched, interwoven, and 2—
4.5 um in diameter. Cystidia and cystidioles absent. Basidia
clavate, with a basal clamp and four sterigmata, 17.7-28 x 7—
8.7 um; basidioles in shape similar to basidia, but smaller.

Stipe: Generative hyphae frequent, hyaline, thin-walled,
frequently branched, and 2—7 um in diameter; skeleto-
binding hyphae dominant, thick-walled with a narrow to wide

Fig. 4 Microscopic structures of
Neofavolus americanus. a
Basidiospores; b Basidia and
basidioles; ¢ Hyphae from
context; d Hyphae from trama; e
Hyphae from stipe. Scale

bars =10 um

@ Springer

lumen, frequently branched, interwoven, and 2-9 pum in
diameter.

Spores: Basidiospores cylindrical, hyaline, thin-walled,
smooth, frequently bearing small guttules, IKI-, CB—,
(9.5-)10.4-12(-12.7) x (3.7-)3.8-4.5 um, L=11.18 %
0.68 um, W=4.07+0.18 um, Q=2.4-3.1, and Qm=2.75
+0.17 (n=53/1).

Rot type: A white rot.

Specimens examined: USA, CT, New Haven, Sleeping
Giant State Park, on fallen branch of Quercus, 21 July 2012,
Dai 12761 (holotype, BJFC).

Neofavolus squamatus J.H. Xing, J.L. Zhou & B.K. Cui,
sp. nov. (Figs. 5 and 6)
MycoBank no.: MB 834717

Etymology.: squamatus (Lat.) referring to the squamae on
the pileal surface.
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Fruiting body: Basidiomata annual, solitary, laterally
stipitate, and soft-leathery when fresh and corky when dry.
Pilei suborbicular, depressed toward the stipe, 1.1-2.7 cm
long from base to margin, 3-3.8 cm wide, and up to 3 mm
thick. Pileal surface white when fresh and buff to festucine
when dry, covered by yellowish orange squamae when fresh,
discoloring to apricot orange when dry, and more or less radi-
ally wrinkling on drying; margin incurved upon drying. Pore
surface white to cream when fresh and buff when dry; pores
angular, 0.7-3 mm long and 0.5-1.5 mm wide; dissepiments
thin, entire. Context white, corky upon drying, up to 2.5 mm
thick. Tubes white when fresh and light ivory to cream when
dry, up to 1 mm thick, and decurrent on one side of the stipe.
Stipe short, glabrous, white when fresh and buff yellow after
drying, up to 6 mm long, and 5.5 mm in diameter.

Hyphal structure: Hyphal system dimitic; generative hy-
phae bearing clamp connections, hyaline, and thin-walled;
skeleto-binding hyphae hyaline, thick-walled with a wide to
narrow lumen, occasionally branched and with tapering ends,
IKI-, and CB+; tissue unchanged in KOH.

Context: Generative hyphae frequent, hyaline, thin-walled,
frequently branched, 2.8-9 um in diameter, and occasionally
inflated up to 27.7 um in diameter at branched area; skeleto-
binding hyphae dominant, hyaline, thick-walled with a wide

Fig. 5 Basidiomata of
Neofavolus squamatus
(Cui 12175). Scale bar=1 cm

lumen, occasionally branched, interwoven, 2.6-9.5 um in di-
ameter, and occasionally inflated up to 13.5 pum in diameter.
Hyphae in squamae with buff inclusion inside, thin-walled hy-
phae bearing clamp connections, thick-walled hyphae simple-
septate with a wide lumen, and 3.5-8.4 um in diameter.

Tubes: Generative hyphae frequent, hyaline, thin-walled,
frequently branched, and 2.2-4.2 um in diam; skeleto-bind-
ing hyphae dominant, hyaline, thick-walled with a wide
lumen, occasionally branched, interwoven, and 1.9-
6.4 um in diameter. Cystidia and cystidioles absent.
Basidia clavate, with a basal clamp and four sterigmata,
27.7-51.7 x 6.5-9.8 um; basidioles in shape similar to
basidia, but smaller.

Stipe: Generative hyphae infrequent, hyaline, thin-walled,
frequently branched, 2.2-6.3 pm in diameter, and occasional-
ly inflated up to 16 um in diameter at clamping area; skeleto-
binding hyphae dominant, hyaline, thick-walled with a wide
to narrow lumen, occasionally branched, interwoven, and 2.6—
8.6 um in diameter.

Spores: Basidiospores cylindrical to navicular, hyaline,
thin-walled, smooth, occasionally bearing one or two guttules,
IKI-, CB-, (7.8-)8.9-12(—14.5) x3.1-4.1(—4.3) um, L=
10.34£1.09 um, W=3.63+£0.29 um, Q=2.17-3.72, and
Qm=2.86=+0.31 (n="70/1).
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Rot type: A white rot.

Specimens examined: CHINA, Xizang, Linzhi County,
Lulang, Sejila Mountain, on fallen angiosperm branch, 18
September 2014, Cui 12175 (holotype, BJFC).

Discussion

In the present study, N. americanus, from USA, and
N. squamatus, from China, are described in Neofavolus based
on morphological evidence and multi-gene phylogenetic
inferences.

Neofavolus americanus is a species known so far from the
temperate USA. It has glabrous basidiomata, large and elon-
gate pores, and large basidiospores. Phylogenetically,
N. americanus clustered with N. alveolaris (Figs. Fig. 1 and
2). However, the basidiospores of N. americanus are much
larger than those of N. alveolaris (7-10 x 2.5-4 um; Sotome

Fig. 6 Microscopic structures of
Neofavolus squamatus. a
Basidiospores; b Basidia and
basidioles; ¢ Hyphae from
context; d Hyphae from pileal
squamae; e Hyphae from trama; f
Hyphae from stipe. Scale

bars =10 pm

@ Springer

et al. 2013). Neofavolus cremeoalbidus is similar to
N. americanus; both share the light colored pileus and pore
surface and short and lateral stipe, but based on our specimens
collected from China, the former has much smaller pores (2—4
per mm) and basidiospores (8§—10.7 x 3-3.8 um). Moreover,
N. cremeoalbidus is only known from East Asia, in China and
Japan, while N. americanus is limited to northern—eastern
USA. Neofavolus mikawai shares the cream pore surface
and the short lateral stipe with N. americanus, but it differs
in its smaller pores (3—5 per mm; Sotome et al. 2013) and
basidiospores (6-9.5 x 2.3-3.6 um; Sotome et al. 2013).
Neofavolus squamatus is a special species which in known
from the Tibetan Plateau. It is characterized by its bright squa-
mae on the pileus. It was initially thought to be a member of
Polyporus squamosus (Huds.) Fr. for its squamae and large
pores. However, phylogenetic analyses (Figs. Fig. 1 and 2)
showed that it nested within the Neofavolus lineage.
Morphologically, N. squamatus differs from other species in
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the genus in having smaller basidiospores, thinner
basidiomata, and a white stipe. Neofavolus yunnanensis is
another Neofavolus species with scaled pileal surface and
large angular pores, but it has light-colored pileus and much
smaller basidiospores (5.5-7.5x2-3 um, L=6.4 um, W =
2.65 um; Luo et al. 2019) compared with N. squamatus.
Although N. alveolaris occasionally has scales on the pileus,
it has smaller basidiospores (7—10 x 2.5-4 um, L =8.29 pum,
W =3.01 um; Sotome et al. 2013) and basidia (17.5-26 x 4—
7 wm; Sotome et al. 2013) compared to those of N. squamatus.
Favolus roseus Lloyd also has orangish basidiomata, large
pores, and cylindrical basidiospores (7-12 X 2.4-4.2 um),
which are similar to N. squamatus, but its glabrous pileal
surface, yellowish orange to brownish orange pore surface,
and tropical distribution (Sotome et al. 2013) are different
from N. squamatus.

Sotome et al. (2013) concluded that species of Neofavolus
occur in temperate regions and are unknown from the
tropics. We also previously suggested that temperature
may be a critical variable affecting the distributions of
Neofavolus species (Zhou and Cui 2017). However, sev-
eral tropical specimens of N. mikawai and N. alveolaris
collected from China (Zhou and Cui 2017; Luo et al.
2019) and the neotropical species (N. subpurpurascens)
reported from Jamaica, Brazil (Coelho and Silveira
2014), and Bolivia (Palacio et al. 2019) may overthrow
the inference, and it will be more convincing if se-
quences of N. subpurpurascens could be available from
the type locality of Jamaica.
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