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Abstract

Xanthagaricus flavosquamosus and X. necopinatus, two new species of Agaricaceae, are described and illus-
trated from Asia. Macroscopically, both species are closely related to each other, but there are obvious mi-
cromorphological and molecular differences between them. Morphological and phylogenetic data showed
that the two new species are distinct from other known species of the genus Xanthagaricus. Xanthagaricus
flavosquamosus from China is characterized by its small, yellow basidiomata, short clavate cheilocystidia,
epithelial pileipellis, and verrucose basidiospores measuring 5-5.5 x 3-3.5 um. Xanthagaricus necopinatus
from Bangladesh is characterized by having small, yellow basidiomata, a fugacious annulus, clavate to
narrowly clavate cheilocystidia, epithelial pileipellis, and rugulose-rough basidiospores measuring 4-5 x
2.7-3.2 pm. In addition to the new species, a Heinemannomyces collection from China is reported. Mor-
phological data and molecular phylogenetic analyses fully support the Chinese collection being Heine-
mannomyces splendidissimus, a species of Agaricaceae, originally described from Southeast Asia. Detailed
descriptions, color photos and illustrations of the three species are presented. A key to the genus Xanthaga-
ricus occurring in Bangladesh and China is provided.

Copyright Md. Igbal Hosen et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Xanthagaricus (Heinem.) Little Flower, Hosag. & T.K. Abraham is mainly characterized
by small basidiomata with squamulose pileus, epithelial pileipellis, and more or less yel-
low-colored basidiospores (Little Flower et al. 1997; Hosen et al. 2017). This genus was
originally placed in Hymenagaricus Heinem. subgenus Xanthagaricus Heinem. by Heine-
mann and Little Flower (1984) with the type species X. flavidorufus (Berk. & Broome)
Heinem. & Little Flower. Heinemann (1981) erected Hymenagaricus as an independent
genus in the family Agaricaceae with the type species H. hymenopileus (Heinem.) Hei-
nem., and is characterized by a squamulose pileus, a hymeniform pileipellis, and brown
basidiospores (Heinemann and Little Flower 1984, Ge etal. 2008, Hosen eta. 2017). The
epithelial pileipellis and yellow basidiospores of the subgenus Xanthagaricus did not fit
completely with the genus circumscription of Hymenagaricus. Subsequently, the subgenus
Xanthagaricus was elevated to the genus level in Agaricaceae (Little Flower et al. 1997).

Species in the genus Xanthagaricus are saprotrophic, and mainly distributed in Asia
and South Africa. For instance, 11 species from India (Heinemann and Little Flower
1984, Little Flower et al. 1997), four species from Sri Lanka (Heinemann and Little
Flower 1984, Pegler 1986, Little Flower et al. 1997), two species from Africa (Reid and
Eicker 1995, 1998), one species each from mainland China (Hosen et al. 2017), Paki-
stan (Hussain et al. 2017), and Taiwan, China (Ge et al. 2008) have so far been validly
reported. However, Asia has more than the currently known species of Xanthagaricus,
as sequences of several species of this genus are available in GenBank, especially from
Thailand and Malaysia. Index Fungorum (http://www.indexfungorum.org/Names/
Names.asp) lists 12 taxa of Xanthagaricus. However, a recent study by Hussain et al.
(2017) has transferred six species to Xanthagaricus from Hymenagaricus.

Watling (1998) circumscribed Heinemannomyces as an independent monotypic
genus in the family Agaricaceae from specimens collected in Malaysia and Thailand.
Since then, no additional species with detailed descriptions and geographical exten-
sions of the genus Heinemannomyces have been reported so far. Heinemannomyces is
distinguished by its medium-sized basidiomata, extremely woolly-arachnoid veils on
the pileus surface composed of cylindrical cells, leaden gray to dark blue lamellae, and
reddening context when injured (Watling 1998). Phylogenetically, Heinemannomyces
is closely related to Hymenagaricus, but can be differentiated by its morphology.

In this study, three collections of Xanthagaricus and Heinemannomyces from China,
and one collection of Xanthagaricus with several basidiomata from tropical Bangladesh
were examined. Based on macromorphology, both East Asian and South Asian Xan-
thagaricus collections could be the same species. However, careful microscopic observa-
tions along with molecular data revealed that they are not conspecific, but represent
undescribed species within Xanthagaricus. In addition, a brief description from the
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Chinese collection of Heinemannomyces is provided along with molecular data. With
the inclusion of the two new species of Xanthagaricus in this study and another two
recently described new species, namely X. caeruleus Iqbal Hosen, T.H. Li & Z.P. Song
(Hosen et al. 2017) and X. pakistanicus Hussain, Afshan & Ahmed (Hussain et al.
2017), the number of known species of this genus increases to 22.

Materials and methods

Morphological studies

Specimens of Xanthagaricus and Heinemannomyces were collected from south China
and Bangladesh (Xanthagaricus). The examined specimens were deposited in the Fun-
gal Herbarium of the Guangdong Institute of Microbiology (GDGM), Guangzhou,
China, and in the private herbarium (PHI) of the first author. Macromorphological
descriptions were based on the field notes and photographs. Color codes and names
follow Kornerup and Wanscher (1978).

Micromorphological observations were made from the dried specimens. Line
drawings were frechand. Water, 5% aqueous KOH (w/v), and Congo Red were used as
mounting media; Melzer’s solution was used to check any amyloid reaction of basidi-
ospores and tissues. In the descriptions of basidiospore measurements, the notation
[n/m/p] was used, which means 7 basidiospores from 7 basidiomata of p collections.
Dimensions for basidiospores are given as (a—)b—c(—d), in which ‘b—c’ contains a mini-
mum of 90% of the measured values and extreme values @ and ‘d’ are given in pa-
rentheses, whenever necessary. Q denotes the length/width ratio of a measured basidi-
ospore, Q denotes the average of 7 basidiospores and SD is their standard deviation.
Results are presented as Q_ + SD. Basidiospores were also observed using a scanning
electron microscope (SEM) following the protocol of Hosen et al. (2013).

Molecular studies

Protocols for genomic DNA extraction, PCR amplification, and sequencing followed
Hosen et al. (2013). ITS1-F/ITS4 (White et al. 1990) and LROR/LR5 (Vilgalys and
Hester 1990) primer pairs were used for the amplification of the nuclear ribosomal
internal transcribed spacer (ITS) region and partial sequence of nuclear ribosomal large
subunit (28S) domains D1 and D2.

A total of 52 sequences (36 for ITS and 16 for 28S, Table 1) of Agaricaceae was
retrieved from GenBank based on NCBI blast search results and recent publications
(Ge et al. 2008, Vellinga et al. 2011, Ge and Yang 2017, Hosen et al. 2017, Hussain
etal. 2017), and then combined with the newly generated ITS and 28S sequences of
Clarkeinda trachodes (Berk.) Singer, Xanthagaricus and Heinemannomyces. Each indi-
vidual dataset, either ITS or 28S, was aligned in MAFFT v.6.8 (Katoh et al. 2005)
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Table 1. List of fungal taxa of Agaricaceae and their GenBank accession numbers used in molecular

phylogeny.
. . GenBank accession no.
Name of the species Voucher/collection no. Country ITS 28S
Agaricus aff. campestris Murphy 6242 USA HM488744 -
Agaricus bisporatus Contul - AF432882 -
Agaricus bohusii LAPAGS562 - KR006613 | KR006613
Agaricus deserticola S. Smith USA HM488747 -
Agaricus diminutivus Vellinga 2360 USA AF482831 | AF482877
Agaricus megacystidiatus MFLU 12-0137 ‘Thailand NR_119953 -
Agaricus rotalis ecv3768 USA HM488746 | HM488792
Agaricus sp. BAB-5059 India KR155104
Agaricus sp. CA833 Thailand JF727858 -
Agaricus sp. C3182 Togo KJ540956 -
Agaricus sp. NTS113 Thailand JF514531 -
Chlorophyllum rachodes Vellinga 2106 Netherlands | AF482849 -
Clarkeinda trachodes ecv3838 Thailand M488750 | HM488771
Clarkeinda trachodes Igbal 806 Bangladesh - MG462712
Coniolepiota spongodes ecv3898 Thailand HM48875 -
Coniolepiota spongodes HKAS 77574 Bangladesh | KC625531 | KC625530
Eriocybe chionea ecv3560 Thailand HM488752 | HM488773
Heinemannomyces splendidissimus ecv3586 Thailand HM488760 | HM488769
Heinemannomyces splendidissimus 2113043 Thailand JF691559 -
Heinemannomyces splendidissimus GDGM 46633 China MF621038 | MF621039
Heinemannomyces splendidissimus GDGM 46633 China - MF621040
Hymenagaricus ardosiicolor LAPAF9 Togo JF727840 -
Hymenagaricus ardosiicolor isolateZ4 Tanzania KM360160 -
Hymenagaricus cf. kivuensis BRG6089 Burundi KM982454
Hymenagaricus sp. CA833 Thailand JE727858 -
Hymenagaricus sp. 2113103 Thailand KM982450 | KM982452
Hymenagaricus sp. CA801 Thailand JF727859 -
Hymenagaricus sp. LD2012186 Thailand KM982451 | KM982453
Pseudolepiota zangmui Ge2106° China KY768927 -
Pseudolepiota zangmui MFLU100515 Thailand KX904355 -
Xanthagaricus caeruleus GDGM 50651 China MF039088 | MF039086
Xanthagaricus caeruleus GDGM 50794 China MF039089 | MF039087
Xanthagaricus epipastus zrl 3045 Thailand HM436649 | HM436609
Xanthagaricus flavosquamosus GDGM 50913 China MF351627 -
Xanthagaricus flavosquamosus GDGM 50918 China MF351629 | MF351631
Xanthagaricus flavosquamosus GDGM 50924 China MF351628 -
Xanthagaricus necopinatus 122213_2{;‘,211’151(1;3(2;’};4 Bangladesh | MF351626 | MF351630
Xanthagaricus pakistanicus LAH SH 207 Pakistan KY621555 -
Xanthagaricus pakistanicus HUP SH 315 Pakistan KY621556 -
Xanthagaricus sp. TL6025 Malaysia AF482835 | AF482879
Xanthagaricus sp. ecv3807 Thailand HM488761 | HM488770
Xanthagaricus taiwanensis HKAS 42545 Taiwan, China | DQ490633 | DQ089016
Xanthagaricus taiwanensis C.M. Chen 3636 Taiwan, China | DQ006271 | DQ006270

Highlighted in bold are newly generated sequences in this study. "holotype, “isotype
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separately with default settings, and manually edited in BioEdit v.7.0.9 (Hall 1999).
ITS and 28S datasets was then concatenated using Phyutility (Smith and Dunn 2008)
for further phylogenetic analyses, and treated here as a ITS-28S dataset. The combined
dataset (ITS-28S) was used for the recognition of the new species in Xanthagaricus
and to find out their relationships with allied genera in Agaricaceae. Maximum Likeli-
hood (ML) was performed using RAXML v.7.2.6 (Stamatakis 2006). As RAxXML only
supports the GTR model of nucleotide substitution, the GTRGAMMAI model was
used for phylogenetic analyses, and statistical support values were obtained using non-
parametric bootstrapping (BS) with 1000 replicates. Chlorophyllum rachodes (Vittad.)
Vellinga was chosen as the outgroup.

Results

Molecular phylogenetic results

A total of 10 nuclear ribosomal RNA gene sequences (five each for ITS and 28S) was
generated from the newly collected materials of C. trachodes, Heinemannomyces and
Xanthagaricus, and deposited in GenBank (Table 1). In the aligned ITS-28S dataset,
sequences of the 43 samples were included with 1663 nucleotide sites (784 for I'TS and
879 for 28S, gaps included) for each sample, of which 1186 were constant characters,
384 were parsimony informative characters, and 93 were parsimony uninformative
characters. The resulting aligned dataset has been deposited in TreeBASE (http://purl.
org/phylo/treebase/phylows/study/TB2:521521). In the combined ITS-28S ML tree
(Fig. 1), the proposed two new species are distinct, the collection from Bangladesh is a
close relative to X. pakistanicus with strong BS support value (97% ML BS), while the
Chinese collection is not sister to any single species. Both clustered together with X.
epipastus (Berk. & Broome) Hussain, X. miwanensis (Zhu L. Yang, Z.W. Ge & C.M.
Chen) Hussain, X. caeruleus, and two unnamed species of the same genus. The result
of the phylogenetic analysis is presented in Fig. 1.

Taxonomy

Xanthagaricus flavosquamosus T.H. Li, Iqbal Hosen & Z.P. Song, sp. nov.
MycoBank: MB822730
Figs 2a-b, 3, 5b

Diagnosis. Closely related to X. epipastus and X. subepipastus but differs in having
larger basidiospores with verrucose surface, short but broadly clavate cheilocystidia,
and found on the ground covered by fallen needles or debris of Pinus sp.

Typification. CHINA, Jiangxi Province, Jiulong Provincial Forest Park, 25 August
2015, Ming Zhang, Jun Ping Zhou & Hao Huang (GDGM 50918, holotype).
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Figure 1. Phylogenetic relationships of Xanthagaricus species and its allied genera inferred from I'TS-28S
data using ML method. RAXML bootstrap support values (ML BS, >50%) are indicated on the branches
at nodes. The two new species of Xanthagaricus from Bangladesh and China, and Heinemannomyces splen-
didissimus from China, are highlighted in bold on the tree. Herbarium or voucher specimen numbers and
country names are provided after the species name. Chlorophyllum rachodes is rooted as the outgroup. Bar:

indicates 0.1 expected change per site per branch.

Etymology. The species epithet “flavosquamosus” (Lat.) refers to the yellow squa-
mules on the pileus surface.

Description. Basidiomata small-sized. Pileus 8—13 mm broad, at first hemispheri-
cal to convex, then plano-convex to nearly applanate with age, yellow (2A4-7) to
vivid yellow (2A8), lemon yellow or mustard yellow (3B8, 3B6), more or less yellow-
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Figure 2. Basidiomata of Xanthagaricus species. a, b Basidiomata of X. flavosquamosus (a, b GDGM
50918, holotype) ¢, d Basidiomata of X. necopinatus (GDGM 46632, holotype; PHI-12, isotype).

Scale bars: 5 mm.

brown to grayish brown at centre, concentrically fibrillose-squamulose, sometimes
woolly to matted squamulose on the surface, more densely and darker at centre; mar-
gin incurved with appendiculate, often lacerated velar remnants, concolorous with
the squamules; context 0.8 mm thick at the pileus center, elsewhere thin, no color
change when cut or injured. Lamellae free, depressed around the stipe, broadly ven-
tricose, yellowish white (3A2) to light pinkish white (10A2), with crenulate margin;
3—4 tiers of lamellulae. Szipe 20-30 x 1.5-2 mm, equal, central, cylindrical, slightly
curved, fistulose, pale yellow (3A3) to slightly grayish yellow (3B3), some scattered
squamules or scales on surface, with white mycelial tufts at base. Annulus absent. Odor
and taste unknown.

Basidiospores [60/3/3] 5-5.5(—6) x 3-3.5 pm, [mean length = 5.38 um, mean
width = 3.25 ym, Q = (1.51-)1.61-1.68(-1.71), Q_ = 1.65 + 0.052], ellipsoid to
broadly ellipsoid, slightly thick-walled (0.5 pm), smooth under light microscope
but minutely verrucose or warty under SEM, pale yellow to yellowish brown in
H,O and 5% KOH, inamyloid. Basidia 10-12 x 5-6 pm, clavate, pale yellow in
H,O, hyaline, thin-walled, 4-spored, with sterigmata up to 3 pum long. Lamellar
trama regular to subregular, composed of thin-walled cylindrical hyphae 4-8 pm
wide. Cheilocystidia 7-15 x 69 pm, abundant, clavate to broadly clavate, some-
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Figure 3. Microscopic features of Xanthagaricus flavosquamosus (GDGM 50918, holotype). a Basidia
with basidioles b Basidiospores ¢ Epithelial pileipellis with encrusted wall. d Cheilocystidia. Scale
bars: 10 pm.

times slightly fusoid to obovate, smooth, hyaline, thin-walled. Pleurocystidia ab-
sent. Pileipellis (squamules on pileus) epithelial, composed of agglutinated globose
to subglobose, rarely clavate to ellipsoidal thin-walled cells, terminal cells 6-12 x
6-10 pm, slightly encrusted, with some vacuolar pigments when observed in KOH
or H O. Caulocystidia not found. Stipe trama composed of parallel hyphae 3-8 pum
wide, yellowish brown in mass but pale yellow or subhyaline individually. Clamp
connections absent in all tissues.

Habit, habitat and distribution. Gregarious to scattered, ground covered with fall-
en needles or debris of Pinus sp., currently only known from Jiangxi Province of China.

Additional specimens examined. CHINA, Jiangxi Province, Jiulong Provincial
Forest Park, 26 Aug 2015, Ming Zhang, Jun Ping Zhou & Hao Huang (GDGM
50924); same location, 26 Aug 2015, Ming Zhang, Jun Ping Zhou & Hao Huang
(GDGM 50613b).
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Xanthagaricus necopinatus Iqbal Hosen, T.H. Li, & G.M. Gates, sp. nov.
MycoBank: MB822731
Figs 2¢, d, 4, 5b

Diagnosis. Morphologically similar to X. flavosquamosus but differs in the presence
of a fugacious annulus, smaller and denser squamules, comparatively smaller basidi-
ospores with rugulose-rough surface, clavate to narrowly clavate cheilocystidia.

Typification. BANGLADESH, Dhaka Division, Sher-e-Bangla Nagar, Chon-
drima Uddan, 21 Aug 2014, Igbal 821 (GDGM 46632, holotype; PHI-12, isotype).

Etymology. The species epithet “necopinarus” (Lat.) means unexpected, refers to the
unexpected, surprising habitat of the collection, which was found on a concrete wall.

Description. Basidiomata small-sized. Pileus 10-15 mm broad, hemispherical,
convex to plano-convex, yellow (2A4-7) to vivid yellow (2A8), maize yellow (4A0),
light olive yellow (3D3-4) to pale brown (5D4) at disc, with yellow (3A4) to yellowish
brown (5D8, 5E8) squamulose or finely fibrillose squamules on the surface, more con-
centrated and darker at center but scattered elsewhere; margin incurved with appen-
diculate velar remnants, concolorous with the pileus squamules; context 0.7 mm thick
at pileus center, elsewhere thin, unchanged when cut or injured. Lamellae free, de-
pressed around the stipe, yellowish white (3A2) to pinkish white (10A2), light brown-
ish gray (6C3, 6D3), with crenulate edge, broadly ventricose; lamellulae commonly
with 3—4 tiers. Stipe 18-28 x 1.5-2 mm, equal to slightly attenuated towards base,
central, cylindrical, slightly curved, fistulose, yellowish brown (5D4) to dull brown
(5C2), with some scattered squamules on surface; squamules more concentrated to-
ward apex. Annulus very thin and tiny, superior, fugacious, often gone due to handling
or with age. Odor and taste unknown.

Basidiospores [60/3/1] 4-5 x 2.7-3.2 pm, [mean length = 4.45 um, mean width
=2.98 pm, Q = (1.31-)1.41-1.64(-1.72), Q, = 1.49 + 0.064], ellipsoid to ovoid-
ellipsoid, slightly thick-walled (0.5 um), inamyloid, smooth under light microscope
but rugulose-rough surface under SEM, yellow to yellowish brown in H O and 5%
KOH. Basidia 13-17 x 5-6 um, clavate to narrowly clavate, pale yellow in H,O,
thin-walled, 4-spored, with sterigmata up to 2 um long. Lamellar trama regular to
subregular, composed of thin-walled cylindrical hyphae, 4-8 pm wide. Cheilocystidia
15-20 x 4—6 pm, abundant, clavate to narrowly clavate, sometimes narrowly fusoid,
smooth, hyaline, thin-walled. Pleurocystidia absent. Pileipellis (squamules on pileus)
epithelial, composed of agglutinated globose, subglobose to broadly ellipsoid, rarely
clavate cells, terminal cells measuring 9-15 x 6-10 pm, slightly encrusted, with some
vacuolar pigments when observed in KOH or H,O. Caulocystidia sometimes present,
cylindro-clavate to narrowly clavate measuring 18-25 x 5—7 um, thin-walled, smooth,
hyaline. Stipe trama composed of parallel hyphae 4-10 pm wide, yellowish brown in
mass but pale yellow to subhyaline individually. Clamp connections absent in all tissues.

Habit, habitat and distribution. Scattered, clustered on a concrete wall, currently
only known from Bangladesh.
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Figure 4. Microscopic features of Xanthagaricus necopinatus (GDGM 46632, holotype; PHI-12, iso-
type). a Basidia with basidioles b Basidiospores ¢ Epithelial pileipellis with encrusted wall d Cheilocyst-

idia. Scale bars: 10 pm.

Heinemannomyces splendidissimus Watling, Belg. J. Bot. 131(2): 135 (1998)
Figs 6, 7

Description. Basidiomata medium-sized to large. Pileus 35-65 mm broad, at first
hemispherical, then convex to applanate with age, sometimes depressed at disc, pileus
surface covered by snuff brown, chestnut brown, purple-brown or grayish red (9B4,
9C4, 10CD4), woolly-floccose or woolly arachnoid velar remnants, usually darker at
center, outer zone showing dull white to whitish background when the velar remnants
vanish; margin incurved with slightly appendiculate velar remnants, often slightly lac-
erated; context 3—4 mm thick at pileus centre, elsewhere thin, changes from white
to slightly reddening when cut or injured. Lamellae free, depressed around the stipe,
broadly ventricose, bluish gray to leaden gray (19B3, 18C3) when young, becom-
ing dark blue (19E4-7) to bluish gray (19D3-5) when mature; 3—4 tiers of lamel-
lulae. Stipe 50-60 x 5-6 mm, central, cylindrical, slightly tapering towards the base,
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Figure 6. Basidiomata of Heinemannomyces splendidissimus. a Basidiomata showing leaden-blue lamellae
and floccose pileus surface (GDGM 46633) b Basidiomata showing dark blue lamellae and floccose pileus
surface (GDGM 46633) ¢ Basidiomata showing blue lamellae and slightly depressed pileus disc (GDGM
46634) d Basidiomata showing pileus surface and a reddening context when cut (GDGM 46635). Scale

bars: 20 mm.

floccose-squamulose all over the stipe, often vanish from handling or rain, with lighter
shade of the pileus color, fistulose; stipe context slightly reddening when cut or injured.
Annulus delicate, fugacious. Odor and taste unknown.
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Figure 7. Microscopic features of Heinemannomyces splendidissimus (GDGM 46633). a Basidiospores
b Basidia ¢ Elements from stipe surface d Pileipellis € Cheilocystidia. Scale bars: 10 um.

Basidiospores [60/3/3] (5.5-)6-6.5(-7) x 3.5-4.5(-5) pm, [mean length = 6.25
um, mean width = 4.15 um, Q = 1.42-1.55(-1.63), Q_ = 1.50 + 0.043], ellipsoid to
ovoid-ellipsoid, inamyloid, slightly thick-walled (0.5 um), smooth, dark brown, gray-
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ish brown to slightly leaden gray in H,O and 5% KOH. Basidia 13-19 x 7-9 um,
clavate to broadly clavate, colorless or pale yellow in H O and KOH, 4-spored, rarely
2-spored, with sterigmata up to 2 um long. Lamellar trama regular to subregular, com-
posed of thin-walled cylindrical hyphae 4-8 um wide. Cheilocystidia 15-22 x 6-10
pm, abundant and scattered colorless, clavate to cylindro-clavate, sometimes narrowly
fusoid, smooth, hyaline, thin-walled. Pleurocystidia absent. Pileus trama hyaline or pale
yellow, 4-10 wide hyphae; refractive hyphae very common, 5-8 pm wide. Pileipellis
(woolly-floccose squamules on pileus) a complex of hyphal types, interwoven, loosely
arranged, brick red in mass but hyaline to light red or pale red individually when ob-
served in H,O and KOH, sometimes slightly puffy or swollen in some portion of some
hyphae, smooth, thin-walled, cylindrical hyphae 4-10 pm wide; terminal elements
measuring 20-50 x 4—10 pm. Stzipitipellis similar to pileipellis but with paler color and
slightly narrower hyphae measuring 3-8 pm wide. Stipe trama composed of parallel
hyphae 4-9 pm wide, hyaline; refractive hyphae sometimes present 3-5 pm wide.
Clamp connections not found in any tissue.

Habit, habitat and distribution. Solitary, scattered on the ground; known from
Malaysia, Thailand, and now China.

Specimens examined. CHINA, Guangdong Province, Shantou City, Nanao Is-
land, 8 May 2015, Igbal, Tai-Hui Li & Ting Li (GDGM 46633); same location, 9
May 2015, Igbal, Tai-Hui Li & Ting Li (GDGM 46634, GDGM46635).

Discussion

Little Flower et al. (1997) defined Xanthagaricus to include taxa with “basidiomata
small, pileus with characteristic woolly squamules and appendiculate margin; lamel-
lae free, brown when mature; stipe cylindrical, slender, fistulose, slightly broader at
the apex, veil absent; context thin, sometimes becoming vinaceous red on bruising;
spore print brown, spores subglobose to ellipsoid, smooth, thick-walled, brown with
yellowish tinge; lamellar edge heteromorphous; cheilocystidia present; hymenophoral
trama regular to subregular; pileal surface a disrupted epicutis of radial hyphae with
plenty of spherical or subspherical cells at the scales; clamp connections absent”. In
spite of that, some species of Xanthagaricus do not warrant the generic circumscription
on account of lamellae color (ink-blue in X. caeruleus), presence of an annulus (tiny
and fugacious annulus in X necopinatus), basidiospore color (greenish gray to grayish
brown in X. caeruleus) with either smooth (X. caeruleus) or ornamented basidiospores
(X flavosquamosus, X. necopinatus, X. epipastus, X. subepipastus, etc.), but share the
common features like small basidiomata, squamulose pileus, epithelial pileipellis with
globose to subglobose terminal elements, the presence of cheilocystidia, the absence of
pleurocystidia, more or less yellow to brownish yellow basidiospores, and the absence
of clamp connections. It should be noted that most species of the genus Xanthagaricus
have ornamented basidiospores (Figs. 15¢—h, 16 in Little Flower et al. 1997) but it was
not mentioned in the genus circumscription by the authors (1997).
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Macromorphologically, both new species are superficially close to each other, and
could be confused in the field, although X. flavosquamosus has relatively larger squam-
ules, no annulus and slightly lighter color that X. necopinatus. However, they can be
separated microscopically. Xanthagaricus flavosquamosus has short and broadly clavate
cheilocystidia, comparatively larger and wider basidiospores with a verrucose surface
under SEM, while X. necopinatus has narrowly clavate cheilocystidia and shorter ba-
sidiospores with a rugulose-rough surface under SEM. Furthermore, these two species
are in different clades in the phylogeny. Xanthagaricus flavosquamosus creates a new
phyletic line with weak support, while X. necopinatus is a close relative to X. pakistani-
cus with strong BS support value (93% ML BS, Fig. 1). However, morphologically, X.
pakistanicus has a light orange-yellow to moderate orange-yellow pileus, and globose to
subglobose basidiospores measuring 7-7.5 x 6.5-7.0 um (Hussain et al. 2017).

Some morphologically closely related species to be compared to X. necopinatus and
X. flavosquamosus are X. epipastus, X. ochraceoluteus (D.A. Reid & Eicker) Hussain, X.
subepipastus (Heinem. & Little Flower) Little Flower, Hosag. & T.K. Abraham, and
X. viridulus (Heinem. & Little Flower) Little Flower, Hosag. & T.K. Abraham. The
latter two species differ from X. necopinatus in having comparatively larger and wider
basidiospores (Heinemann and Little Flower 1984, Daniéls et al. 2015). Xanthagaricus
epipastus has an olive yellow to olivaceous squamulose pileus, and slightly wider basidi-
ospores (3.7-4.7 x 2.8-3.4 um) with lower Q value (avg. 1.36) (Heinemann and Little
Flower 1984). Xanthagaricus ochraceoluteus difters from X. necopinatus in having olive-
buff lamellae, no annulus, and variable cystidia. Xanthagaricus flavosquamosus has com-
paratively larger and wider basidiospores (5-5.5x 3-3.5 um) than those of X. epipastus
(see above), X. subepipastus (3.7-4.7 x 2.8-3.4) and X. viridulus (3.8-5.0 x 2.9-3.6
pum) (Heinemann and Little Flower 1984, Heinemann and Rammeloo 1986, Daniéls
etal. 2015). Furthermore, X. epipastus has a pileus covered by olive yellow to olivaceous
squamules (Heinemann and Little Flower 1984). Moreover, X. subepipastus and X. vir-
idulus, originally described from the Kerala state of India, differ in having lageniform
cheilocystidia (Heinemann and Little Flower 1984). Xanthagaricus viridulus also has an
umbonate, brown, floccose-squamulose pileus, and lageniform to clavate cheilocystidia
(Heinemann and Little Flower 1984). Xanthagaricus ochraceoluteus has olive-buff ad-
nexed lamellae (Reid and Eicker 1998). Unfortunately, molecular data for the Indian
collections and other comparable species are unavailable to include in this study.

Xanthagaricus taiwanensis (=Hymenagaricus taiwanensis Zhu L. Yang, Z.W. Ge &
C.M. Chen), originally described from Taiwan, China is distinguished from X. fla-
vosquamosus by having a yellow-brown pileus covered with fuscous brown-black squa-
mules, a white membranous annulus, and comparatively wider basidiospores 5-5.5
x 3—4 pm (Ge et al. 2008). Xanthagaricus caeruleus, a recently described species from
China, can also be distinguished from X. flavosquamosus by its grayish lilac to grayish
violet squamules on pileus, ink-blue lamellae, and comparatively larger and smooth
basidiospores 5-6 x 3—3.5 pm (Hosen et al. 2017). On the other hand, X. necopinatus
is distinguished from all closely related species of this genus (see above), and the first
contribution to the genus Xanthagaricus for Bangladesh.
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It is interesting to note that Xanthagaricus appears to be a monophyletic genus
and close sister to Pseudolepiota Z.\W. Ge, a monotypic genus, recently described from
China, with strong BS support value (85% ML BS). The latter genus is distinguished
in having white color of the lamellae, hyaline basidiospores, and a subcutis pileipel-
lis made up of slightly interwoven cylindrical hyphae (Ge and Yang 2017). However,
the synapomorphic features of the two genera are the squamulose pileus, the absence
of pleurocystidia, and the absence of clamp connections. Though a recent molecular
study by Hosen et al. (2017) recovered Xanthagaricus as a close sister genus to Hymena-
garicus, lacked significant BS support value while using ITS data. With the inclusion of
eight species of Xanthagaricus including two new species based on I'TS-28S phylogeny,
the monophyly of the genus is resolved with the close evolutionary relationship to
Pseudolepiota, and distinct from Hymenagaricus (Fig. 1).

The collection of Heinemannomyces made from south China matches well with
the salient features (woolly-arachnoid veil on pileus, leaden gray lamellae, and a red-
dening context) of H. splendidissimus reported in the protologue by Watling (1998).
However, the Chinese material slightly deviates from the original description in hav-
ing comparatively larger basidiomata (up to 65 mm broad), and the absence of clamp
connections. The authors were unable to include the type material of Heinemanno-
myces in the present study, but several sequences of H. splendidissimus from the type
locality and its adjacent areas (Thailand) are available in the public accessible database
(GenBank) to compare with the Chinese material. Sequences of Heinemannomyces
from Thailand fall in the same clade with those from China, and are closely relat-
ed to Hymenagaricus (Fig. 1). However, morphologically, Heinemannomyces differs
from Hymenagaricus by having woolly-arachnoid veil remnants on the pileus surface,
becoming brown, a reddening context when cut or injured, leaden gray lamellae,
and a pileipellis composed of cylindrical hyphae (Watling 1998). It should be noted
that three species of Hymenagaricus (GenBank voucher numbers. C.M. Chen 3636,
T. Laessoe 6025 and ecv3807) used in this study (Xanthagaricus clade, Fig. 1) were
also grouped together with strong BS support value in the molecular study of Vel-
linga et al. (2011) based on either ITS or multigene phylogeny, and Heinemanno-
myces was separated from them, and formed an independent lineage (Figs. 2 and 3
in Vellinga et al. 2011). However, no additional species of Hymenagaricus from the
Hymenagaricus-Heinemannomyces clade (Fig.1) was included in the study of Vellinga
etal. (2011). In the present analysis, more species of Hymenagaricus including some
other close relative taxa of Agaricaceae were included, and Heinemannomyces showed
a close afhinity to Hymenagaricus (Fig. 1). One possible classification would be to
collapse Heinemannomyces into a single genus Hymenagaricus or separate it into a sub-
genus/section. However, there are some remarkable morphological characteristics for
Heinemannomyces and Hymenagaricus, which supports separating them into different
genera. Further exploration of Hymenagaricus Heinemannomyces species diversity and
historical biogeography from Asia/South Africa, which seems to be species rich in
these genera, could help to confirm or refute the hypothesis of monophyly/paraphyly
of Hymenagaricus.
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Key to the taxa of Xanthagaricus known from Bangladesh and China

1 Basidiomata small (8—15 mm broad) .......cooeeeuviieiiieiiiiiiiiieeeeee e 2
- Basidiomata small (15-35 mm broad), with yellow brown pileus, covered
with fuscous black squamules, lamellae pink becoming grayish pink, basidi-
ospores 5-5.5 x 3—4 um, smooth, pileipellis epithelial with encrusted wall,
found in Taiwan, China.......ooooeeeeeeeeeeeeeee e X. taiwanensis
2 Basidiomata small (10-15 mm broad), with dull lilac to grayish lilac or gray-
ish violet squamules, lamellae white becoming light blue to blackish blue, ba-
sidiospores 5—6 x 3—3.5 pum, smooth surface under SEM, pileipellis epithelial
without encrusted wall but pigmented, found in China............ X. caeruleus
- Basidiomata small (8—15 mm broad), with yellow to yellowish brown, lamel-
lae yellowish white to light pinkish white, pileipellis epithelial with encrusted
wall, basidiospores 4-5.5 x 2.7-3.5 pm, ornamented under SEM .............. 3
3 Basidiomata 8—13 mm broad, basidiospores 5-5.5 x 3-3.5 um, ornament-
ed with verrucose surface under SEM, fugacious annulus absent, found in
ChiNa ..o X. flavosquamosus
- Basidiomata 10—15 mm broad, basidiospores 45 x 2.7-3.2 um, ornamented
with rugulose-rough surface under SEM, fugacious annulus present, found in
Bangladesh.........cccccooiiiiiiii X. necopinatus
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Abstract

The Ophiostomatales is an Ascomycete order of fungi that accommodates several tree pathogens and many
species that degrade wood. These fungi are commonly vectored by Scolytine bark and ambrosia beetles. In
recent years it has also been shown that hyperphoretic mites on these beetles can vector some Ophiosto-
matales. Little is known regarding the Ophiostomatales in China and we have consequently explored the
diversity of these fungi associated with conifer-infesting beetles and mites in Yunnan province. Galleries and
beetles were collected for 17 beetle species, while 13 mite species were obtained from six of these beetle spe-
cies. Collectively, 340 fungal isolates were obtained, 45 from beetles, 184 from mites, 56 from galleries and
55 isolates where the specific niche was not clear. DNA sequences for five gene regions (ITS, LSU, BT, EE,
and CAL) were determined for fungal isolates representing different morphological groups. Phylogenetic
analyses confirmed the presence of 19 fungal taxa, including five novel species described here as Ophios-
toma acarorum sp. nov., Ophiostoma brevipilosi sp. nov., Graphilbum kesiyae sp. nov., Graphilbum puerense
sp. nov., and Leprographium ningerense sp. nov. Ophiostoma ips was the most frequently isolated species,
representing approximately 31% of all isolates. Six of 19 taxa were present on mites, beetles and in the gal-
leries of the beetles, while three species were found on mites and galleries. Two species were found only on
mites and one species only on a beetle. Although the numbers of beetles and mites were insufficient to pro-
vide statistical inferences, this study confirmed that mites are important vectors of the Ophiostomatales in
China. We hypothesize that these mites are most likely responsible for horizontal transfer of fungal species
between galleries of different beetle species. The fact that half of the fungal species found were new to sci-
ence, suggests that the forests of east Asia include many undescribed Ophiostomatales yet to be discovered.

Copyright Runlei Chang et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

The ophiostomatoid fungi represent a polyphyletic group of tree- or wood-infecting
fungi, most often staining freshly exposed sapwood and thus lowering the value of
timber (Seifert 1993). Some of the species are important tree pathogens that have
dramatically impacted natural forests and caused major losses to forestry companies
during the course of the last century (Harrington 1993, Wingfield et al. 2017). The
sexual and often asexual spore-bearing structures of the ophiostomatoid fungi are spe-
cifically adapted for dispersal by arthropods, producing spores in sticky droplets that
attach to the bodies of their vectors (Malloch and Blackwell 1993). However, these
morphological and biological traits have evolved more than once in the Ascomycota
and phylogenetic analyses have shown that these fungi reside in two different orders,
the Ophiostomatales and Microascales (De Beer et al. 2013). The Ophiostomatales
currently accommodates a single family, the Ophiostomataceae, that includes ten gen-
era (Bateman et al. 2017, De Beer et al. 2016a, De Beer et al. 2016b, Van der Linde et
al. 2016), while the Microascales comprises of five families, of which the Ceratocysti-
daceae, Gondwanamycetaceae and Graphiaceae include 14 genera of ophiostomatoid
fungi (De Beer et al. 2014, 2017, Mayers et al. 2015, Nel et al. 2017).

Bark beetles (Coleoptera: Scolytinae) are well known vectors of ophiostomatoid
fungi (Harrington 2005, Kirisits 2004, Six 2003). Other than a few bark beetle spe-
cies that are considered to be primary pests causing significant economic losses, most
species of bark beetles are secondary invaders, which colonize injured or stressed trees
(Harrington 2005, Six and Wingfield 2011). Some bark beetle species have specialized
structures known as mycangia that carry fungal conidia or ascospores, but most of
these insects carry fungi on their exoskeletons (Six 2003). They construct their galler-
ies, where the ophiostomatoid fungi grow, in the phloem and cambial layers under the
bark of trees (Paine et al. 1997). The nature of the relationships between fungi and bark
beetles is recognized as being very diverse. Some beetle-fungus symbioses appear to be
obligate, while others may be facultative (Kirisits 2004). The role of the fungi can vary
from their being nutritional symbionts of the beetles to saprophytes in the galleries,
although in most cases the exact nature of the symbiosis is not well understood (Six
and Wingfield 2011).

Along with the fungi, mites are also common symbionts of bark beetles (Hofstetter
and Moser 2014, Roets et al. 2009). Due to their small body size and low mobility,
many mite species rely on beetles or other animals for dispersal (Mitchell 1970). The
relationship between mites and their vectors is usually commensal, but in some cases
these are antagonistic or even mutualistic (Pfammatter et al. 2013). The phoretic mites
of only a limited number of bark beetles have been studied in detail, including mostly
North American species of Scolytus, Dendroctonus and Ips (Hofstetter et al. 2013).
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As is the case with bark beetles, their mite associates can also vector ophiostoma-
toid fungi (Hofstetter and Moser 2014). Some mites such as Zarsonemus spp. possess
sporothecae that are specialized structures of the integument that serve to carry fungal
spores (Hofstetter et al. 2015). Ophiostomatoid fungi associated with mites include
genera such as Ceratocystis, Knoxdaviesia, Ceratocystiopsis, Ophiostoma, Leptographium,
Grosmannia and Sporothrix (Hofstetter et al. 2013). The interactions between mites
and fungi are dynamic and vary with tree host condition and climate (Klepzig and
Hofstetter 2011). It is for example known that mites can promote some fungal growth
by increasing fungal transmission, reproduction, and survival, or by reducing the
abundance of antagonistic fungi (Hofstetter and Moser 2014). Mites can also nega-
tively affect some fungi because of exploitative/interference competition, predation, or
encouragement of antagonistic fungi (Hofstetter et al. 2000).

Research on the interactions between ophiostomatoid fungi and bark beetles have
been ongoing for more than a century in North America (Harrington 2005, Hedgcock
1906), Europe (Kirisits 2004, Miinch 1907), and Japan (Masuya et al. 2013, Nisikado and
Yamauti 1933). The associations of ophiostomatoid fungi with mites have been studied
only in North America and Europe (Hofstetter and Moser 2014, Hofstetter et al. 2013),
with a single report from Japan (Moser et al. 1997) and with ongoing studies on Prozea
spp. in Southern Africa (Roets et al. 2009, Roets et al. 2007). It is only more recently that
the fungal associates of bark beetles have been explored in China, despite the fact that
more than 160 bark beetle species have been recorded from that country (Yin et al. 1984).

The first new beetle associated ophiostomatoid species described from China for
which the description was supported by DNA sequence data, was Grosmannia yun-
nanensis (Zhou et al. 2000, Yamaoka et al. 2008). Additional new species described
during the past decade from a variety of conifer-infesting beetles in China, include one
Graphium (Paciura et al. 2010a), 12 Leptographium (Liu et al. 2017, Lu et al. 2008,
Paciura et al. 2010b, Yin et al. 2015), and five Ophiostoma (Yin et al. 2016) species.
The most comprehensive study on the fungal associates of a specific beetle species in
China has been on Dendroctonus valens, an economically important invasive bark bee-
tle that was introduced to China from the USA and is attacking native pine species (Lu
et al. 2008, 2009a, b, Taerum et al. 2013). Together with the fungal associates of D.
valens, almost 40 ophiostomatoid species have been recorded and described from coni-
fers in China (Liu et al. 2017, Paciura et al. 2010a, b, Yin et al. 2015, 2016, Zhou et
al. 2013). Most of these are from bark beetles or their galleries. The fungal associates of
mites have not been studied in this country (Hofstetter et al. 2013, Zhou et al. 2013).

Yunnan province forms part of in the southwestern forest zone, the second largest
forest area in China (http://www.china.org.cn/english/shuzi-en/en-shuzi/gq/htm/zrzy-
land-sL.htm). This province has a unique geography where three climatic regions meet:
the eastern Asia monsoon region, the Tibetan plateau region, and the tropical mon-
soon region of southern Asia and Indo-China. As a result , species diversity in Yunnan
province is high when compared to other parts of China. For example, more than
18000 plant species and 1836 vertebrate species are found here which represent 51.6%
and 54.8% respectively of total species numbers in China (Yang et al. 2004). However,
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only 13 ophiostomatoid species have been reported from Yunnan (Zhou et al. 2013).
Based on the high diversity of trees and vertebrates, but the relatively low number of
ophiostomatoid species reported from Yunnan to date, we hypothesize that there are
many undiscovered species from this group of fungi associated with bark beetles and
mites in this province. The aim of this study was thus to further explore the diversity
of ophiostomatoid fungi associated with conifer-infesting beetles and mites in Yunnan.

Material and methods

Collection of bark beetles and mites

Three surveys were conducted in Yunnan during the flight period of bark beetles in July
2001, July 2002, and between June and September 2010 (Table 1, Suppl. material 2:
Figure S1). Surveys were conducted both in sawmill log-yards and forest areas. During
the 2001 and 2002 surveys, only galleries and beetles were considered from pine spe-
cies in conifer and mixed forests in central and northwestern Yunnan (Table 1, Suppl.
material 2: Figure S1). During the 2010 survey, some collections were conducted using
Pinus kesiya log traps in the pine forests around Puer city in southwestern Yunnan. Both
adult bark beetles and their galleries were collected and stored in Eppendorf tubes and
re-sealable bags, respectively. Mites were carefully removed from these beetles and galler-
ies in the laboratory and individually placed in Eppendorf tubes. After the isolation of
fungi, beetles and mites were stored in 75% ethanol for later identification. Beetles and
mites were identified based on the morphology by Dr R. Beaver (Chiang Mai University,
Thailand) and Dr E.A. Ueckermann (Plant Protection Research Institute, Agricultural
Research Council, South Africa) respectively.

Isolation of fungi

Fungi were isolated from the bark beetles and their galleries following the methods de-
scribed by Linnakoski et al. (2008). At the time of collection, living mites collected from
the galleries were placed on the surface of 2% MEA medium (20 g Difco agar, 20 g Difco
BactoTM malt extract [Becton, Dickinson & Company], 1 L deionized water) and al-
lowed to crawl over the plate for 24 hours. The mites were then removed and stored in
Eppendorf tubes for identification. MEA plates were monitored daily for fungal growth
and hyphal tips of emerging colonies were transferred to fresh MEA plates in order to
purify the fungi. Pure cultures were grouped based on culture morphology, and repre-
sentatives from each group were selected for DNA sequencing. All isolates used in this
study were deposited in the Culture Collection (CMW) of the Forestry and Agricultural
Biotechnology Institute (FABI), University of Pretoria, Pretoria, Republic of South Af-
rica. Isolates representing types of new species were also deposited in the culture collec-
tion (CBS) of the Westerdijk Fungal Biodiversity Institute, Utrecht, the Netherlands.
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DNA sequencing and phylogenetic analyses

Isolates were grown on 2% MEA in Petri dishes. DNA was extracted using PrepMan
Ultra Sample Preparation reagent (Applied Biosystems, Foster City, CA) following
the manufacturer’s instructions. The primer pairs ITS1F (Gardes and Bruns 1993)
and I'TS4 (White et al. 1990) were used to amplify internal transcribed spacer regions
(ITS), the primary barcode of fungi (Schoch et al. 2012). LROR and LR5 (Vilgalys
and Hester 1990) were used to amplify nuclear large subunit (LSU). For ITS2-LSU
used in Leptographium, I'TS and LSU sequences were combined. EF2F (Marincowitz
etal. 2015) and EF2R (Jacobs et al. 2004) were used to amplify the elongation factor
1-o (EF) gene, the secondary barcode of fungi (Stielow et al. 2015). BT2A and BT2B
(Glass and Donaldson 1995) were used to amplify part of the B-tubulin (BT) gene,
and CL2F and CL2R (Duong et al. 2012) for the calmodulin (CAL) gene. PCR and
sequencing were conducted using the methods described by Duong et al. (2012).

The sequences obtained using the forward and reverse primers were aligned in Geneious
Prov. 7.1.4 (Biomatters, Auckland, New Zealand). ITS sequences were submitted to BLAST
searches in NCBI Genbank for preliminary identifications. Based on these results, the ITS
data were separated into different data sets according to genus. ITS2-LSU data were used for
analyses of taxa residing in Leptographium s.L., while I'TS was used for analyses of taxa belong-
ing to the other genera. The BT, EF and CAL data were separated into smaller data sets based
on the species complexes as defined by De Beer and Wingfield (2013). All sequences ob-
tained in this study were submitted to GenBank (Table 2). Alignments were done online with
MAFFT v. 7 (Katoh and Standley 2013). Maximum likelihood (ML), maximum parsimony
(MP) and Bayesian Inference (BI) were conducted on the datasets as described in Duong et
al. (2012). For haplotype analyses of O. guercus and O. ssotsi, the online server ElimDupes was
used (hetp://www.hiv.lanl.gov/content/sequence/ ELIMDUPES/elimdupes.html).

Growth studies

Growth studies were conducted on three isolates of each novel taxon. Mycelium-cov-
ered agar plugs were transferred from the actively growing margins of one-week-old
cultures and placed at the centers of 90 mm Petri dishes containing 2% MEA. Cultures
were incubated in the dark at temperatures ranging from 5-35 °C at 5 °C intervals.
Three replicates were used for each isolate at each temperature. Colony diameters were
measured every day until hyphae reached the edges of the Petri dishes. Optimum and
maximum growth temperatures were calculated for each species.

Morphological studies

To facilitate morphological descriptions of new taxa, asexual and sexual structures
(where present) were mounted in lactophenol on glass slides, covered with a coverslip
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and examined with a Zeiss Axioskop2 Plus compound microscope or a Zeiss Dis-
covery V12 dissection microscope with an Axiocam digital camera (Axiovision 3.1)
(Miinchen-Hallbergmoos, Germany). Measurements were made for each taxonomi-
cally characteristic structure. The measurements are presented in the format (mini-
mum-—) mean minus standard deviation—mean plus standard deviation (—-maximum).
For reference to asexual states that resemble morphological features of well-known
asexual genera, we followed the reference style (e.g. hyalorhinocladiella-like) suggested
by Hawksworth (2011). Descriptions of morphological features of Leprographium spe-
cies were based on the style of Jacobs and Wingfield (2001).

Frequency of isolation

Frequencies of isolation of the ophiostomatoid species in all samples were calculated as
follows: F = (NF/NT) x 100, where F represents the frequency of isolation (%), NT
represents the total number of isolates collected, and NF represents the number of
isolates of a particular fungal species.

Results

Bark beetles and mites

Collectively, 17 beetle species belonging to four sub-families were collected from conifer
hosts at 10 sites (Table 1). Seven of the species were collected in 2001 and 2002 and ten
species in 2010. In total, 106 mites were collected from galleries of six Scolytine bark beetle
species during the 2010 survey. One hundred of these mites represented 12 mite species
belonging to eight families (Table 1). The remaining six mites (Table 1, Column m) could
not be identified. The abundance of each mite species collected varied considerably, with
Insectolaelaps sp. 1, Histiostoma cf. sapromyzarum and Dendrolaelaps sp. 1 being the most
abundant overall. The other species were present in very low numbers. Among the most
abundant mites, nsectolaelaps sp. 1 was found on four beetle species, and Histiostoma cf.
sapromyzarum was found on three beetle species, while Dendrolaelaps sp. 1 was associated
with only one beetle species. Coccotrypes cyperi was the most common beetle vector as it
was phoreticed with 34 mites representing eight species, including three unknown species.
Nineteen mites representing five species (including one unknown) came from Polygraphus
szemaoensis, and Orthotomicus angulatus vectored 19 mites representing four species.

Fungal isolation

A total of 340 fungal isolates were obtained, 54 from beetles in 2001 and 2002, and 286
isolated from beetles, galleries and mites in 2010 (Tables 3 and Suppl. material 1: Table S1).



Runlei Chang et al. / MycoKeys 28: 19-64 (2017)

32

*3[qe[TEA® 10U JUOIU dY12ds INOQE UONBWIOUT =

‘7'ds umouyun) = Q) {1°ds umousun) = J

snsoprdrasiq ;[ = Q ‘wpsodind [ = N “wourw snopuo] =N ds syassouasg = suodftoniisa ;J = | Stsusovwiazs ;g = [ ©ds snydvaSiog = 1 snusiiag snydvasijoq = 1 <ds

SIPOSsyJ = ©) MQQN\“M&@ snarutogoqr0) = ds sngouossy = g smpurunov sdf = q ‘“olvw &amwx\\@.\ =D snamy Sn1uas017) = q 242d00 sadl110207) = 7 :samds opaag ,

ds vlnsy = A Sesuouovwas [ = N1 sisuouvuund ;J =[] #puvutiy ;J = [ ‘vA1soy snugg = 1 :s9199ds 150y 2217 |
ove [zt|ei[8]1[o]1] ot [o]o[6|o]o]t]oc]sz]1z[zr[ofo]o]z]z]¥€lo]o]o]o]zst][6r]or[9s]# 0 8z]< 0 [eroL,
1 Jolololololol o JolofJololololo]o]olololololololololololololtlololololo]ololo] wmwummwopnsdunydrs ¢t
z |ofolololo|1] o [ololo]olojololofo[1]olololojolo]olo]o]olololo]olofololo]o]o wingounfuos 7 g1
6¢ [ol1]|tlololo] o Jololololololzt|c]%|clololofolololololololz]olc[olololololo]o sisuaupuunt 9 "/
¢t [olo]olololo] o Jololololololo[t]olololololololc]ololololololo]ols]ololz]|o]o nou *ds asuauadur T 91
T Joltlolo]olol o JoloJololololo]o]ololojolololololololololo]olololo]olo]olo]o vjosuvipre D "G
ot [ojolololo[o|lor [olololo]ololo[o]olololojololojofololololo[o]o]ololo]lolo]o]o povs3 wmigdpiSordoT 1
1 jololoflololol o Jolo]jololololt]|t]1]olojolololojolololololo]lzc]zl¥]o]olojo]olo nou ds asuziond ‘v ¢
it jololoflololol o lolo]jolololols|z]olzlolololtlzlolololololololololo]olo]ololo nou ds awlisay w0y 7|
1 Jolololt]olo]l o JolofJololololo]o]ololojolololololololololololololo]olo]olo]o suvidnyf wnqpydoa) 11
1 [1]ofofofofo] o Jo]ofJo]ololo[o[o]o]ololo]ololo[olo]olo]olololo]olololololo]o D ds vuossorqdp) 01
2zt |ojolololo]lo] o [olofo]olo]jolo[ololololololojolo]olo]jo]olololo]ols|[zlolo]c]o 5051°0 °6
¢v (1| v|clolelo] o Jolololololololt]9ololololololololololololololt]olz]tlolol1]o snatonb Q) 8
¢ |slololololo] o [oJololo]oloJololo]olololololo]olo]ololojolololo]olololo o]0 wnso1s Q) /[
g olojolololo] o Jolols]ololololo]olololo]olofololololololololo]olololololo]o nou ds ssopdiaaig "0 "9
1 [o[1]ololo]o] o [ololo]olofololo]olololololojolo]olof[o][olololo]olololololo]o q s vuorsorqdp) -¢
9t |o|%|¥]olc]o]l o |ojolo]ololols|ci]elclojololtlolet]olololololstlti]lolzt]1]o]1]0]0 &0y
6z Jojololoflo]o]l o Joloflo]olojolo[zlololofololololt]olololololt]clolc]olo]tc]o]o] rou dswnioww vumosorydp ¢
sw lolt]tlololo] o Jololt]ololtlelcltlslolololololst[ofolo[oflololt]olz]olol% o]0 suppngon g g
1 [olololo]jolo] o Jofo]Jololololo]o]ololojolololojolololololojololol[T]olo]olo]o  “ds xuqrot0ds 1
Tsapads sn3uny ‘uoxey,

« | % |x x| %] x| =« WO[gNO[gN][o[gaWO[gand[an|s>[gaWs>/a/w|o]aW[olg[n|[o]g  sowads apoog

oL O d [N/ ||D| O o 1 i I H d q a q \7

A AL m il 1 «— sopads sam 150y

7002 1002 0102 «— Aoams jo reox

$21BID0SSE (JA]) 23TW 10 (%)) SALIA[[ES 1Y) “(g) S2[199q w01y paureqo sarads 1ad sarejost [e3uny jo sraquny *¢ djqer



Ophiostomatoid fungi associated with conifer-infesting beetles... 33

Bark beetle niches in this study include the beetles themselves, their galleries or the mites
associated with a particular bark beetle or its galleries. The numbers of fungal isolates col-
lected from the different bark beetle niches varied substantially. For example, 85 isolates
were collected from the P szemaoensis niche, 60 isolates from that of C. ¢yperi, but only two
and four isolates from the niches of Lasconotus sp. and P aterrimus respectively.

DNA sequencing and phylogenetic analyses

From the total of 340 isolates obtained in the study, DNA sequences were generated for
134 isolates (Table 2), representing all the morphological groups. Based on preliminary
BLAST results, ITS data generated in the present study were separated into two data sets,
the first including Ophiostoma, Sporothrix and Graphilbum in the Ophiostomatales, and
the second including Graphium spp. in the Microascales. Because amplification of the
ITS1 and 2 regions is often problematic for Leptographium s... species (De Beer and Wing-
field 2013), a reference data set consisting of ITS2-LSU data was compiled to determine
the species complexes in Leptographium s.I. to which the isolates from China belonged.

The 340 isolates were separated in 19 taxa (Taxa 1 to 19) based on DNA sequences
(Table 2) and culture morphology. Taxa 1 and 2 (Fig. 1) represented species of Sporo-
thrix, Taxa 3 to 10 resided in five species complexes in Ophiostoma s.l., and Taxa 11 to
13 belonged to Graphilbum. Taxa 14 to 18 belonged to four species complexes in Lep-
tographium s.l. (Fig. 2). One taxon (Taxon 19) resided in the genus Graphium (Suppl.
material 2: Figure S1).

Two species of Sporothrix were collected (Suppl. material 2: Figure S3). Taxon 1 was
represented by a single isolate and both ITS and BT data suggested that this was of an
undescribed species. Taxon 2 included 45 isolates, eight for which sequence data were
included in our analyses (Suppl. material 2: Figure S3). In the ITS tree, these isolates
grouped in a monophyletic clade that included the ex-type isolates of S. nebularis and S.
nigrograna. In the BT tree these isolates again grouped with S. nebularis.

Taxon 3 included 29 isolates (Table 3), 12 of which (Table 2) were included in the
analyses. These isolates grouped with a number of Ophiostoma spp. peripheral to the well-
defined complexes in Ophiostoma s.str., and they were treated as Group A in Ophiostoma
s.l. (Fig. 1). In both the ITS and BT trees (Fig. 3), the Yunnan isolates formed a well-
supported lineage, closest to but clearly distinct from O. pallidulum and O. saponiodorum.

Taxon 4 formed part of the O. ips complex (Fig. 1). This included 106 isolates (Ta-
ble 3), nine of which were included in the analyses (Table 2). ITS and BT data (Suppl.
material 2: Figure S4) confirmed that these isolates all represented O. #ps.

Taxon 5, including only one isolate, together with Taxon 6 that included eight
isolates (Table 3), six for which sequences were produced, formed part of the O. clava-
tum complex (Fig. 1). BT and EF data confirmed that both these taxa grouped distinct
from all known species in the complex (Fig. 4).

Five isolates comprised Taxon 7 (Tables 2 and 3), which formed part of the O. pice-
ae complex (Fig. 1). Both BT and EF analyses confirmed that these isolates grouped
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Figure 1. ML tree of the I'TS region of Ophiostoma, Sporothrix, Graphilbum. Novel sequences obtained in
this study are printed in bold type. Bold branches indicate posterior probabilities values > 0.95. Bootstrap
values > 70 % are recorded at nodes as ML/MP. T = ex-type isolates.



Ophiostomatoid fungi associated with conifer-infesting beetles... 35

ITSZ-LSU L.bhutanense EU650187 BHU T

CMW12407 Yunnan Taxon 14

L.procerum KM491423 USA T

L.sinoprocerum EU296773 CHINA T

L.gracile HQ406840 CHINA T

89/95|_celere HQ406834 CHINA T L. procerum
L.manifestum HQ406839 CHINA T

L. sinense KM491419 CHINA T complex
L. longiconidiophorum KM491421 JAPAN T

L.latens HQ406845 CHINA T

[ L.profanum DQ354944 USA T

76/ L.sibiricum KM491424 RUSSIA T

L.pinidensiflorae AY707199 JAPAN T

G.piceiperda AF343694

G.laricis AF224330 T :|» G. piceiperda complex
— G.aenigmatica AY553389 T

G.serpens JN135314 T

G.alacris JN135313 T

Lcastellanum IN135317 T G. serpens complex
L.yamaokae JN135315 T

L.gibbsii JN135316 T

G.wageneri AF343708

L.reconditum AF343690

L.neomexicanum AY553382

L.wageneri var. wageneri AF343707
L.wageneri var. pseudotsugae AF343706
L.douglasii AY553381 A

G. wageneri complex

G.galeiformis AY744552 T G. gale':form"s
CMW12323 Yunnan Taxon 15
G.radiaticola AY744551T complex
73/9F CMWA41786 Yunnan Taxon 16 T
M 74/* [ "= Lpineti DQV62076 INDONESIA Group B

L.pityophilum AF343679T

G.olivacea AJ538337T .
G.sagmatospora AY744546 G. olivacea
G.olivaceapini AJ538336T comp|ex
G.davidsonii GU134165

G.cucullata AJ538335T

- L.alethinum AY553392 T
I~ G.huntii AY544617
[ L.albopini AF343695
G.clavigera AY544613 T
77/* L.pyrinum DQ062072 T o
Literebrantis EU296777 T G. clavigera
L.longiclavatum AY816686 T
L.wingfieldii AY553398 complex
G.robusta AY544619 T
G.aurea AY544610 T
L.lundbergii DQ062068 SWEDEN NT
CMW 41863 Yunnan Taxon 17
G.yunnanense AY553415 CHINAT .
CMW11782 Yunnan Taxon 18 L. lundbergii
L.conjunctum HQ406846 CHINA T
G.koreana AB222065 JAPAN T complex
L.pinicolum DQ062060 CANADA T
L.truncatum DQ062052 SOUTH AFRICA T
Wandifoliae AF343711
L.pruni AB091219 T
G.francke-grosmanniae AF343702 T
L.eucalyptophilum AF343703 T
L.abicolens AF343701T
L.hughesii AF343700
L.pistaciae HQ406846 CHINA T
L.bistatum AY348305 T
G.dryocoetidis AJ538340 T e
L.curvisporum EU979328 T G. penicillata
Lfruticetum DQO97847 T i
G.abiocarpum AJ538339T complex
L.chlamydatum EU979333 T
L.abietinum AF343670
L.euphyes AF343686
L.americanum DQ062079 T
G.penicillata DQ097851 T
L.altius HQ406851 T
L.curviconidium HQ406850 CHINAT -

Q0o O karelicum EU443762 T
—

0.novo-ulmi DQ294375
0.01

01p]| nsuas wniydpniboida

100/100

Figure 2. ML tree of the ITS2-LSU region of Leptographium. Bold branches indicate posterior prob-
abilities values = 0.95. Bootstrap values = 70 % are recorded at nodes as ML/MP. T = ex-type isolates.
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Figure 3. ML trees of Group A generated from DNA sequences of ITS and BT regions. Bold branches
indicate posterior probabilities values = 0.95. Bootstrap values = 70 % are recorded at nodes as ML/MP.
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Figure 4. ML trees of the O. clavatum complex generated from DNA sequences of BT and EF regions.
Bold branches indicate posterior probabilities values > 0.95. Bootstrap values = 70 % are recorded at nodes

as ML/MP. T = ex-type isolates.

with O. setosum isolates previously identified from Canada, Korea and China (Suppl.
material 2: Figure S5).

There were 55 isolates (Table 3) belonging to the O. ulmi complex (Fig. 1). The se-
quences for these isolates were quite variable. Thus more detailed analyses, including all
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available related sequences from Genbank generated in previous studies dealing with the
variable haplotypes of these taxa (Grobbelaar et al. 2009, Kamgan Nkuekam et al. 2010),
were required. Taxon 8 represented O. quercus and Taxon 9 O. #sotsi based on I'TS (Suppl.
material 2: Figure S6), BT (Suppl. material 2: Figure S7), and EF (Suppl. material 2: Fig-
ure S8). Sequences of the 36 putative O. guercus isolates were very variable and respectively
represented 13, 23 and 28 haplotypes for the ITS, BT and EF gene regions (Suppl. mate-
rial 1: Table S2). When combined, 51 unique haplotypes were found (Suppl. material 1:
Table S2). The 18 isolates representing Taxon 9 grouped with isolates of O. #sozsi (Suppl.
material 2: Figures S6, S7, S8). The ITS data for O. #sozsi was less variable than those of
O. quercus (Suppl. material 2: Figure S6), including only one haplotype. However, the BT
(Suppl. material 2: Figure S7) and EF (Suppl. material 2: Figure S8) of O. #sozsi had 14 and
12 unique haplotypes respectively. The combined ITS, BT and EF data, represented 20
unique haplotypes (Suppl. material 1: Table S3). Based on BT (Suppl. material 2: Figure
S7) and EF (Suppl. material 2: Figure S8) data, the isolate representing Taxon 10 grouped
distinct from all other lineages and could represent an undescribed species.

For Graphilbum, results from the analyses of the ITS and BT sequences (Fig. 5)
suggested that the Yunnan isolates resided in three taxa. These included one isolate of
Gra. fragrans (Taxon 11) and two distinct, well-supported lineages (Taxa 12 and 13)
each including 11 isolates (Table 3), representing undescribed species.

In Leptographium s.1. (Fig. 2), ten isolates (Taxon 14) grouped in the L. procerum
complex (Table 3). Although both BT and EF sequences (Suppl. material 2: Figure S9)
of this taxon differed in 1 bp from those of L. gracile, CAL sequences were identical to
those of L. gracile and we conclude that Taxon 14 represents the latter species. How-
ever, species delineation in this complex requires reconsideration because sequences of
several species in the complex are very similar.

A single isolate (Taxon 15) grouped in the Grosmannia galeiformis complex (Fig. 2,
Table 2). Both the BT and EF sequences placed this isolate among those of G. radiati-
cola (Suppl. material 2: Figure S10).

Taxon 16 (Fig. 2) included 13 isolates (Table 3) that grouped closest to L. pineti,
peripheral to the G. olivacea complex. BT, EF and CAL analyses (Fig. 6) showed that
Taxon 16 was distinct from L. pineti and represented a novel species.

Forty one isolates (Tables 2 and 3) belonged to the L. lundbergii complex (Fig. 2).
The analyses of BT and EF sequences (Suppl. material 2: Figure S11) showed that these
isolates separated in two groups, respectively aligning with G. yunnanensis (Taxon 17)
and L. conjunctum (Taxon 18).

A single isolate represented Taxon 19 (Table 2) in the genus of Graphium. Both the
ITS and EF sequences of this isolate grouped with Graphium pseudormiticum isolates
(Suppl. material 2: Figure S1).

Frequencies of isolation

The origin and sources of the 340 isolates representing 19 taxa are presented in
Tables 2, 3 and Suppl. material 1: S1. The 54 isolates collected from beetles and their
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Figure 5. ML trees of the Graphilbum generated from DNA sequences of ITS and BT regions. Bold
branches indicate posterior probabilities values 2 0.95. Bootstrap values = 70 % are recorded at nodes as
ML/MP. T = ex-type isolates.
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Figure 6. ML trees of the L. pineti generated from DNA sequences of BT, EF and CAL regions. Bold
branches indicate posterior probabilities values > 0.95. Bootstrap values = 70 % are recorded at nodes as

ML/MP. T = ex-type isolates.

galleries in 2001 and 2002 belonged to 11 taxa (Table 3). During the 2010 survey, 286
isolates belonging to 12 taxa were collected (Table 3). The 45 isolates collected directly
from six bark beetle species belonged to seven taxa, the 184 isolates from mites to 11
taxa, and the 57 isolates from galleries represented nine taxa. Six taxa were present on
beetles, galleries and mites, three taxa on galleries and mites, one taxon only on beetles,
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and two taxa only on mites. No taxa were found only in galleries that were not also
found on beetles and/or mites. Four taxa were collected from both the 2001-2002
survey and the 2010 survey.

Grosmannia yunnanensis, O. ips, O. quercus, S. nebularis and Taxon 3 were the most
frequently isolated species, representing 12.5%, 31.2%, 12.6%, 13.2% and 8.5% of
the isolated fungi respectively. The remaining species were isolated only occasionally.
O. ips was isolated from the niches (beetles, galleries, mites) of ten different bark beetles
species. However, most of the O. ips were found associated with niches of 1. acumi-
natus, P szemavoensis and C. cyperi representing approximately 9.7%, 8.5% and 5.3%,
respectively. S. nebularis was also isolated from the niches of ten beetle species and the
highest frequency of isolation was 5.5%, associated with the niche of O. angulatus.

The number of fungal species isolated from different beetle or weevil niches varied
between different species. There were ten fungal species, representing about 27.9% of
total fungal isolates associated with the niche of P szemaoensis. Among them, O. ips
and L. yunnanense were the most frequently isolated, representing about 8.5% and
7.1%, respectively. There were eight fungal species, representing about 15.3%, associ-
ated with Co. ¢yperi and of these, the most frequently isolated fungus was O. ips with
the frequency of 5.3%.

Only 13.2% of the total number of isolates were obtained directly from beetles
(Table 3). Of these, 6.2% was obtained from P szemaoensis. Most of the isolates from
beetles were identified as O. ips (2.6%) and O. guercus (1.8%), while 2.9% and 2.6%
of isolates were collected from /. acuminatus and 1. brevipilosus respectively. Among
these Taxon 6, representing 2.4%, was isolated only from 77 brevipilosus. The other
beetles vectored very low numbers of fungi. O. ips was the fungus most frequently
isolated from the beetles, representing 4.4%, followed by Taxon 6 represting 2.4 % of
the isolates.

Approximately 54% of all isolates were collected from mites (Table 3, Suppl. mate-
rial 1: Table S1). The fungi associated with mites varied between the different mite spe-
cies. Ten fungal species were isolated from /Insectolaelaps sp. 1, representing 21.2% of
the total. From some mite species, such as Lasioseius sp. 1, Dendrolaelaps sp. 2 and the
unknown species in the families of Mesostigmata and Oribatei, only one fungal spe-
cies was found, representing a frequency of isolation of 0.3%, 1.8%, 1.2% and 1.5%,
respectively. O. ips, S. nebularis and G. yunnanensis were the three most frequently iso-
lated species associated with mites, representing 15.3%, 10.6% and 7.9%, respectively.

Taxonomy

Eight of the 19 taxa obtained in the present study represented undescribed species. For
three of these, only a single isolate was obtained and we have chosen not to formally
describe these. The remaining five taxa including two Ophiostoma, two Graphilbum,
and one Leprographium species, are described as follows:
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Figure 7. Morphological characters of asexual structures of Ophiostoma acarorum sp. nov. a fourteen

days old culture on OA b—c Hyalorhinocladiella-like asexual state d conidia. Scale bars: a=d = 10 um.

Taxon 3

Ophiostoma acarorum R.Chang & Z.W.de Beer, sp. nov.
MycoBank MB 823693
Fig. 7

Etymology. The epithet acarorum refers to the subclass Acari in the Arachnida to which
all mite species belong from which 25 of the 29 isolates of this species were isolated.

Description. Sexual state not observed. Hyalorhinocladiella-like asexual state: co-
nidiophores (7-) 18-76.5 (=140) pum long; conidiogenous cells arising directly from the
hyphae, (10.5-) 13.5-24.5 (-31) x (1-) 1.5-2 (-2) pm; conidia hyaline, smooth, ob-
long, (3-) 3.5-5 (-6.5) x (0.7-) 1-1.5 (=2.5) pum.

Culture characteristics. Colonies hyaline at the beginning, becoming white to
dark brown with age. Mycelium superficial on the 3% OA. Colony margin smooth.
Colonies on 2% MEA flat, reaching 69 mm diam in 13 d at 30 °C. No growth ob-
served at 5 °C. Optimal temperature for growth 25 °C.

Type material. CHINA, Yunnan Province, Puer City, from Insectolaelaps sp. 1
in Orthotomicus angulatus gallery on Pinus kesiya bark, 17 Sep. 2010, S.J. Taerum,
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herbarium specimen of dried culture, PREM 61539 (holotype), CMW41850 =
CBS139748 (ex-holotype culture).

Additional specimens examined. CHINA, Yunnan Province, Puer City, from
Histiostoma cf. sapromyzarum in Cyrtogenius luteus gallery on Pinus kesiya bark, 16
Sep. 2010, S.J. Taerum, PREM 61540, CMW41812 = CBS139658; from Histiosto-
ma cf. sapromyzarum in Cyrtogenius luteus gallery on Pinus kesiya bark, 16 Sep. 2010,
S.J. Taerum, CMW41798 = CBS139643.

Host. Pinus kesiya.

Beetle vectors. Ips acuminatus, Polygraphus szemaoensis.

Mite vectors. Histiostoma cf. sapromyzarum (phoretic on Cyrtogenius luteus), Insec-
tolaelaps sp. 1 (phoretic on Ips acuminatus and Orthotomicus angulatus).

Distribution. At present known only from Yunnan, China.

Notes. The hyalorhinocladiella-like asexual state of O. acarorum resembles that
of O. pallidulum (Linnakoski et al. 2010), one of its two closest relatives based on
phylogeny (Fig. 3). Ophiostoma saponiodorum, the other close relative has a similar
hyalorhinocladiella-like state, but can be distinguished based on the presence of a sec-
ond, synnematous asexual state (Linnakoski et al. 2010).

Taxon 6

Ophiostoma brevipilosi R.Chang & Z.W.de Beer, sp. nov.
MycoBank MB 823694
Fig. 8

Etymology. The epithet brevipilosi refers to the bark beetle vector Tomicus brevipilosus
from which all eight isolates of this taxon were obtained.

Description. Sexual state not observed. Pesotum-like macronematal asexual state
predominant. Synnemata simple, dark brown at the base, (179.5-) 227-468 (-667)
um long including conidiogenous apparatus, (22—) 32.5-58 (—69) um wide at base;
conidiogenous cells (13-) 16-26 (-32.5) pum long, conidia hyaline, 1-celled, smooth,
oblong, (3-) 3-4.5 (-5.5) x (1.5-) 1.5-2.5 (=3) pm. Hyalorhinocladiella-like asexual
state: conidiophores (14.5—) 33—115 (~145) um long; conidiogenous cells arising direct-
ly from the hyphae, (12-) 15-38 (-47) x (1.1-) 1.5-2 (=2.5) pm; conidia hyaline,
smooth, obovoid, (2.5-) 3-5.5 (-8) x (1.5-) 2-2.5 (-3) pm.

Culture characteristics. Colonies hyaline at the beginning, then becoming white
to dark. Mycelium superficial on the 3% OA. Colony margin smooth. Colonies on 2%
MEA flat, reaching 67 mm diam in 11 d at 25 °C. No growth observed at 5 and above
30 °C. Optimal temperature for growth 20 and 25 °C.

Type material. CHINA, Yunnan Province, Puer City, from Tomicus brevipilosus
on Pinus kesiya bark, 27 Jun. 2010, S./. Zaerum, herbarium specimen of dried culture,
PREM 61537 (holotype), CMW41873 = CBS139660 (ex-holotype culture).

Additional specimens examined. CHINA, Yunnan Province, Puer City, from
Tomicus brevipilosus on Pinus kesiya bark, 27 Jun. 2010, S.J. Taerum, PREM 61538,
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Figure 8. Morphological characters of asexual structures of Ophiostoma brevipilosi sp. nov. a fourteen
days old culture on OA b—d Hyalorhinocladiella-like asexual state and condia e Pesotum-like macrone-
matal asexual state f conidiogenous cells of Pesotum-like macronematal asexual state g conidia. Scale bars:
a-g = 10 pm.

CMW41624 = CBS139661; CHINA, Yunnan Province, Puer City, from Zomi-
cus brevipilosus on Pinus kesiya bark, 27 Jun. 2010, S./.Zaerum, CMW41662 =
CBS139659.

Host. Pinus kesiya.

Beetle vector. Tomicus brevipilosus.

Distribution. At present known only from Yunnan, China.

Notes. The synnematous asexual state of O. brevipilosi corresponds with similar
structures of O. brunneo-ciliatum as described by Linnakoski et al. (2016). The hya-
lorhinocladiella state resembles those of O. brunneolum, O. macroclavatum, O. pseudo-
catenularum (Linnakoski et al. 2016) and O. poligraphi (Yin et al. 2016). However, the
morphology of these structures is not sufficient to distinguish between the species in
the complex, and DNA sequences of the BT and EF gene regions are recommended
for accurate species identification.
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Figure 9. Morphological characters of asexual structures of Graphilbum kesiyae sp. nov. a fourteen days

old culture on OA b—e Hyalorhinocladiella-like asexual state and conidia f Pesotum-like macronematal
asexual state g conidiogenous cells of Pesotum-like macronematal asexual state h conidia. Scale bars:
a~h = 10 pm.

Taxon 12

Graphilbum kesiyae R.Chang & Z.W.de Beer, sp. nov.
MycoBank MB 823695

Fig. 9

Etymology. The epithet kesiyae refers to the tree host of all beetles and mites from
which the 12 isolates of this species were collected.

Description. Sexual state not observed. Pesotum-like macronematal asexual states
predominant. Synnemata simple, dark brown at the base, (85.5-) 112.5-173 (-203)
um long including conidiogenous apparatus, (9-) 14—45.5 (=65.5) pm wide at base;
conidiogenous cells (8.5—-) 10-18.5 (=25.5) um long; conidia hyaline, 1-celled, smooth,
oblong, (3.5-) 4-5 (-5.5) x (1.5-) 1.5-2 (-2.5) pm. Hyalorhinocladiella-like asexual
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state: conidiophores (22—) 38-101.5 (—166) um long; conidiogenous cells arising direct-
ly from the hyphae, (10-) 12-27(-40) x (1.2-) 1.5-2 (=2.5) um; conidia hyaline,
smooth, obovoid, (3.5-) 4-5.5 (-8.5) x (1-) 1.5-2 (-3) pm.

Culture characteristics. Colonies hyaline. Mycelium superficial on the 3%
OA. Colony margin smooth. Colonies on 2% MEA flat, reaching 85 mm diam in
10 d at 25 °C. No growth observed at 5 and 35 °C. Optimal temperature for growth
25 °C.

Type material. CHINA, Yunnan Province, Puer City, from Polygraphus szemaoensis
gallery on Pinus kesiya bark, 12 Aug. 2010, S./. Taerum, herbarium specimen of dried
culture, PREM 61541 (holotype), CMW41729 = CBS139652 (ex-holotype culture).

Additional specimens examined. CHINA, Yunnan Province, Puer City, from /n-
sectolaelaps sp. 1 in Polygraphus szemaoensis gallery on Pinus kesiya bark, 10 Aug. 2010,
S.J. Taerum, CMW41691 = CBS 139642; CHINA, Yunnan Province, Puer City, from
Proctolaelaps nr. hystrix in Polygraphus szemaoensis gallery on Pinus kesiya bark, 11 Aug,.
2010, S.J. Taerum, PREM 61542, CMW41716 = CBS139657.

Host. Pinus kesiya.

Beetle vectors. Polygraphus aterrimus, Polygraphus szemaoensis.

Mite vectors. Proctolaelaps nr. hystrix (phoretic on Polygraphus szemaoensis), Insec-
tolaelaps sp. 1 (phoretic on Polygraphus szemaoensis).

Distribution. At present known only from Yunnan, China.

Notes. Graphilbum kesiyae and Gra. puerense can be distinguished from Gra. cresceri-
cum by the presence of both synnematous and hyalorhinocladiella-like asexual states in
culture. Gra. crescericum produces only the hyalorhinocladiella-like asexual state. The
optimal temperature for growth of Gra. puerense is 30 °C while that for Gra. kesiyae is
25 °C, and synnemata of Gra. puerense reach double the length of those of Gra. kesiyae.

Taxon 13

Graphilbum puerense R.Chang & Z.W.de Beer, sp. nov.
MycoBank MB 823696
Fig. 10

Etymology. The epithet puerense refers to the city from which this species was collected.

Description. Sexual state not observed. Pesotum-like macronematal asexual states
predominant. Synnemata simple, dark brown at the base, (187.5-) 206— 357(-437.5)
um long including conidiogenous apparatus, (12—) 15.5-45 (—61) pm wide at base; co-
nidiogenous cells (15.5-) 18.5-30.5 (-=34) pm long, conidia hyaline, 1-celled, smooth,
oblong, (4-) 4-5 (-=5.5) x (1-) 1.5-2 (=2.5) pm. Hyalorhinocladiella-like asexual state:
conidiophores (17—) 3—140 (-232.5) um long; conidiogenous cells arising directly from
the hyphae, (6.5-) 10-25.5 (-42.5) x (1-) 1-2 (-3) um; conidia hyaline, smooth,
obovoid to oblong, (3.5-) 4-8 (=12) x (1-) 1.5-2.5 (-3) pm.
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Figure 10. Morphological characters of asexual structures of Graphilbum puerense sp. nov. a fourteen

days old culture on OA b—d Hyalorhinocladiella-like asexual state e conidia f Pesotum-like macronematal
asexual state g—h conidiogenous cells of Pesotum-like macronematal asexual state and conidia. Scale bars:
a~h =10 pm.

Culture characteristics. Colonies hyaline. Mycelium superficial on the 3% OA.
Colony margin smooth. Colonies on 2% MEA flat, reaching 76 mm diam in 5 d at 30
°C. No growth observed at 5 °C. Optimal temperature for growth 30 °C.

Type material. CHINA, Yunnan Province, Puer City, from Polygraphus szem-
avensis gallery on Pinus kesiya bark, 29 Jun. 2010, S./. Taerum, herbarium specimen
of dried culture, PREM 61543 (holotype), CMW41673 = CBS139640 (ex-holo-
type culture).

Additional specimens examined. CHINA, Yunnan Province, Puer City, from
Ips acuminatus gallery on Pinus kesiya bark, 4 Jul. 2010, S.J. Taerum, PREM 61544,
CMW41667 = CBS139651; CHINA, Yunnan Province, Puer City, from Ips acumi-
natus gallery on Pinus kesiya bark, Jul 2010, S./. Zaerum, CMW41942 = CBS139650.

Host. Pinus kesiya.

Beetle vectors. Ips acuminatus, Polygraphus szemaoensis.
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Mite vectors. Proctolaelaps nr. hystrix (phoretic on Ips acuminatus), Insectolaelaps sp. 1
(phoretic on Ips acuminatus), and Uropodoidea sp. 2 (phoretic on Polygraphus szemaoensis).

Distribution. At present known only from Yunnan, China.

Notes. See comparison between Gra. kesiyae and Gra. puerense above under notes
of Gra. kesiyae.

Taxon 16

Leptographium ningerense R.Chang & Z.W.de Beer, sp. nov.
MycoBank MB 823697
Fig. 11

Etymology. The epithet ningerense refers to the Ning’er county where all isolates of this
taxon were collected.

Description. Sexual state not observed. Asexual state, conidiophores occurring singly
or in groups of up to 3, macronematous, mononematous, erect, arising directly from
the mycelium, (93.5-) 141.5-195.5 (-210.5) pm long. Rhizoids present. Stipes dark
olivaceous, 4—6 septa, not constricted at septa, (66-) 119.5-142 (=159) pum long. Api-
cal cells not swollen at apex, (3-) 5-6.5 (-7) pm wide. Basal cells occasionally swollen
at apex, (5.5-) 7-10 (-11.5) pm wide. Conidiogenous apparatus (28-) 35-58 (=70) pm
long, excluding the conidial mass, with multiple series of cylindrical branches. Primary
branches olivaceous, smooth, cylindrical, not swollen at apex, aseptate, arrangement of
primary branches was Type B—two or more branches, (12.5-) 14.5-18 (~19.5) x (3.5-)
4-5.5(=6.5) pm. Secondary branches light olivaceous, frequently swollen at apex, aseptate,
(6.5-) 9-13(=15) x (3.5-) 4-5 (=5.5) pm. Tertiary branches light olivaceous, aseptate, (7-)
8-10 (-12) x (3-) 3.5-4.5 (-5) pm. Conidiogenous cells discrete, hyaline, 2-3 per branch,
aseptate, cylindrical, tapering slightly at the apex, (10.5-) 12-17.5 (-20.5) x (2-) 2-2.5
(-3) pm. Conidia hyaline, aseptate, elliptical, (3—) 3.5-5.5 (-6.5) x (1.5-) 2-3 (—4) pm.

Culture characteristics. Colonies on 3% OA flat, hyaline at the beginning, then
becoming light olivaceous to dark olivaceous. Colonies hyaline at the beginning, then
becoming dark olivaceous. Mycelium superficial on the 3% OA with olivaceous aerial
mycelium. Colony margin smooth. Conidiophores forms abundantly in clusters on
OA. Colonies on 2% MEA flat, reaching 76 mm diam in 10 d at 25 °C. No growth
observed at 5 and 35 °C. Optimal temperature for growth 25 °C, reaching 30.5 mm
in diam. in 7 days.

Type material. CHINA, Yunnan Province, Puer City, from Schwicbea (Jacoti-
etta) taiwanensis hyperphoretic on Coccotrypes cyperi on Pinus kesiya bark, 16 Sep.
2010, S.J. Taerum, herbarium specimen of dried culture, PREM 61545 (holotype),
CMW41786 = CBS139663 (ex-holotype culture).

Additional specimens examined. CHINA, Yunnan province, Puer City, from
Insectolaelaps sp. 1 in Orthotomicus angulatus on Pinus kesiya bark, 17 Sep. 2010,
S.J. Taerum, PREM 61546, CMW41831 = CBS139664.
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Figure 1 1. Morphological characters of asexual structures of Leptographium ningerense sp. nov. a four-

teen days old culture on OA b mononematous asexual morph on wood tissue on WA ¢ conidiophore
d conidia e conidiogenous apparatus. Scale bars: a—e = 10 pm.

Host. Pinus kesiya.

Beetle vectors. Polygraphus szemaoensis.

Mite vectors. Dendrolaelaps sp. 1 (phoretic on Coccotrypes cyperi), Dendrolaelaps
sp. 2 (phoretic on Coccotrypes cyperi and Cyrtogenius luteus), Schwiebea (Jacotietta) tai-
wanensis (phoretic on Coccotrypes cyperi), Insectolaelaps sp. 1 (Orthotomicus angulatus).

Distribution. At present known only from Yunnan, China.

Notes. L. ningerense is morphologically similar to L. pineti, but grows much more
rapidly, reaching 30 mm in 7 d on 2% MEA at 25 °C while L. pineti reaches a diameter
of only 15 mm in 6 d. However, the two species are best distinguished with BT, EF
and CAL sequences.

Discussion

This study resulted in a total of 340 fungal isolates of ophiostomatoid fungi obtained
from the beetles and weevils, their galleries and phoretic mites in a province of China
where these fungi are poorly known. The fungi resided in the two phylogenetically
unrelated Microascales and Ophiostomatales and included a species of Graphium (Mi-
croascales) as well as species of Sporothrix, Graphilbum, Leptographium and Ophios-
toma (Ophiostomatales). Analysis showed that these isolates belonged to 19 distinct
taxa, eight of which represented undescribed species of which five were provided with
names. Of the remaining 11 species, 10 had previously been reported from China,
with only S. nebularis representing a new report for this country. This study also in-
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cludes the first records of fungi associated with the Scolytine beetle species Coccotrypes
cyperi, Cyrtogenius luteus, and Tomicus brevilopus and it is the first time that fungal as-
sociates are reported from beetle-associated mites in China.

Surveys in this study aimed to explore fungal diversity in conifer-infesting bee-
tle ecosystems in Yunnan. This is in contrast to determining the specificity of these
interactions where a much more focused and systematic sampling would have been
required. The exact nature of the interactions between the beetles and mites, mites and
fungi, beet