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Abstract

Chinese chestnut (Castanea mollissima) is an important crop tree species in China. In the present study,
Cytospora specimens were collected from Chinese chestnut trees and identified using molecular data of
combined ITS, LSU, ACT and RPB2 loci, as well as morphological features. As a result, two new Cyro-
spora species and four new host records were confirmed, viz. C. kuanchengensis sp. nov., C. xinglongensis
sp. nov., C. ceratospermapsis, C. leucostoma, C. myrtagena and C. schulzeri.
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Introduction

Chinese chestnut (Castanea mollissima) is a widely cultivated crop tree species in China,
producing nutritious and delicious nuts for humans (Lu and Guo 2016). However,
Cryphonectria parasitica and several fungi are causing severe chestnut diseases worldwide,
which reduce the nut production, even killing the hosts. (Aghayeva et al. 2017, Shuttle-
worth and Guest 2017, Jiang et al. 2018a, Rigling and Prospero 2018). Recently, several
diaporthalean species were described from Chinese chestnut trees for the clear taxo-
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nomic concepts of families, genera and species in Diaporthales (Rossman et al. 2007,
Senanayake et al. 2017, 2018), including species of Aurantiosacculus, Coryneum, Cryph-
onectria, Dendrostoma, Endothia, Gnomoniopsis, Neopseudomelanconis and Ophiognomo-
nia (Gong et al. 2017, Jiang et al. 2018b, 2018¢, 2019a, 2019b, Jiang and Tian 2019).

Cytospora (Cytosporaceae, Diaporthales) is a widely distributed genus worldwide,
occurring on a broad range of hosts (Sarma and Hyde 2001, Yang et al. 2015, Lawrence
etal. 2017, Norphanphoun et al. 2017, 2018, Wijayawardene et al. 2018, Jayawardena
etal. 2019, Phookamsak et al. 2019, Fan et al. 2020). Some species can cause severe can-
ker diseases on woody trees, such as Cytospora chrysosperma, which is a commom patho-
gen on the commercial tree genera, Populus and Salix (Fan et al. 2014b, Zhang et al.
2014, Kepley et al. 2015, Wang et al. 2015). Host affiliation was considerd as the main
evidence for separating species in Cyrospora before DNA sequences were used; however,
morphology combined with phylogeny has revealed many cryptic species. For example,
28 Cytospora species were discovered from Eucalyptus from South Africa (Adams et al.
2005) and six from apple trees in Iran (Mehrabi et al. 2011), three from Chinese scholar
tree (Fan et al. 2014a), four from walnut tree (Fan et al. 2015a), six from anti-deserti-
fication plants in China (Fan et al. 2015b) and two from grapevine in North America
(Lawrence et al. 2017). Several recent studies discovered new species of Cyrospora using
multiphasic analyses (Lawrence et al. 2018, Norphanphoun et al. 2017, 2018, Senanay-
ake etal. 2017, 2018, Pan et al. 2018, Zhu et al. 2018, Zhang et al. 2019).

During our investigations of chestnut disease in China from 2016 to 2019, dis-
eased branches with typical Cytospora fruiting bodies were discovered and collected
(Fig. 1). In the present study, Cytospora species from Castanea mollissima were identi-
fied using a combined method of morphology and phylogeny.

Materials and methods

Sample collections and isolations

Chinese chestnut has a wide distribution in China. In the present study, we surveyed
Hebei, Shaanxi and Shandong Provinces from 2016 to 2019. Dead and dying branches
with typical Cyrospora fruiting bodies were collected and packed in paper bags. Isolates
were obtained by removing the ascospores or conidial masses from the fruiting bodies on
to clean PDA plates and incubating at 25 °C until spores germinated. Single germinated
spores were transferred on to the new PDA plates and incubated at 25 °C in the dark.
Specimens were deposited in the Museum of the Beijing Forestry University (BJFC) and
axenic cultures are maintained in the China Forestry Culture Collection Centre (CFCC).

Morphological analysis

Observation and description of Cytospora species from Castanea mollissima was based on
fruiting bodies formed on tree barks. Ascomata and conidiomata from tree barks were sec-
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Figure |. Canker symptoms on Castanea mollissima caused by Cytospora spp.

tioned by hand using a double-edged blade and strctures were observed under a dissecting
microscope. At least 10 conidiostromata/ascostromata, 10 asci and 50 conidia/ascospores
were measured to calculate the mean size and standard deviation. Measurements are report-
ed as maximum and minimum in parentheses and the range representing the mean plus
and minus the standard deviation of the number of measurements is given in parentheses
(Voglmayr et al. 2017). Microscopy photographs were captured with a Nikon Eclipse 80i
compound microscope equipped with a Nikon digital sight DS-Ri2 high definition colour
camera, using differential interference contrast illumination. Introduction of the new spe-
cies, based on molecular data, follow the recommendations of Jeewon and Hyde (2016).

DNA extraction, PCR amplification and sequencing

Genomic DNA was extracted from young mycelium growing on PDA plates following
Doyle and Doyle (1990). PCR amplifications were performed in a DNA Engine Pelti-
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er Thermal Cycler (PTC-200; Bio-Rad Laboratories, Hercules, CA, USA). The primer
pair ITS1/ITS4 (White et al. 1990) was used to amplify the ITS region. The primer
pair LROR/LR5 (Vilgalys and Hester 1990) was used to amplify the LSU region. The
primer pair ACT512F/ACT783R (Carbone and Kohn 1999) was used to amplify
ACT gene. The primer pair dRPB2-5{/dRPB2-7r (Voglmayr et al. 2016) was used to
amplify the RPB2 gene. The polymerase chain reaction (PCR) assay was conducted as
described in Fan et al. (2020). PCR amplification products were assayed via electro-
phoresis in 2% agarose gels. DNA sequencing was performed using an ABI PRISM
3730XL DNA Analyzer with a BigDye Terminater Kit v.3.1 (Invitrogen, USA) at the
Shanghai Invitrogen Biological Technology Company Limited (Beijing, China).

Phylogenetic analyses

The preliminary identities of the isolates sequenced were obtained by conducting a
standard nucleotide BLAST search using I'TS, LSU, ACT and RPB2. Then all Gyzospora
isolates were selected to conduct phylogenetic analyses, based on sequence datasets from
Fan et al. (2020). Diaporthe vaccinia (CBS 160.32) in Diaporthaceae was selected as the
outgroup taxon. All sequences were aligned using MAFFT v. 6 (Katoh and Toh 2010)
and edited manually using MEGA v. 6 (Tamura et al. 2013). Phylogenetic analyses were
performed using PAUP v. 4.0b10 for Maximum Parsimony (MP) analysis (Swofford
2003) and PhyML v. 3.0 for Maximum Likelihood (ML) analysis (Guindon etal. 2010).
MP analysis was run using a heuristic search option of 1000 search replicates with
random-additions of sequences with a tree bisection and reconnection algorithm. Max-
trees were set to 5000, branches of zero length were collapsed and all equally parsimoni-
ous trees were saved. Other calculated parsimony scores were tree length (TL), consist-
ency index (CI), retention index (RI) and rescaled consistency (RC). ML analysis was
performed using a GTR site substitution model including a gamma-distributed rate
heterogeneity and a proportion of invariant sites (Guindon et al. 2010). The branch
support was evaluated using a bootstrapping method of 1000 replicates (Hillis and Bull
1993). Phylograms were shown using FigTree v. 1.4.3 (Rambaut 2016). Novel sequenc-
es, generated in the current study, were deposited in GenBank (Table 1) and the aligned
matrices used for phylogenetic analyses in TreeBASE (accession number: $25160).

Results

Phylogenetic analyses

The alignment based on the combined sequence dataset (ITS, LSU, ACT and RPB2)
included 124 ingroup taxa and one outgroup taxon, comprising 2097 characters in
the aligned matrix. Of these, 1375 characters were constant, 89 variable characters
were parsimony-uninformative and 663 characters were parsimony informative.
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The MP analysis resulted in 14 equally most parsimonious trees and the first tree
(TL = 3270, CI = 0.344, RI = 0.815, RC = 0.281) was present as in Fig. 2. The ML
analysis yielded a tree with a likelihood value of In: -18627.915604 and the follow-
ing model parameters: alpha: 0.181328; [1(A): 0.246855, [1(C): 0.260898, [1(G):
0.272379 and [1(T): 0.219868. Isolates from Castanea mollissima formed six clades
in Fig. 2, representing two undescribed species and four known species.

Taxonomy

Cytospora ceratospermopsis C.M. Tian & X.L. Fan, Persoonia 45: 19. 2020
Figure 3

Description. Sexual morph: Ascostromata immersed in the bark, erumpent through
the surface of bark, scattered, (350-)550-900(~1300) um diam., with 15-40 perithecia
arranged circularly or irregularly. Conceptacle absent. Ectostromatic disc black, usually
surrounded by tightly ostiolar necks, circular to ovoid, (180-)240—-410(—450) pm diam.
Ostioles black, at the same level as the disc or slightly above, concentrated, dark brown to
black, arranged circularly in a disc, (55-)60-85(—~110) pm diam. Perithecia dark brown,
flask-shaped to spherical, arranged circularly or irregularly, (255-)280-350(—420) pm
diam. Asci clavate to elongate obovoid, 8-spored, (20.5-)27-35.5(—43) x (4-)4.5-6.5(—
8) um (X=31.2 x 5.6 pm). Ascospores biseriate, elongate-allantoid, thin-walled, hyaline,
aseptate, (5.8-)7.5-9.2(-11.5) x (3—)3.2-4.8(-5.5) um (X = 8.6 x 4.1 um). Asexual
morph: Pycnidial stromata ostiolated, immersed in bark, scattered, erumpent through
the surface of bark, discoid to conical, with multiple locules. Conceptacle absent. Ecto-
stromatic disc light brown to grey, circular to ovoid, (230-)280-360(-480) pm diam.,
with one ostiole per disc. Ostiole in the centre of the disc, dark grey to black, con-
spicuous, at the same level as the disc, (60-)75-110(-135) pm diam. Locule numerous,
arranged circularly or elliptically with independent walls, (300-)350-600(-950) pm
diam. Peridium comprising few layers of cells of textura angularis, with innermost layer
brown, outer layer brown to dark brown. Conidiophores hyaline, branched or not, thin
walled, filamentous. Conidiogenous cells enteroblastic polyphialidic, (6.5-)8.5-15.5(—
18) x 1.5-2.5 um (X = 12.2 x 1.9 pm). Conidia hyaline, allantoid, smooth, aseptate,
thin-wall, (4.5-)5-6.5(-7) x 1-1.5 pm (X = 5.9 x 1.3 pm).

Culture characters. On PDA at 25 °C in darkness. Cultures are initially white,
becoming olivaceous buff in centre after 7 d and finally olivaceous at 30 d. The colony
is flat, thin with a felt and tight texture in centre. Pycnidia distributed irregularly on
medium surface.

Specimens examined. CHiNA, Hebei Province, Chengde City, Xinglong County,
chestnut plantation, 40°24'32"N, 117°27'56"E, on branches of Castanea mollissima,
11 October 2017, N. Jiang (BJFC-51699, living culture CFCC 52471 from the as-
cospore; BJFC-S1700, living culture CFCC 52472 from the conidium).
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Cytospora ailanthicola CFCC 89970*
Cytospora melnikii MFLUCC 15-0851*
Cytospora melnikii MFLUCC 16-0635

Cytospora salicacearum MFLUCC 15-0509*
Cytospora salicacearum MFLUCC 15-0861

Cytospora salicacearum MFLUCC 16-0587
Cytospora chrysosperma CFCC 89981
Cytospora chrysosperma CFCC 89629
Cytospora chrysosperma CFCC 89982
Cytospora longiostiolata MFLUCC 16-0628*
Cytospora salicina MFLUCC 15-0862*
11°0190L 6y tospora salicina MFLUCC 16-0637

100199

Cytospora sophoriopsis CFCC 89600*
Cytosproa rostrata CFCC 89909*

1007191 ¢ytospora rostrata 89910

Cytospora ampulliformis MFLUCC 16-0583*
Cytospora ampulliformis MFLUCC 16-0629
Cytospora platycladicola CFCC 50039
Cytospora platycladicola CFCC 50038*
Cytospora ribis CFCC 50026

Cytospora ribis CFCC 50027

Cytospora tanaitica MFLUCC 141057*
Cytospora prunicola MFLU 17-0995

96/100|

1001100

Cytospora prunicola MFLU 17-0995*
Cytospora ulmicola MFLUCC 18-1227*
Cytospora ulmi MFLUCC 15-0863*

1001100 | Cytospora euonymicola CFCC 50500

99/100 Cytospora euonymicola CFCC 50499*

Cytospora gigalocus CFCC 89621
1m/1_n|

Cytospora gigalocus CFCC 89620*

100100 | Cytospora hippophaes CFCC 89639
Cytospora hippophaes CFCC 89640

1001100 [ CYtospora juniperina CFCC 50503
Cytospora juniperina CFCC 50501*
100181
Cytospora populina CFCC 89644*

Cytospora populinopsis CFCC 50033

1001100

Cytospora populinopsis CFCC 50032*
Cytospora carbonacea CFCC 89947
Cytospora elaeagni CFCC 89632

1% cytospora elaeagni CFCC 89633
1001100 CYtospora sophorae CFCC 50048
Cytospora sophorae CFCC 89598

1001100 | CYtospora sophoricola CFCC 89596

Cytospora sophoricola CFCC 89595*
Cytospora parasitica MFLUCC 15-0507*
Cytospora schulzeri CFCC 50040
Cytospora schulzeri CFCC 50042
100M00|, Cytospora schulzeri CFCC 52468

95/95| - Cytospora schulzeri CFCC 52469
Cytospora schulzeri CFCC 52480
Cytospora euonymina CFCC 89999
Cytospora euonymina CFCC 89993*

100100

Cytospora parakantschavelii MFLUCC 15-0857*
Cytospora parakantschavelii MFLUCC 16-0575
Cytospora salicicola MFLUCC 141052*

86190 Gytospora salicicola MFLUCC 15-0866
1001100 | Cytospora beilinensis CFCC 50494

98/100 Cytospora beilinensis CFCC 50493*

1001100 | Cytospora bungeanae CFCC 50496

Cytospora bungeanae CFCC 50495*
1001100 Cytospora spirae CFCC50049
Cytospora spirae CFCC50050
Figure 2. Maximum parsimony phylogram of Cytospora obtained from the combined matrix of ITS,

LSU, ACT and RPB2 genes. Bootstrap value = 50% for MP and ML analyses are presented at the first
and second position. Scale bar = 200 nucleotide substitutions. The strains in the current study are in blue

and ex-strains are marked with *.
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1001100 | Cytospora leucosperma CFCC 89622

100/100 Cytospora leucosperma CFCC 89894
Cytospora mali CFCC 50028

Cytospora mali CFCC 50029

991100 Cytospora atrocirrhata CFCC 89615
— w sibiraeae CFCC 50046

Cytospora sibiraeae CFCC 50045*

1001100 | Cytospora berberidis CFCC 89933
Cytospora berberidis CFCC 89927*
1001100 | CYtospora pruinosa CFCC 50036
Cytospora pruinosa CFCC 50037
Cytospora kuanchengensis CFCC 52464*

LR Cytospora kuanchengensis CFCC 52465
6171

100100 Cytospora pruinopsis CFCC 50035

Cytospora pruinopsis CFCC 50034*

1001100 Cytospora celtidicola CFCC 50498

Cytospora celtidicola CFCC 50497*

1001100 r Cytospora japonica CFCC 89956
C

ytospora japonica CFCC 89960

Cytospora curvata MFLUCC 15-0865*
Cytospora rusanovii MFLUCC 15-0854*

100/100

Cytospora rusanovii MFLUCC 15-0853
sa/100] Cytospora donetzica MFLUCC 16-0574*

Cytospora donetzica MFLUCC 15-0864
99/98 | 6797 Cytospora leucostoma CFCC 50018
Cytospora leucostoma CFCC 50021
99/99| - Cytospora leucostoma CFCC 50019

Cytospora leucostoma CFCC 50023
100175

eers0| Cytospora leucostoma CFCC 52461
Cytospora leucostoma CFCC 52462
Cytospora sorbicola MFLUCC 16-0584*
07199l Gytospora sorbicola MFLUCC 16-0633
Cytospora sorbi MFLUCC 16-0631*

Cytospora gigaspora CFCC 50014

Cytospora gigaspora CFCC 89634*
Cytospora nivea CFCC 89641

100191 Gytospora nivea CFCC 89643

Cytospora paratransiucens MFLUCC 15-0506*
100100 Cytospora paratransiucens MFLUCC 16-0627
Cytospora erumpens CFCC 50022

Cytospora erumpens MFLUCC 16-0580*

Cytospora platycladi CFCC 50505

Cytospora platycladi CFCC 50506

Cytospora platycladi CFCC 50504*

Cytospora lumnitzericola MFLUCC 17-0508

52/57

1001100 Cytospora tamaricicola CFCC 50507
100-

Cytospora tamaricicola CFCC 50508*

1001100 Cytospora thailandica MFLUCC 17-0262
99/99

Cytospora thailandica MFLUCC 17-0263
1001100 Cytospora xinglongensis CFCC 52458*

Cytospora xinglongensis CFCC 52459
Cytospora xylocarpi MFLUCC 17-0251

96/87

Cytospora ceratospermopsis CFCC 89627

Cytospora ceratospermopsis CFCC 89626*

Cytospora ceratospermopsis CFCC 52471
100/100

Cytospora ceratospermopsis CFCC 52472
Cytospora ceratosperma CFCC 89624

100/100 Cytospora ceratosperma CFCC 89625
96/100| Cytospora myrtagena CFCC 52454

100/100 Cytospora myrtagena CFCC 52455

Cytospora myrtagena CBS 116843*
Diaporthe vaccinii CBS 160.32

500

Figure 2. Continued.
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Notes. Fresh specimens with both sexual and asexual morphs were collected from
cankered branches of Castanea mollissima and two isolates were obtained from the
ascospore and conidium, respectively. Phylogenically, the two isolates were close to
Cytospora ceratospermopsis represented by CFCC 89626 and CFCC 89627 (Fig. 2). We
compared their sequences and found no differences in LSU and RPB2, but 2 bp differ-
ences in I'TS and 3 bp differences in ACT. Fan et al. (2020) reported the asexual morph
of Cytospora ceratospermopsis from Juglans regia in China with conidial size in 4.5-6 x
1-1.5 pm, which is exactly matched with the asexual characters observed in the present
study. Hence, we described the asexual morph of Cyrospora ceratospermopsis in its sexual
morph for the first time and reported a new host, Castanea mollissima.

Cytospora kuanchengensis C.M. Tian & N. Jiang, sp. nov.
MycoBank No: 829514
Figure 4

Diagnosis. Cyrospora kuanchengensis can be distinguished from C. oleicola and C. pru-
inose by longer conidia.

Etymology. Named after the county where it was collected, Kuancheng County.

Description. Sexual morph: not observed. Asexual morph: Pycnidial stromata
ostiolated, immersed in bark, scattered, erumpent through the surface of bark,
discoid, with multiple locules. Concepracle black, circular surrounded stromata.
Ectostromatic disc black, circular to ovoid, (350-)455-540(-575) pm diam.,
with 1-7 ostiole per disc. Ostioles black, at the same level as the disc, (40-)60—
85(-115) pm diam. Locule numerous, arranged circularly or elliptically with
independent walls, (285-)355-520(—605) pm diam. Peridium comprising few
layers of cells of textura angularis, with innermost layer brown, outer layer brown
to dark brown. Conidiophores hyaline, unbranched, thin walled, filamentous.
Conidiogenous cells enteroblastic polyphialidic, (6.5-)8.5-11(~15) x 1-1.5 pm
(X = 9.8 x 1.3 um). Conidia hyaline, allantoid, smooth, aseptate, thin-walled,
(5.5-)6-7.5(-8) x 1-2 um (X = 6.9 x 1.6 pm).

Culture characters. On PDA at 25 °C in darkness. Cultures are initially white,
producing pale brown pigment after 10 d. The colony is flat, felt-like, with concentric
circular texture. Pycnidia distributed irregularly on medium surface.

Specimens examined. CHINA, Hebei Province, Chengde City, Kuancheng Coun-
ty, chestnut plantation, 40°38'37"N, 118°27'54"E, on branches of Castanea mollis-
sima, 13 October 2017, N. Jiang (holotype BJFC-S1695, ex-type living culture CFCC
52464; paratype BJFC-5§1696, living culture CFCC 52465).

Notes. Cyrospora kuanchengensis is associated with canker disease of Castanea mollis-
sima in China. Cyrospora kuanchengensis differs from its phylogenetically closely species,
C. pruinosa, by ITS and ACT loci (7/470 in ITS and 21/245 in ACT). Morphologi-
cally, C. kuanchengensis has slightly larger conidia than C. pruinose (5.5-8 x 1-2 pm in
Cytospora kuanchengensis vs. 5-7.5 x 1-1.5 pm in C. pruinosa) (Fan et al. 2020).
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Figure 3. Gytospora ceratospermapsis on Castanea mollissima (BJFC-51699, BJFC-S1700). A, € Habit of con-
idiomata on branches B habit of ascomata on branches D transverse section of conidiomata E transverse section
of ascomata F longitudinal section through conidiomata G longitudinal section through ascomata H, I asci

J ascospores K conidiogenous cells with attached conidia L conidia. Scale bars: 500 pm (C~G), 10 um (H-L).

=
f [ =
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Figure 4. Cytospora kuanchengensis on Castanea mollissima (BJFC-S1695). A, B Habit of conidiomata on
branches € longitudinal section through conidiomata D transverse section of conidiomata E peridium F,

G conidiogenous cells attached with conidia H conidia. Scale bars: 500 pm (B-D), 10 pm (E-G), 5 um (H).
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CGytospora leucostoma (Pers.) Sacc., Michelia 2(7): 264. 1881.
Figure 5

Description. Sexual morph: not observed. Asexual morph: Pycnidial stromata osti-
olated, immersed in bark, scattered, erumpent through the surface of bark, with
multiple locules. Conceptacle black. Ectostromatic disc black, circular to ovoid,
(150-)250-300(-375) pm diam., with one ostiole per disc. Ostioles black, at the
same level as the disc, (40—)50-85(~115) pm diam. Locule numerous, arranged
circularly or elliptically with independent walls, (550-)700-1200(~1350) pm diam.
Peridium comprising few layers of cells of textura angularis, with innermost layer
brown, outer layer brown to dark brown. Conidiophores hyaline, unbranched, thin
walled, filamentous. Conidiogenous cells enteroblastic polyphialidic, (7.5-)9.5—
21(=22.5) x 1-1.5 um (X = 15.2 x 1.3 pm). Conidia hyaline, allantoid, smooth,
aseptate, thin-walled, (3.5-)4.5-5.5(-7) x 1-1.5 um (X = 4.9 x 1.3 um).

Specimens examined. CHINA, Hebei Province, Chengde City, Kuancheng Coun-
ty, chestnut plantation, 40°38'37"N, 118°27'5"E, on branches of Castanea mollissima,
13 October 2017, N. Jiang (BJFC-51697, living culture CFCC 52461; BJFC-S1698,
living culture CFCC 52462).

Notes. Cytospora leucostoma is a common species causing canker disease on Rosace-
ae in China (Teng 1963, Tai 1979, Wei 1979, Fan et al. 2020). In this study, fresh
specimens were collected from diseased branches of the Chinese chestnut for the first
time and identified as Cytospora leucostoma, based on strictly matched asexual morph
(4-5.5 x 1-2 pum from Castanea mollissima in this study vs. 4.5-5.5 x 1-1.5 pm from
multiple specimens in Fan et al. 2020) and phylogenic analysis (Fig. 2).

Cytospora myrtagena (G.C. Adams & M.]J. Wingf.) G.C. Adams & Rossman, IMA
Fungus 6 (1): 147. 2015.
Figure 6

Description. Sexual morph: not observed. Asexual morph: Pycnidial stromata pulvi-
nate, immersed in bark, scattered, erumpent through the surface of bark. Conceptacle
absent. Ostiole dark grey to black, conspicuous, at the same level as the disc, (50—
)65-75(-82) pum diam. Locules undivided, circular to ovoid, (430-)550-720(-810)
pm diam. Peridium comprising few layers of cells of textura angularis, with innermost
layer brown, outer layer brown to dark brown. Conidiophores hyaline, unbranched,
thin-walled, filamentous. Conidiogenous cells enteroblastic polyphialidic, (6.5-)8.4—
12.5(-15.3) x 0.9-1.4 um (x = 10.2 x 1.2 um). Conidia hyaline, allantoid, smooth,
aseptate, thin-walled, (3.2-)3.4-5.4(-6.2) x 1-1.5 um (X = 4.7 x 1.3 pm).

Culture characters. On PDA at 25 °C in darkness. Cultures are initially white, becom-
ing olivaceous buff in centre after 7 d and finally olivaceous at 30 d. The colony is flat, thin
with a felt and tight texture in centre. Pycnidia distributed irregularly on medium surface.

Specimens examined. CHINA, Shaanxi Province, Ankang City, Xiangxidong
forest park, 32°40'33"N, 109°18'57"E, on stem barks of Castanea mollissima, 1 July
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Figure 5. Gyrospora leucostoma on Castanea mollissima (BJFC-S1697). A, B Habit of conidiomata on
branches € transverse section of conidiomata D longitudinal section through conidiomata E conidiog-
enous cells attached with conidia F conidia. Scale bars: 500 pm (B-D), 10 pm (E, F).

Figure 6. Cyrospora myrtagena on Castanea mollissima (BJFC-S1704). A, B Habit of conidiomata on

branches C, E transverse section of conidiomata D longitudinal section through conidiomata F, G con-

idiogenous cells attached with conidia H conidia. Scale bars: 500 pm (B-D), 5 pm (E, G), 10 pm (H).

2017, N. Jiang (BJFC-S1704, living culture CFCC 52454; BJFC-S§1705, living
culture CFCC 52455).

Notes. Cyrospora myrtagena was introduced from Eucalyptus and Tibouchina in
America and Indonesia (Adams et al. 2005). Two ITS sequences of Cytospora myrtagena
were available, AY347363 from the type strain CBS 116843 and AY347380 from CBS
117013. However, thereare 14 bp differences between AY347363 and AY347380. Cyrospora

tibouchinae was introduced as a phylogenically close species to Cyrospora myrtagena
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(Suppl. material 1: Fig. S1), with 21 bp differences to CBS 116843 and 14 bp bp
differences to CBS 117013 (Crous et al. 2016). Two isolates from Cuastanea mollissima
in the present study were close to Cyrospora myrtagena and Cytospora tibouchinae (Suppl.
material 1: Fig. S1), with 22 bp differences to CBS 116843, 15 bp differences to CBS
117013 and 6 bp differences to Cyrospora tibouchinae. Morphologically, they have similar
conidial sizes (3.4-5.4 x 1-1.5 pm in BJFC-S1704 vs. 3—4 x 1 pm in C. myrtagena vs.
3—4 x 1.5-2 pm in C. tibouchinae) (Adams et al. 2005, Crous et al. 2016). Hence, it is
hard to identify our isolates to C. myrtagena or C. tibouchinae, for the large differences
between two I'TS sequences in C. myrtagena provided by Adams et al. (2005) and absence
of ACT and RPB2 loci in C. myrtagena and C. tibouchinae. We give the name Cyrospora
myrtagena to our isolates provisionally, and hope for more studies on this species.

Cytospora schulzeri Sacc. & P. Syd., Syll. fung. (Abellini) 14(2): 918. 1899.
Figure 7

Description. Sexual morph: not observed. Asexual morph: Pycnidial stromata ostiolated,
immersed in bark, scattered, erumpent through the surface of bark, flat, discoid, with mul-
tiple locules. Conceptacle absent. Ectostromatic disc brown, circular to ovoid, (250-)300—
400(—475) pm diam., with 1-5 ostiole per disc. Ostioles black, at the same level as the disc,
(40-)50-85(~115) pm diam. Locule numerous, arranged circularly with common walls,
(600-)700-1500(-1750) pm diam. Peridium comprising a few layers of cells of textura
angularis, with innermost layer brown, outer layer brown to dark brown. Conidiophores
hyaline, unbranched, thin walled, filamentous. Conidiogenous cells enteroblastic polyphi-
alidic, (6.5-)8.5-18.5(-21) x 1-2 pm (X = 13.1 x 1.6 pm). Conidia hyaline, allantoid,
smooth, aseptate, thin-walled, (3.5-)4.5-6.5(-7) x 1-1.5 um (X = 5.2 x 1.3 pm).

Specimens examined. CHINA, Hebei Province, Chengde City, Kuancheng Coun-
ty, chestnut plantation, 40°38'37"N, 118°27'54"E, on branches of Castanea mollis-
sima, 13 October 2017, N. Jiang (living culture CFCC 52468; BJFC-S1702, living
culture CFCC 52469; BJFC-5§1703, living culture CFCC 52470).

Notes. Cyrospora schulzeri is a common species causing apple canker disease in
China (Teng 1963, Tai 1979, Wei 1979, Zhuang 2005, Fan et al. 2020). In this study,
fresh specimens were collected from diseased branches of chestnut trees and identified
as Cytospora schulzeri, based on the strictly matched asexual morph (4.5-6.5 x 1-2 um
from Castanea mollissima in this study vs. 4-7 x 1-1.5 pm from multiple specimens in
Fan et al. (2020) ) and phylogenic analysis (Fig. 2).

CGytospora xinglongensis C.M. Tian & N. Jiang, sp. nov.
MycoBank No: 829517
Figure 8

Diagnosis. Cytospora xinglongensis can be distinguished from C. californica and C.
eucalypti by longer conidia.
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Figure 7. Cytospora schulzeri on Castanea mollissima (BJEC-S1702). A, B Habit of conidiomata on
branches € transverse section of conidiomata D longitudinal section through conidiomata E conidiog-
enous cells attached with conidia F conidia. Scale bars: 500 pm (B-D), 10 pm (E, F).
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Figure 8. Cytospora xinglongensis on Castanea mollissima (BJFC-S1706). A Habit of conidiomata on
branches B longitudinal section through conidiomata € transverse section of conidiomata D peridium
E conidiogenous cells attached with conidia F, G conidia. Scale bars: 500 pm (B, C), 10 um (E-G).

Etymology. Named after the county where it was collected, Xinglong County.

Description. Sexual morph: not observed. Asexual morph: Pycnidial stromata im-
mersed in bark, erumpent through the surface of bark, discoid, with a solitary undi-
vided locule. Conceprtacle black, circular surrounded stromata. Ostiole inconspicuous.
Locules undivided, circular to ovoid, (480-)540-685(-755) um diam. Conidiophores
hyaline, unbranched. Peridium comprising a few layers of cells of textura angularis,
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with innermost layer brown, outer layer brown to dark brown. Conidiogenous cells en-
teroblastic polyphialidic, (4.5-)6.5-8.5(-12) x 1-1.5 um (X = 7.4 x 1.3 pm). Conidia
hyaline, allantoid, eguttulate, smooth, aseptate, thin-walled, (7.5-)8.5-9.5(-10.5) x
1-1.5 um (X = 8.9 x 1.3 um).

Culture characters. On PDA at 25 °C in darkness. Cultures are white. The colony
is flat, thin with a uniform texture, lacking aerial mycelium. Pycnidia distributed uni-
formly on medium surface.

Specimens examined. CHiNa, Hebei Province, Chengde City, Xinglong County,
chestnut plantation, 40°24'32"N, 117°28'56"E, on branches of Castanea mollissima,
11 October 2017, N. Jiang (holotype BJFC-S1706, ex-type living culture CFCC
52458; paratype BJFC-51707, living culture CFCC 52459).

Notes. Cytospora xinglongensis is associated with canker disease of Castanea mollis-
sima in China. Cytospora xinglongensis can be distinguished from its phylogenetically
closely species C. thailandica by having much longer conidia (8.5-9.5 um in C. xin-
glongensis vs. 3.3—4 um in C. thailandica) (Norphanphoun et al. 2018). In addition,
Cytospora xinglongensis differs from C. thailandica by ITS, ACT and RPB2 loci (16/470
in ITS, 22/245 in ACT and 52/726 in RPB2).

Discussion

In the present study, an important fruit tree species, Castanea mollissima was inves-
tigated and Cytospora canker was found as a commom disease in plantations in He-
bei Province. Identification was conducted based on 13 isolates from fruiting bodies
using both morphological and molecular methods. As a result, six Cyrospora species
were confirmed. Cytospora kuanchengensis and C. xinglongensis are introduced as new
species, C. ceratospermopsis, C. leucostoma, C. myrtagena and C. schulzeri are firstly
reported on Castanea mollissima.

These six chestnut Cyrospora species can be easily distinguished using DNA se-
quences of single I'TS sequence or combined sequences of ITS, LSU, ACT and RPB2
(Fig. 2; Suppl. material 1: Fig. S1). In addition, colonies on PDA and MEA of these
six species are also different (Fig. 9). Cytospora xinglongensis never produce fruiting
bodies on PDA or MEA, while the other five species form conidiomata in one month
(Fig. 9). Morphologically, Cyrospora xinglongensis has obviously longer conidia than
others. However, the conidial dimension can hardly distinguish C. ceratospermopsis, C.
kuanchengensis, C. leucostoma, C. myrtagena and C. schulzeri.

Dar and Rai reported Cytospora diseases on Castanea sativa in India, causing
perennial cankers on stems and branches (Dar and Rai 2014). The Cytospora iso-
lates were identified mainly based on I'TS sequence data, which were introduced as a
new species named Cytospora castaneae (wrongly wrriten as Cytospora castanae in the
original paper) (Dar and Rai 2014). However, further study is required to confirm
the species position within the genus, including detailed morphogical features and
sequences of high quality.
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Figure 9. Cultures of Cyrospora species from Castanea mollissima after 1 month at 25 °C. A C. myrtagena

B C. kuanchengensis C C. ceratospermopsis D C. leucostoma E C. xinglongensis F C. schulzeri A1-G2 cul-
tures on PDA A3-G4 cultures on MEA A5-Gé fruiting bodies or hyphal masses produced on cultures

Cytospora canker is a common disease on chestnut trees, but there are few formal re-
ports. In China, this disease is known amongst phytopathologists, but no-one conducted
accurate identifications. Hence, this paper is the first formal report of Cytospora chest-
nut canker in China. From our investigations of chestnut diseases in China, Cyrospora
species are closely associated with canker diseases in chestnut plantations. In most cases,
they infect twigs or small branches, causing necrotic lesions (Fig. 1A), finially forming
fruiting bodies on dead tissues (Fig. 1D). However, Cytospora myrtagena was discovered
on stems of a 15-year-old chestnut tree, causing typical Cytospora canker symptoms.
More works should be conducted on the newly emerging pathogens from several aspects.

As the species concept of Cyrospora has been improved a lot by using molecular
data (Yang et al. 2015, Lawrence et al. 2017, Norphanphoun et al. 2017, 2018, Jaya-
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wardena et al. 2019, Fan et al. 2020), many Cytospora canker diseases and new species
have been discovered and reported in recent years. Further studies are, however, now
required to confirm their pathogenicity.
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Abstract

We have studied the highly oceanic genus Coniocarpon in Norway. Our aim has been to delimit species
of Coniocarpon in Norway based on an integrative taxonomic approach. The material studied comprises
120 specimens of Coniocarpon, obtained through recent collecting efforts (2017 and 2018) or received
from major fungaria in Denmark, Finland, Norway and Sweden, as well as from private collectors. We
have assessed (1) species delimitations and relationships based on Bayesian and maximum likelihood phy-
logenetic analyses of three genetic markers (mtSSU, nucITS and RPB2), (2) morphology and anatomy
using standard light microscopy, and (3) secondary lichen chemistry using high-performance thin-layer
chromatography. The results show three genetically distinct lineages of Coniocarpon, representing C. cin-
nabarinum, C. fallax and C. cuspidans comb. nov. The latter was originally described as Arthonia cinna-
barina f. cuspidans and is herein raised to species level. All three species are supported by morphological,
anatomical and chemical data.

Keywords
Arthoniales, Bayesian inference, maximum likelihood, morphology, mtSSU, nucITS, phylogeny, RPB2

Introduction

Species recognition is crucial for improved natural resource management and biodi-
versity conservation (Lumbsch and Leavitt 2011). Species recognizing can be chal-
lenging in lichenized fungi due to unclear species boundaries and/or cryptic diversity
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(e.g., Leavitt et al. 2011; Molina et al. 2011; Carlsen et al. 2012; Liicking et al. 2014;
Bendiksby et al. 2015). One such example is Coniocarpon DC.

Coniocarpon belongs in the family Arthoniaceae Rchb. of the order Arthoniales.
The Arthoniales is one of the largest orders of predominantly lichenized crustose and
fruticose taxa (Sundin and Tehler 1998), with around 1500 lichenized, lichenicolous
and saprotrophic fungi (Frisch et al. 2014; Van den Broeck et al. 2018). About 800
species belong to the family Arthoniaceae (Frisch and Thor 2010). The largest genus
of the family is Arthonia Ach., with around 500 species (Grube 1995). As currently
circumscribed, Arthonia is a polyphyletic genus with high diversity in morphology,
chemistry, ecology, distribution and habitat preferences (Frisch et al. 2015). In the pro-
cess of splitting Arthonia into monophyletic taxa, several genera have been described,
emended or resurrected recently, of which Coniocarpon DC. is one (Frisch et al. 2014).
Others include Bryostigma Poelt and Débbeler, Coniarthonia Grube, Felipes (Ach.)
Frisch and G.Thor, Inoderma (Ach.) Gray, Melarthonis Frisch and G.Thor, Pachnolepia
AMassal. and Synarthonia Mill. Arg. (Grube 2001; Frisch et al. 2014, 2015; Van den
Broeck et al. 2018).

Coniocarpon is a small genus of four accepted species that are mainly distributed in
humid tropical to warm-temperate regions of the world (Aptroot and Sparrius 2003;
Coppins and Aptroot 2009; Van den Broeck et al. 2018), reaching higher latitudes,
for instance, in the boreo-nemoral rainforests and other highly oceanic habitats in
Norway (Blom et al. 2015). The genus is characterized within Arthoniaceae by crystal-
line orange, red and purple quinoid pigments in the ascomata that are dissolving with
purple solution in K, by hyaline, macrocephalic, transversely septate ascospores that
turn brownish with granular ornamentation in the epispore at late maturity, and by
rounded to lirellate ascomata (Frisch et al. 2014, 2018; Van den Broeck et al. 2018).
The widespread species C. cinnabarinum DC. and C. fallax (Ach.) Grube show marked
morphological differentiation at the world level indicative for polyphyletic taxa.

The brightly pigmented ascomata in combination with their high value for nature
conservation are two reasons why C. cinnabarinum and C. fallax are frequently col-
lected in Norway. Both species are listed as vulnerable (VU) on the Norwegian Red List
of Species 2015 (as A. cinnabarina and A. elegans; Henriksen and Hilmo 2015). The
boreo-nemoral rainforests, located between 58—62°N (DellaSala et al. 2011), are also
categorized as VU in the Norwegian Red List of Nature Types 2018 (Blom 2018). Conio-
carpon and other taxa restricted to these forests are of particular importance for biodi-
versity conservation due to their limited distribution, which makes them vulnerable to
extinction at a regional level.

Based on preliminary morphological and molecular evidence, the presence of three
distinct taxa of Coniocarpon in Norway is hypothesized. This study aims to test this
hypothesis by delimiting the taxa of Coniocarpon in Norway using an integrative taxo-
nomic approach, including molecular, morphological and chemical data. All available
specimens of Coniocarpon housed in fungaria in Denmark, Norway and Sweden have
been revised. Species descriptions and an identification key are provided for all taxa
and their distributions in Scandinavia are mapped.
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Materials and methods

Collection methods and handling of fresh specimens

New specimens of Coniocarpon for this study were collected in boreo-nemoral rainfor-
ests on the west coast of Norway from Vest-Agder to More og Romsdal in 2017 and
2018. Specimens were placed in paper bags, allowed to air-dry and later stored at -20 °C
due to prior knowledge of fast DNA degradation (e.g., Frisch et al. 2014). After DNA
extraction, specimens were incorporated for long-term storage and access in the fun-
garium in Trondheim (TRH). Additional specimens were made available from fungaria
in Bergen (BG), London (BM), Copenhagen (C), Edinburgh (E), Helsinki (H), Oslo
(O), Paris (PC), Prag (PRA), Stockholm (S), Trondheim (TRH) and Uppsala (UPS).

Taxon sampling

In total, 26 specimens were used for the molecular data production; 25 specimens from
Norway and 1 specimen from Great Britain. Outgroup taxa and additional sequences
of Coniocarpon were downloaded from GenBank, in total 32 sequences. Eighteen of
these (nine mtSSU and nine RPB2) represent the nine outgroup taxa, whereas 14 (eight
mtSSU and six RPB2) were from eight specimens of Coniocarpon originating from
Great Britain, Japan, Norway, Rwanda and Uganda. Outgroup taxa were selected based
on their phylogenetic position in Frisch et al. (2014) and Van den Broeck et al. (2018).

DNA extraction and sequencing

DNA was isolated from specimens up to one year old. Genomic DNA was extracted
following one of three methods. (1) Five to eight ascomata were sampled in 2 ml mi-
crocentrifuge tubes with two 3 mm diam. tungsten carbide beads each and crushed
into a fine powder using a Retsch TissueLyser II. Subsequently, genomic DNA was
extracted using the E.Z.N.A. SP Plant DNA Kit (Omega BIO-TEK, USA) following
the manufacturer’s instructions. (2) Three to five ascomata were sampled directly in
0.2 ml Eppendorf PCR Tubes with 30 pl Dilution Buffer (Phire Plant Direct PCR
Kit, ThermoFisher Scientific, Lithuania) and crushed with tweezers. (3) Small cuttings
(ca. 50-100 pm x 50-100 pm in size) of the hymenium were sampled in 0.2 ml Ep-
pendorf PCR Tubes and directly used for PCR amplification. The Phire Plant Direct
PCR Kit (ThermoFisher Scientific, Lithuania) was used for PCR amplification in all
three methods. Each PCR reaction contained 10 pl 2x Phire Plant PCR Buffer, 0.4 pl
Phire Hot Start I DNA Polymerase, 1 pl of each primer for all genetic markers except
RPB2 (1.5 pl of each primer), 1 ul genomic DNA (1:1) or the lichen sample, and
was filled with H O to the final volume of 20 pl. If PCR amplification resulted in
weak products, 2 ul genomic DNA (1:10) was added. PCR amplification was done for
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the mtSSU, nuclITS and the protein-coding gene RPB2 with the following primers:
mtSSU1 + mtSSU3R (Zoller et al. 1999), ITS-1F + ITS4 (Larena et al. 1999, White
et al. 1990) and RPB2-7cF + RPB2-11aR (Liu et al. 1999), respectively. PCR cycling
conditions for mtSSU and nuclI TS started with an initial denaturation at 98 °C for 5
min, followed by 40 cycles of 98 °C for 55, 59 °C for 5 s, and 72 °C for 30 s, followed
by a final extension of 72 °C for 1 min. For RPB2, annealing temperature was set to
57 °C. The PCR products were visualized on a 1% agarose gel stained with SYBR Safe
DNA gel stain (ThermoFisher Scientific, USA) under UV light. Clean PCR products
(i.e., those lacking visible contamination) were purified by adding 5 pl ExoSAP-IT
Express PCR Cleanup (1:3 concentration; ThermoFisher Scientific, United Kingdom)
to the PCR reactions. PCR reactions resulting in more than a single product were pu-
rified using the E.Z.N.A. Gel Extraction Kit (Omega BIO-TEK, USA) following the
manufacturer’s instructions, except that we performed an additional wash buffer step.
The PCR products were sent to Eurofins Genomics (Germany) for Sanger sequencing
using the same primers as for the PCR reactions.

Sequence alignment and phylogenetic analyses

The sequences were edited and aligned using BioEdit v.7.0.5.3 (Hall 1999). The iden-
tity of the sequences was verified using the nucleotide BLAST search in GenBank. For
the examination of topological incongruence among gene trees, maximum likelihood
(ML) bootstrapping analyses was carried out on each of the data sets using the RAXML-
HPC Blackbox ver. 8.2.10 (Stamatakis 2014). The standard settings without estimation
of the proportion of invariable sites (GTRGAMMA) were used. Topological incongru-
ence was assumed if conflicting tree topologies were supported by > 70% bootstrap
support. Since topological incongruence could not be observed, maximum likelihood
(ML) bootstrapping analysis was carried out on the concatenated three-locus dataset
of 43 accessions for Coniocarpon using default settings and adding single genes as pa-
rameter partition. The RAXML analysis was stopped automatically after 402 bootstrap
replicates using the MRE-based bootstopping criterion (Pattengale et al. 2010).

The best-fit evolutionary model for each partition using the Bayesian information
criterion (BIC; Schwarz 1979) was estimated using PartitionFinder2 ver. 2.1.1. (Lan-
fear et al. 2016). The input data included both ingroup and outgroup taxa. The pre-set
partitions were mtSSU, RPB2/1* codon position, RPB2/2™ codon position, RPB2/3
codon position, ITS1, 5.8S and ITS2. The Bayesian analysis was performed using Mr-
Bayes v.3.1.2 (Huelsenbeck et al. 2001; Ronquist and Huelsenbeck 2003). The MCMC
run was using four independent chains and 10 million generations, sampling trees every
1000* generation. After removal of a burnin of 25%, 7500 trees were summarized in a
final Bayesian 50% majority-rule consensus tree. All phylogenetic analyses were run on
the CIPRES Science Gateway (Miller et al. 2010). Phylogenetic trees were visualized
using FigTree ver. 1.4.4 (Rambaut 2018). Informative characters were estimated for
ingroup taxa per locus using Winclada ver. 1.61 (Nixon 1999-2002).
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Morphological and chemical investigations

The morphology of 120 specimens of Coniocarpon (Norway 87, Sweden 8, Denmark
16, Great Britain 7, Austria 1, Turkey 1) was studied. The morphology of all specimens
was examined using a Leica M80 stereomicroscope and a Zeiss Standard Binocular
microscope. Macroscopic photographs were taken with a Leica MZ16A stereomicro-
scope fitted with a Leica DFC420 camera. Microscopic photographs were taken with a
Leica CTR6000 microscope fitted with a Leica DFC365 camera. Sections of ascomata
and lichen thalli were cut by hand and mounted in water or lactic acid cotton blue
(LCB). Length and width were measured for single ascomata as well as for aggregations
composed of several ascomata. For the epithecium, exciple, hymenium and hypothe-
cium, measurements were performed in LCB. Measurements of asci and ascospores
were performed in water using squashed preparations. Only fully developed ascospores
and commonly asci containing mature ascospores (sometimes asci without mature as-
cospores) were measured. Ascospore measurements are presented as (min.—)mean +
SD(-max.). The amyloid reaction of the apothecia was tested using 0.2% (lodine )
and 1% (I), and 1% (I) solution after pretreatment with 10% potassium hydroxide
(KOH) in water (KI). The quinoid pigments and Ca-oxalate crystals were measured in
water and their shape studied. Later, the crystals reaction with KOH was observed. The
quinoid pigments were identified by HPTLC (Arup et al. 1993) in solvent C. Quionid
pigments are named according to Frisch et al. (2018) except for the newly identified A4.

Distribution maps

Based on occurrence information of all revised specimens, the distribution of Conio-
carpon species in Scandinavia was illustrated by adding a delimited text layer to a
Wikimedia map from QuickMap services in QGIS ver. 3.6.2. (QGIS Development
Team 2019). The younger specimens (i.e., collected from the mid-80s and onwards)
were placed on the maps by their geographical coordinates, while older specimens (col-
lected 1870-1983) lacking geographical coordinates were placed on the maps based on
locality information. The Earth Point coordinate converter (http://www.earthpoint.us/
Convert.aspx) was used to convert coordinates.

Results

Molecular data

A total of 75 new sequences were obtained from the 26 included specimens of Coniocar-
pon (mtSSU 26, nuclTS 25, RPB2 24; Table 1). The lengths of the alignments (all ac-
cessions included) and the phylogenetically informative characters for the ingroup taxa

were for meSSU 889/61, ITS1 569/160, 5.8S 129/0, I'TS2 239/84 and RPB2 867/127.
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Table 1. Vouchers and their GenBank accession numbers. New sequences are indicated in bold. An en

dash indicates missing data.

Specimens Voucher Country mtSSU nuclTS RPB2
Arthonia didyma Ertz 7587 (BR) Belgium EU704047 - EU704010
Arthonia granithophlia Frisch 10/Se74 (UPS) Sweden KJ850981 - KJ851107
Arthonia physcidiicola Frisch 11/Ug318 (UPS) Uganda KF707646 - KF707657
Coniocarpon cinnabarinum 1 Frisch (TRH-1L-29009) Norway =~ MN733983 MN734118 MN719396
Coniocarpon cinnabarinum 2 Frisch (TRH-1L-29000) Norway =~ MN733980 MN734115 MN719393
Coniocarpon cinnabarinum 3 Frisch (TRH-1L-29002) Norway =~ MN733982 MN734117 MN719395
Coniocarpon cinnabarinum 4 Johnsen 111003 (UPS) Norway KJ850976 - KJ851103
Coniocarpon cinnabarinum 5 Frisch (TRH-L-29008) Norway  MN733984 MN734119 MN719397
Coniocarpon cinnabarinum 6 Frisch (TRH-L-29001) Norway ~ MN733981 MN734116 MN719394
Coniocarpon cinnabarinum 7 Frisch 11/Ug297 (UPS) Uganda KJ850977 - KJ851104
Coniocarpon cinnabarinum 8 Frisch 11/Ug296 (UPS) Uganda KP870158 - KP870170
Coniocarpon cinnabarinum 9 Ertz 8730 (BR) Rwanda EU704046 - EU704009
Coniocarpon cinnabarinum 10 Frisch 13/Jp128 (TNS) Japan MG201840 - -
Coniocarpon cinnabarinum 11 Frisch 13/Jp127 (TNS) Japan MG201841 - -
Coniocarpon cuspidans 1 Frisch (TRH-L-29026) Norway  MN733977 MN734113 MN719390
Coniocarpon cuspidans 2 Acton, Malitek, Palice Great MN733979 - MN719392
25146 (PRA) Britain
Coniocarpon cuspidans 3 Frisch (TRH-L-29013) Norway  MN733970 MN734106 MN719384
Coniocarpon cuspidans 4 Frisch (TRH-1-29025) Norway  MN733976 MN734112 MN719389
Coniocarpon cuspidans 5 Frisch (TRH-L-29014) Norway =~ MN733971 MN734107 MN719385
Coniocarpon cuspidans 6 Klepsland (TRH-L-29017) ~ Norway =~ MN733973 MN734109 MN719387
Coniocarpon cuspidans 7 Frisch (TRH-L-29022) Norway =~ MN733974 MN734110 MN719388
Coniocarpon cuspidans 8 Frisch (TRH-L-29015) Norway  MN733972 MN734108 MN719386
Coniocarpon cuspidans 9 Frisch (TRH-L-29023) Norway MN733975 MN734111 -
Coniocarpon cuspidans 10 Frisch (TRH-1L-29024) Norway =~ MN733978 MN734114 MN719391
Coniocarpon fallax 1 Wagstrom 111123 (UPS) Norway MG201842 - MG201850
Coniocarpon fallax 2 Frisch (TRH-1L-29030) Norway ~ MN733967 MN734103 MN719382
Coniocarpon fallax 3 Gaarder, Larsen Norway ~ MN733961 MN734097 MN719376
(TRH-L-16791)
Coniocarpon fallax 4 Frisch (TRH-1L-29037) Norway ~ MN733968 MN734104 MN719383
Coniocarpon fallax 5 Gaarder (TRH-L-16790) ~ Norway =~ MN733959 MN734095 MN719374
Coniocarpon fallax 6 Gaarder (TRH-L-16792)  Norway = MN733960 MN734096 MN719375
Coniocarpon fallax 7 Gaarder (TRH-L-16789) Norway ~ MN733963 MN734099 MN719378
Coniocarpon fallax 8 Gaarder (TRH-L-15366) Norway  MN733962 MN734098 MN719377
Coniocarpon fallax 9 Frisch (TRH-L-29029) Norway ~ MN733966 MN734102 MN719381
Coniocarpon fallax 10 L10175 Great KJ850979 - KJ851101
Britain

Coniocarpon fallax 11 Frisch (TRH-1-29028) Norway =~ MN733965 MN734101 MN719380
Coniocarpon fallax 12 Frisch (TRH-L-29036) Norway =~ MN733969 MN734105 -
Coniocarpon fallax 13 Frisch (TRH-L-29027) Norway  MN733964 MN734100 MN719379
Reichlingia leopoldii Ertz 13293 (BR) Belgium JE830773 - HQ454722
Reichlingia syncesioides Frisch 11/Ugl4 (UPS) Uganda KF707651 - KF707656
Reichlingia zwackhii Thor 26800 (UPS) Sweden KF707652 - KF707662
Synarthonia aurantiacopruinsa  Van den Broeck 5764 (BR) DR Congo MH251874 - MH271697
Synarthonia inconspicua Van den Broeck 6325 (BR) ~ Uganda MH251880 - MH271701
Synarthonia muriformis Ertz 19344 (BR) Madagascar MH251877 - MH271699

The selected substitution models for the five subsets in PartitionFinder2 were: 1)
GTR+G for mtSSU, 2) K80+1 for RPB2/1%, 3) F81+I for 5.8S and RPB2/2™, 4) HKY+G
for RPB2/3™ and 5) HKY+] for ITS1 and ITS2. The three gene-trees were congruent and
a three-locus, concatenated dataset of 43 accessions were analyzed phylogenetically.
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Phylogeny

The phylogeny based on Bayesian and maximum likelihood analyses present Coniocar-
pon as monophyletic using the selected taxon and outgroup sampling. Three discrete,
well-supported lineages are recovered within Coniocarpon. These are separated from
each other by branches clearly exceeding the observed infraspecific branch-lengths. The
three lineages represent C. cinnabarinum, C. cuspidans (Nyl.) Moen, Frisch and Grube
and C. fallax (Fig. 1). Coniocarpon cinnabarinum is the supported sister taxon to C.
cuspidans, while C. fallax is sister to these two taxa.

Coniocarpon cinnabarinum from Rwanda and Uganda form a well-supported clade
and are sisters to C. cinnabarinum in Norway, while C. cinnabarinum from Japan is
genetically distinct and sister to the remaining taxa of Coniocarpon. The two sampled
specimens from Great Britain are genetically close to C. cuspidans and C. fallax in
Norway, respectively.

Morphology and chemical characters

Forty-four specimens were identified as C. cinnabarinum, as C. cuspidans and 42 as
C. fallax. Ascospore size (Fig. 2), ascospore septation (Fig. 3), ascoma shape and the
distribution of pruina (Fig. 4) were identified as useful characters for species distinc-
tion. Moreover, differences were observed in the quinoid pigment patterns revealed by
HPTLC (Fig. 5) and in the amyloidity of the ascomatal gels. Four quinoid pigments
were identified showing different colors on the HPTLC plates prior to sulphuric acid
treatment and charring; reddish (A1, A4), purple (A2), yellow (A3) (Fig. 5A). The
color of the spots under UV, light are deep purple (A1, A2), buft (A3) and dark
salmon (A4) (Fig. 5B). The chemical results for all species are summarized in the Tax-
onomy section at the end of the Discussion.

Distribution and ecology

Distribution maps based on all revised specimens of Coniocarpon from Scandinavia
confirm C. cinnabarinum for Denmark, Norway and Sweden, C. cuspidans for Nor-
way, and C. fallax for Norway and Sweden (Fig. 6). Coniocarpon cinnabarinum has
been collected in Norway in the boreo-nemoral rainforests in Rogaland and Horda-
land, while the species occurs in other humid forests in Sweden (Skine and Gotland)
and Denmark (Sjelland and Jylland). Specimens of C. cuspidans have been seen in
Norway from the boreo-nemoral rainforests in Vest-Agder, Rogaland and Hordaland.
Coniocarpon fallax has been collected in Norway in the boreo-nemoral rainforests in
Vest-Agder, Rogaland, Hordaland and Mere og Romsdal. This study further reports
C. fallax from Sweden (Gotland) for the first time. Outside Scandinavia, C. cuspidans
is confirmed for Great Britain and C. fallax for Austria, Great Britain, Switzerland
and Turkey (not shown).
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Figure 1. The RAXML phylogenetic hypothesis of a concatenated three-locus data set (mtSSU, nucITS
and RPB2) of 3 Coniocarpon and 9 outgroup taxa (marked by a dashed rectangle). The RAXML bootstrap
proportions (first) and Bayesian posterior probabilities (second) are indicated. Place of origin provided
behind taxon names.

Coniocarpon preferably grows on trees with smooth bark and the selected host tree
species slightly follow a geographical pattern (see Specimens examined below Taxo-
nomic conclusions). Most collections of C. cinnabarinum from Norway have been
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made from Corylus avellana L., including few from Fraxinus excelsior L. and Sorbus au-
cuparia L. The species is collected in Denmark from C. avellana, F excelsior and Fagus
sylvatica L., and in Sweden from £ excelsior. Most specimens of C. cuspidans have been
collected from C. avellana, but the species has been seen from a rather wide range of
trees including F excelsior, llex aquifolium L., Quercus robur L. and S. aucuparia. Conio-
carpon fallax has mainly been collected from £ excelsior from Vest-Agder to Hordaland
(more rarely from C. avellana), while all specimens from More og Romsdal are from C.
avellana. The species is further collected from £ excelsior on Gotland and Austria, and
from Picea orientalis (L.) Link in Turkey.

Discussion

Species designations are hypotheses to be tested as new evidence becomes available.
Recent molecular systematic studies have repeatedly revealed evolutionary lineages
within phenotypically delimited lichenized fungi (e.g., Steinovd et al. 2013; Liick-
ing et al. 2014; Bendiksby et al. 2015; Alors et al. 2016; Hawksworth and Liicking
2017; Boluda et al. 2019). Whether or not such morphologically indistinguishable, or
“cryptic”, evolutionary lineages should be recognized at species level may have critical
implications for conservation biology and other fields of biology that use species as a
fundamental unit (Lumbsch and Leavitt 2011).

In general, several factors should be considered in the process of assessing species
status: proper selection of genetic markers (multiple, unlinked loci and from different
genomic compartments), presence of statistically supported phylogenetic lineages, suf-
ficiently large sample size, corroborating non-molecular character variation, and thor-
ough review of the taxonomic and nomenclatural history (Grube and Kroken 2000;
Printzen 2010; Lumbsch and Leavitt 2011). Our phylogenetic analyses of Coniocarpon
are based on unlinked, multilocus DNA sequence data (mtSSU, nucl TS, RPB2) show-
ing high statistical support for three distinct genetic lineages (Fig. 1). Re-examination
of morphology against the molecular phylogeny of 26 specimens revealed that the three
lineages are further supported by differences in ascospore size (Fig. 2), ascospore septa-
tion (Fig. 3), distribution of pruina and ascoma shape (Fig. 4). Furthermore, the three
lineages differ in the amyloidity of the ascomatal gels and pigment patterns revealed by
HPTLC (Fig. 5). Finally, an additional 94 specimens, for which molecular data are not
available, were revised using the same morphological and/or chemical characters. As
such, this study fulfills the factors recommended for assessing species status.

Evolutionary lineages that remain intact when living in sympatry with close rela-
tives might deserve species status (Coates et al. 2018). The distribution maps in Fig. 6
show sympatry for the three distinct genetic lineages of Coniocarpon in Norway, provid-
ing strong indirect evidence that there are mechanisms prohibiting exchange of genetic
material among them, supporting their acceptance at species level. Hence, the inte-
grated data gathered in this study jointly support the hypothesis of three distinct species
of Coniocarpon in Norway, viz. C. cinnabarinum, C. fallax and C. cuspidans. The latter
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species was hidden in the extensive synonymy of C. cinnabarinum as Arthonia cinna-
barina f. cuspidans Nyl. and is herein resurrected (see Taxonomic conclusions below).

The present data indicate a narrower distribution in Norway for C. cinnabarinum
and C. cuspidans as compared to C. fallax (Fig. 6). All available collections from Mere
og Romsdal were identified as C. fallax. Coniocarpon cinnabarinum, the only species
reported from that county in the Norwegian Red List of Species 2015 could not be
confirmed. However, not all collections of Coniocarpon in Norway were available
for this study, and previous distributions were partly based on human observations
as well. The distribution of the three Coniocarpon species in Norway needs further
evaluation in light of the present investigation. Moreover, this study confirms C. cin-
nabarinum for Denmark and Sweden. Coniocarpon fallax is reported from Sweden
(Gotland) for the first time (Fig. 6), based on specimens from S and UPS previously
identified as C. cinnabarinum.

Species diversity and abundance generally correlate with habitat preference. Most
collections of Coniocarpon in Norway were made in Hordaland (C. cinnabarinum 22,
C. cuspidans 24, C. fallax 20), in the core area of the boreo-nemoral rainforests, having
the highest levels of humidity and low average winter temperatures (Blom et al. 2015;
Moen 1999). In comparison, the number of studied specimens from Vest-Agder (C.
cinnabarinum 0, C. cuspidans 2, C. fallax 3) at the southern limit of the boreo-nemoral
rainforests is distinctly lower, which might be partly explained by fewer rainforest lo-
calities (Blom et al. 2015). The occurrence of C. fallax in More og Romsdal indicates a
wider ecological amplitude as compared to C. cinnabarinum and C. cuspidans in terms
of oceanity and temperature. Coniocarpon cuspidans is currently only confirmed for
Norway and Great Britain, but as the species has not been distinguished from C. fallax
in the past, it might have a wider distribution in Western Europe.

This study provides a further step in the process of improving the biodiversity
conservation in Norway by applying an integrative taxonomic approach for delimiting
taxa in Coniocarpon. Coniocarpon cinnabarinum and C. fallax are designated as VU in
the latest version of the Norwegian Red List for Species (Henriksen and Hilmo 2015). It
is likely that the same status applies to C. cuspidans, growing with similar abundance in
the boreo-nemoral rainforests as the other species of Coniocarpon. Moreover, all three
species are facing the same threats such as algae growth on trees which is inhibiting the
establishment and growth of lichens (Blom 2018).

Taxonomic conclusions
Coniocarpon DC
In Lamarck and de Candolle, Flore francaise 2: 323 (1805) [MB 1208]. Lectotype

(selected in Santesson, Symbolae Botanicae Upsalienses 12(1): 68, 1952): Coniocarpon
cinnabarinum DC., in Lamarck and de Candolle, Flore francaise 2: 323 (1805).
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Key to Coniocarpon in Norway

1 Ascospores mostly > 20 pm long; ascomata typically rounded to weakly lo-
bate, rarely lirellate; orange—red pruina present................. C. cinnabarinum
- Ascospores mostly < 20 um long; ascomata typically irregularly lirellate; or-
ange—ted pruina present or absent.......ccevviiuiiiiiiiiiiiiiiiie 2
2 Orange—red pruina present; ascospores (15-)17-20(=22) x (6-)7-9(-10)
pm, (1-)3—4(=5) transversely SEpPLate .........ccevvveveuierireruerereirirnnnes C. fallax
— Orange—red pruina absent; ascospores (15-)16-18(-20) x (6-)7-8(-9) pm,
(2-)3(—4) transversely Seprate.......c.covevererreirieerererinieerieneenene C. cuspidans

Coniocarpon cinnabarinum DC.
MycoBank No: 383614
Figs 2, 3A, 4A, B, 5, 6A

Coniocarpon cinnabarinum DC.: Lamarck and de Candolle, Flore francaise 2: 323
(1805). Type: not selected [see under "Notes" below].

= Spiloma ? tumidulum Ach., Methodus qua omnes detectos lichenes: 11 (1803) [MB
405550]. Type: Hispania, Schousboe (H-Ach. 3 c!, holotype).

= Spiloma tumidulum var. rubrum Ach., Lichenographia universalis: 137 (1810) —
nom. illegit. Type: Gallia (H-Ach. 2 ¢!).

Description. THaLLUS pale olive gray to brown, weakly glossy to matt, smooth, en-
dophloeodal to partly epiphloeodal, continuous; prothallus line dark gray to brown,
sometimes present when in contact with other lichens; phorobiont trentepohlioid, the
cells rounded to elliptical, 7-12 x 4-8 pm, forming short chains. Ascomara irregularly
rounded to elliptical to weakly lobed, rarely distinctly lirellate, with steep flanks, emer-
gent from thallus, 0.1-0.4 x 0.1-0.3 mm, 95-140 pm tall, solitary or forming loose
to dense aggregations of 3—15 ascomata, (0.3-)0.5-2.0(-3.5) x 0.3—1.6 mm; disc dark
purple black, flat to weakly convex, matt to weakly glossy, white pruinose, a layer of
orange—red pruina sometimes present above the white pruina; old ascomata sometimes
epruinose; margins level with the disc, typically orange-red pruinose, sometimes with
additional patches of white pruina; proper exciple brown, 8-15 pm wide, composed of
compressed and vertically oriented paraphysoidal hyphae, the hyphae 1-2 pm thick,
branched and netted, often forming short hairs up to 15 pm long at the outer margin;
old bark cells often attached to the exciple; epithecium brown, 10-25 um tall, congluti-
nated only in the lower parts, composed of branched tips of the paraphysoidal hyphae
extending horizontally above the asci; the tips slightly widened to 3(—4) um, sometimes
extending from the epithecium as sparsely branched anticlinal hairs up to 22 pm long;
hymenium hyaline, strongly conglutinated, (45-)65-90 pm tall, paraphysoids densely
branched and netted, 1-2 pm thick; hypothecium hyaline, conglutinated, 20-35 pum



38 Andreas Frisch et al. | MycoKeys 62: 27-51 (2020)

13
= 12 X X X X X
E 11 X X X X X X X
Q 10 X B B X X X X X X X
s = ERBEEEX XX X
£ 8 EERRR
g 7 ANANANAN |
& 6 [ANNA
5 s

4

10 15 20 25 30 35
SPORE LENGHT (MICROMETER)
B C. fallax (n=191) C. cuspidans (n=100) X C. cinnabarinum (n=132)

Figure 2. Ascospore size (length x width) of C. cinnabarinum (n = 132; 20 ascospores from Denmark, 85
ascospores from Norway; 27 ascospores from Sweden), C. cuspidans (n = 100, all ascospores from Norway)
and Coniocarpon fallax (n = 191, all ascospores from Norway).

tall, formed of irregular prosoplectenchymatic hyphae 1-2 pm diam.; ¢rystals common
in epithecium and proper exciple, of two types: hyaline, leafy crystals, 1-5(=8) pm, and
orange, red or purple, granular crystals, 1-2(—4) pm; a weak amorphous, red to purple
pigmentation present in exciple, epithecium and patchily distributed in the hymenium.
ASCI of the Arthonia-type, long obpyriform to clavate, 62—-84 pm x 24-35 pum (n = 34),
8-spored, the ascospores stacked; tholus 8-11 um thick, lateral ascospore wall 1-2 pm
thick. ASCOSPORES hyaline, (3-)4-5(-8) transversely septate, (19-)23-28(-30) x
(8-)10-11(~12) pm (I: mean = 25.7, STD = 2.3; w: mean = 10.5, STD = 0.9; n = 132),
obovate, with enlarged apical cell, getting pale brown with granular ornamentation in
the epispore at late maturity; development macrocephalic.

Chemistry. Pigments Al, A3 and A4 in variable amounts detected by HPTLC.
Proper exciple 1+ blue, I+ blue, KI+ blue; epithecium 1 4+ blue, I+ blue, KI+ blue;
hymenium 1 at red, I+ red, KI+ blue; hypothecium 1 o+ red, I+ red, KI+ blue. A hemia-
myloid ring present in the tholus of the asci. Hyaline crystals dissolve in K. Orange, red
and purple crystals dissolve in K with a clear, fleeting, purplish solution.

Specimens examined. Norway — Rogaland ¢ Rennesoy, Berge; 59°05.868'N,
05°42.320'E; on C. avellana; 30-40 m a.s.l; 12. Jan. 2008; J. I. Johnsen leg.; BG
L-86128. — Hordaland  Askey, close to Ask farm; on S. aucuparia; 10-30 m a.s.l;
31. Aug. 1909; ]J. J. Havaas leg; UPS-L-277202. * Bomlo, Berey, Storavatnet;
59°42.9420'N, 05°15.7680'E; on C. avellana; 30. Apr. 2018; G. Gaarder leg.; TRH-
L-18030 « ibid.; Lykling; 59°42.6780'N, 05°12.3540'E; on C. avellana; 30. Apr. 2018;
G. Gaarder leg.; TRH-L-18036 e ibid.; S of Liarnuten; on C. avellana; 21. Jun. 1997;
T. Knutsson leg.; UPS-L-737333 « ibid.; Skogafjellet; 59°38.812'N, 05°12.098'E;
on C. avellana; 35 m asl., 19. Jul. 2017; A. Frisch leg.; TRH-L-29000 e ibid.;
59°38.818'N, 05°12.082'E; on C. avellana; 10 m a.s.l; 19. Jul. 2017; A. Frisch leg.;
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Figure 3. Ascospore morphology. A Coniocarpon cinnabarinum (TRH-L-29007) B Coniocarpon fallax
(TRH-L-29008) C Coniocarpon cuspidans (TRH-L-29036). Scale bar: 10 pm.

TRH-L-29006, TRH-L-29007, TRH-L-29008 * ibid.; on £ excelsior; A. Frisch leg.;
TRH-1-29009 ¢ ibid.; 59°38.833'N, 05°12.153'E; on C. avellana; 50 m a.s.l.; 19. Jul.
2017; A. Frisch leg.; TRH-L-29001, TRH-L-29002. ® Kvam, Gravdal SW, Geitaknot-
tane Nat. Reserve, NE of Lonningshaugen; 60°06.690'N, 05°51.068'E; on C. avellana;
150-250 m a.s.l; 28. Aug. 1997; P. G. Ihlen leg.; BG-L-35863. ¢ Lindas, Kvalvika-
Royldalane; 60°38.338'N, 05°26.258'E; on C. avellana; 35 m a.s.l.; 14. May 2018;
A. Frisch leg.; TRH-L-29010, TRH-L-29011, TRH-L-29012. * Os, Innergya, Hal-
hjem; 60°08.5020'N, 05°24.8520'E; on S. aucuparia; 10. May 2018; G. Gaarder leg.;
TRH-L-18042 e ibid.; 60°08.5920'N, 05°25.3440'E; on C. avellana; 10. May 2018; G.
Gaarder leg.; TRH-L-18043. * Stord, Digernes, Geitisen; 59°45.402'N, 05°25.092'E;
on C. avellana; 28. Apr. 2018; G. Gaarder leg.; TRH-L-18033 « ibid.; Valavag, Nes-
Asen; 59°46.0740'N, 05°24.8040'E; on C. avellana; 27. Apr. 2018; G. Gaarder, U.
Hanssen leg.; TRH-L-18087. ¢ Tysnes, Beltestad, Beltestadknappen; 59°59.883'N,
05°27.543'E; on C. avellana; 13 m a.s.l; 9. May 2018; A. Frisch leg.; TRH-L-29003,
TRH-L-29004 « ibid.; 59°59.900'N, 05°27.555'E; on C. avellana; 5 m a.s.l; 9. May
2018; A. Frisch leg.; TRH-L-29005. SWEDEN — Gotland * Stenkumla, Myrsd; 1869;
Laurer leg.; UPS-L-002825. — Skane * Dalby, Dalby Séderskog; on £ excelsior; 23. Jul.
1947; R. Santesson leg.; UPS-L-118296 e ibid.; Ottarp, Bilteberga; on £ excelsior; 20.
Aug. 1946; O. Almborn leg.; S-F-71116, UPS-L-60625 * ibid.; 16. Sep. 1959; G. De-
gelius, O. Almborn leg.; UPS-L-60624. DENMARK - Jylland * Horsens, Elling Skov;
on F excelsior; 26. Mar. 1887; ]. Jeppesen leg.; C-1-28996 ¢ ibid.; on £ sylvatica; 26.
Mar 1887; J. Jeppesen leg.; C-L-28993 « ibid.; on F excelsior; 26. Feb. 1887; J. Jeppesen
leg.; S-F-71202, C-L-28992 « ibid.; on £ excelsior; 20. Feb. 1887; J. P Pedersen leg.;
C-1L-28991, C-1L-28994  ibid.; Hansted Skov; on E excelsior; 5. Des. 1886; J. Jeppesen
leg.; C-L-29000 « ibid.; 1. Feb. 1887; J. Jeppesen leg.; C-1-28999 ¢ ibid.; on F sylvatica;
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Figure 4. Morphological diversity of Coniocarpon in Norway. A Coniocarpon cinnabarinum (Frisch
TRH-L-29000) B Coniocarpon cinnabarinum (Frisch TRH-L-29005) C Coniocarpon cuspidans (TRH-
L-29022) D Coniocarpon cuspidans (TRH-L-29023) E Coniocarpon fallax (TRH-L-16793) F Coniocar-

pon fallax (Frisch TRH-L-29028). Scale bars: 1 mm.
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6. Mar. 1887; J. Jeppesen leg.; C-1L-28998. * Lihme, Kis skov; on C. avellana; 6. Aug.
1979; G. Thor leg.; UPS-L-165392 ¢ ibid.; on F excelsior; 25. May. 1976; S. Svane leg.;
C-L-28997, C-1L-28988 « ibid.; on C. avellana; 25. May 1976; M. S. Christansen leg.;
C-L-28990 e ibid.; Bringsbjerg Krat; 56°37.129'N, 08°41.423'E; on C. avellana; 21.
Oct. 2002; R. S. Larsen leg.; C-L-17076. — Sjaelland * Haslev; 29. Jul. 1887; Taussieng
leg.; C-L-28995 e ibid.; Skarresg; 4. Nov. 1870; C. Grénlund leg.; UPS-L-002896.

Notes. Coniocarpon cinnabarinum differs from the other Coniocarpon species in
Norway by distinctly larger ascospores and in ascospore septation: (19-)23-28(-30)
x (8-)10-11(~12) pm, (3—)4-5(-8) transversely septate vs (15-)16-18(-20) x (6-)7—
8(=9) um, (2-)3(—4) transversely septate in C. cuspidans vs (15-)17-20(-22) x (6-)7—
9(-10) pm, (1-)3—4(-5) transversely septate in C. fallax. Further, the ascomata in C.
cinnabarinum are mostly irregularly rounded to elliptical and only rarely lirellate as in
C. cuspidans and C. fallax. The ascomatal disc in C. cinnabarinum is typically covered
by a thick layer of white pruina which may be overlaid by orange—red pruina, and the
ascomatal margin is orange-red pruinose. In C. cuspidans, the ascomata completely
lack orange-red pruina, while a thin white pruina may be occasionally present. In C.
Jallax, the distribution of pruina is similar to C. cinnabarinum, but the white pruina is
less pronounced and may even be lacking. Additional differences have been observed in
the reaction of proper exciple and epithecium to iodine: 1,,/I+ blue in C. cinnabarinum
and C. fallax vs 1 ,/1+ red in C. cuspidans. The quinoid pigments Al, A3 and A4 have
been identified in C. cinnabarinum in various amounts. The quinoid patterns in C. fa/-
lax are similar, while in C. cuspidans A3 is absent or occurs in trace amounts only. The
pigment A2 has only been found in C. cuspidans.

Coniocarpon cinnabarinum is the selected type species of Coniocarpon (Santesson
1952), but the name is preceded by Spiloma tumidulum (Acharius 1803) and possibly
Sphaeria gregaria Weigel (1772). The situation is further complicated by the fact that
the only specimen of C. cinnabarinum in PC that is unequivocally linked to the pub-
lication of Flore fran¢aise and donated by de Candolle, represents C. fallax. Since C.
cinnabarinum is a well established species and often cited in literature, we intend to
propose this name for conservation. The typification of the species will be discussed in
the proposal, which is currently under preparation.

Coniocarpon cuspidans (Nyl.) Moen, Frisch & Grube, comb. nov.
MycoBank No: 833812
Figs 2, 3C, 4C, D, 5, 6B

Arthonia cinnabarina f. cuspidans Nyl., Flora 59: 310 (1876) [MB 372360]. Type:
Ilicicola in Hibernia, n. 6, Dough[ruagh Mountain], 1875, Larbalestier (H-Nyl
5607! lectotype, here selected).

Description. THALLUS pale brown to pale fawn to off white, matt to weakly glossy,
smooth, endophloeodal to partially epiphloeodal, continuous; prothallus line dark gray
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to brown to black, sometimes present when in contact with other lichens; photobiont
trentepohlioid, the cells rounded to elliptical, 6-13 x 5-11 pm forming short chains.
Ascomata weakly elongate to irregularly lirellate, with steep flanks, emergent from
thallus, 0.2-0.6 x 0.1-0.2 mm, 60105 pm tall, typically forming loose to dense aggre-
gations of 3—15 ascomata, weakly elongated to irregularly lirellate to stellate, 0.4-1.8(—
2.5) x (0.1)0.3-1.0(-2.0) mm; disc black to dark purple black, flat to weakly convex,
weakly glossy to matt, epruinose, rarely with patches of a thin white pruina; margins
level with the disc, epruinose, rarely with patches of a thin white pruina; proper exciple
brown, 7-20 um wide, composed of compressed and vertically oriented paraphysoidal
hyphae, the hyphae 1-2 pm thick, branched and netted, sometimes forming short hairs
up to 16 pm long at the outer margin; old bark cells sometimes attached to the exciple;
epithecium brown, 8-20 um tall, conglutinated only in the lower parts, composed of
branched tips of the paraphysoidal hyphae extending horizontally above the asci; the
tips slightly widened to 3(—4) pm, sometimes extending from the epithecium as sparsely
branched anticlinal hairs up to 12 pm long; hymenium hyaline, strongly conglutinated,
41-73 um tall, paraphysoids densely branched and netted, 1-2 pm thick; hypothecium
hyaline, conglutinated, 15-30 pum tall, formed of irregular prosoplectenchymatic hy-
phae 1-2 pm diam.; ¢ryszals common in epithecium and proper exciple, of two types:
hyaline, leafy crystals, 1-5 pm, and red or purple granular crystals, 1-3 pum; a weak
amorphous, red to purple pigmentation present in exciple, epithecium and patchily
distributed in the hymenium. ASCI of the Arthonia-type, long obpyriform to clavate,
45-70 x 19-28 um (n = 31), 8-spored, the ascospores stacked; tholus 4-8 pm thick,
lateral ascospore wall 1-2 um thick. ASCOSPORES hyaline, (2-)3(—4) transversely
septate, (15-)16-18(-20) x (6-)7-8(-9) um (I: mean = 17.4, STD = 1.2; w: mean =
7.5, STD = 0.7; n = 100), obovate, with enlarged apical cell, getting pale brown with
granular ornamentation in the epispore at late maturity; development macrocephalic.
Chemistry. Pigments A1, A2, A3 and A4 in variable amounts detected by HPTLC.
Proper exciple 1 4+ red, I+ red, KI+ blue; epithecium 1 4+ red, I+ red, KI+ blue; hymenium
I+ red, I+ red, KI+ blue; hypothecium 1 4+ red, I+ red, KI+ blue. A hemiamyloid ring in
the tholus of the asci not observed. Hyaline crystals dissolve in K. Purple crystals dissolve
in K with hyaline solution. Red and purple crystals dissolve in K with purplish solution.
Specimens examined. Norway — Vest-Agder * Flekkefjord, Hidra, Hogéisen;
58°13.585'N, 06°33.370'E; on S. aucuparia; 35 m a.s.l; 15. Jul. 2017; J. Klepsland
leg.; TRH-L-29017 * ibid.; Nonfjell; 58°13.445'N, 06°33.550'E; 5-25 m a.s.l; 15.
Jul. 2017; A. Frisch TRH-L-29022. — Rogaland ® Tysver, Svinali W; 59°25.098'N,
05°34.104'E; on C. avellana; 19. Oct. 2017; G. Gaarder leg.; TRH-L-18034. — Hord-
aland ¢ Austevoll, Huftagy, Bjelland farm NE; 60°05.000'N, 05°16.000'E; on C.
avellana; 0—40 m a.s.l; 6. Jun. 1996; T. Tensberg leg.; BG-L-32077, BG-L-34115.
* Bemlo, Berey, Masterhaugane nord; 59°42.840'N, 05°15.5040'E; on S. aucuparia;
30. Apr. 2018; G. Gaarder leg.; TRH-L-18038, TRH-L-18078 ¢ ibid.; 59°42.6420'N,
05°15.3540'E; on C. avellana; 30. Apr. 2018; G. Gaarder leg.; TRH-L-18040 * ibid.;
Kuhillerdalen; 59°45.36'N, 05°16.82'E; on C. avellana; 70 m a.s.l; 11. May 2015;
J. B. Jordal, H. H. Blom leg.; TRH-L-16794 * ibid.; Lykling, Lyklingfjorden N;
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Figure 5. HPTLC plate in solvent C of quinoid pigment patterns of C. cinnabarinum (left), C. fallax
(middle) and C. cuspidans (right) A before treatment with sulfuric acid and charring, and B under UV,
light before treatment with sulfuric acid and charring. Note the absence of A3 in C. cuspidans. The posi-
tion of atranorin and norstictic acid is indicated. Several additional spots on the HPTLC plates under

UV, light have not been identified.

59°42.321'N, 05°10.569'E; on C. avellana; 10-20 m a.s.l.; 13. May 1996; T. Tons-
berg leg.; BG-L-31539 * ibid.; 59°42.300'N, 05°10.600'E; on C. avellana; 40-60 m
a.s.l; 1. Jun. 1997; S. Ekman leg.; BG-L-38200 e ibid.; Skogafjellet; 59°38.833'N,
05°12.153'F; on C. avellana; 50 m a.s.; 19. Jul. 2017; A. Frisch TRH-L-29015
ibid.; 59°38.812'N, 05°12.098'E; on C. avellana; 35 m a.s.l; 19. Jul. 2017; A. Frisch
leg.; TRH-L-29013, TRH-L-29014 * ibid.; 59°38.818'N, 05°12.082'E; on C. avellana;
10 m a.s.l; 19. Jul. 2017; A. Frisch leg.; TRH-L-29023 e ibid.; on S. Aucuparia; 10 m
a.s.l; 19. Jul. 2017; A. Frisch leg.; TRH-L-29024 « ibid.; 59°38.972'N, 05°12.432'E;
on C. avellana; 12 m a.s.L; 19. Jul. 2017; A. Frisch leg.; TRH-L-29025, TRH-L-29026
¢ ibid.; S of Totlandstjorna; 59°41.172'N, 05°20.940'E; on C. avellana; 28. Jun. 2017;
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Figure 6. The distribution of 111 specimens of Coniocarpon in Norway, Sweden and Denmark based
on material in BG, C, S, TRH and UPS. A C. cinnabarinum B C. cuspidans C C. fallax. Single dots may

represent several collections.

G. Gaarder leg.; TRH-L-18035 ¢ ibid.; Totsida; 59°40.8180'N, 05°19.5540'E; on L
aquifolium; 27. Jun. 2017; G. Gaarder, M. Lorentzen leg.; TRH-L-18037 « ibid.; Vige;
59°43.6260'N, 05°13.5060'E; on C. avellana; 30. Apr. 2018; G. Gaarder leg.; TRH-
L-18031. ¢ Fusa, Holmefjord, Eikhaugen; 60°17.952'N, 05°39.867'E; on Q. robur;
30 ma.s.l;; 8. May 2018; A. Frisch leg.; TRH-L-29021. ¢ Kvam, Nes N; 60°10.085'N,
05°55.535'E; on E excelsior; 4. Jun. 2018; G. Gaarder leg.; TRH-L-18608. * Stord,
Asen SW of Sagvag; 59°46.043'N, 05°24.593'E; on C. avellana; 50 m a.s.l.; 28. Apr.
2018; A. Frisch leg.; TRH-L-29019  ibid.; 59°46.088'N, 05°24.757'E; on C. avel-
lana; 33 m asl; 28. Apr. 2018; A. Frisch leg.; TRH-L-29020. ¢ Sund, Steinsland;
60°12.199'N, 05°04.929'E; on C. avellana; 20-40 m a.s.l.; 9. Mar. 1997; T. Tonsberg
leg.; BG-L-34117. * Tysnes, Beltestad, Beltestadknappen; 59°59.883'N, 05°27.543'E;
on C. avellana; 13 m a.s.; 9. May 2018; A. Frisch leg.; TRH-L-29018.

Additional examined specimens. GREAT BRITAIN — Scotland ¢ Argyll, Appin,
Glen Stockdale; 56°34.383'N, 05°21.583'W; on C. avellana; 65-90 m a.s.l.; 5. Jun.
2018; A. Acton, J. Malic¢ek, Z. Palice leg. 25146; PRA  ibid.; Westerness Locli Sur-
nart, Reripole Ravine; on Corylus sp.; 10. Mar. 1983; B. J. Coppins leg.; BG-L-58163
¢ ibid.; Benderloch, Lochnell House; 17/88.38; on Corylus; 15-45 m a.s.l; 4. Aug.
1980; B. J. Coppins leg. 8056; E ¢ Mid Perth (VC 88), S side of Loch Earn, west of
Ardvorlich cottage; 27/ 61.22(-3); 105-130 m a.s.L; 8. Aug. 1980; B. J. Coppins & P.
W. James leg.; E ¢ Clyde Islands, Arran (VC 100), Glenashdale; 26/03.25; on Corylus;
4. Apr. 1984; B. ]. Coppins leg. 10169; E » Westerness (VC 97), S side of Loch Sunart,
Laudale Woods ravine 0.5 km W of Liddesdale; 17/77.59; 0-75 m a.s.l.; 9. Mar. 1983;
B. J. Coppins & P. M. Jorgensen leg.; E ® Devon, SW of Bridge Reeve; 21/65.13; on
Quercus petraea; 1. Aug. 1972; P. Harrold leg.; E.

Notes. Coniocarpon cuspidans is characterized by lirellate ascomata lacking orange—
red pruina, while red and purple pigment crystals and a weak amorphous red to purple
pigmentation is present in proper exciple and epithecium. The quinoid pigment A3 is
absent or occurs in possible trace amounts only. A3 may correspond to orange pigment
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crystals observed in microscopical preparations of C. cinnabarinum and C. fallax but
not in C. cuspidans. These crystals are located in the pruina of the ascomatal margin
and disc. The ascospores in C. cuspidans are the smallest observed for the genus in
Norway, (15-)16-18(-20) x (6—)7-8(-9) pm and (2—)3(—4) transversely septate. A
hemiamyloid ring in the tholus of the asci, which is present in C. cinnabarinum and
C. fallax, could not be observed in the investigated material. Further differences to C.
cinnabarinum and C. fallax are discussed under those species.

The protologue of Arthonia cinnabarina f. cuspidans (Nylander 1876) cites speci-
mens from Ireland and Cuba as original material: “Ilicicola in Hibernia (Larbalestier)”
and “Exotica eadem datur in C. Wright. Cub. no. 123 a et b”. Nylander obviously
considered the material from Ireland as the factual type collection. We have selected
a specimen from the Nylander herbarium in Helsinki as the lectotype, which is the
only specimen from Ireland that undoubtedly has been seen by Nylander. A possi-
ble syntype exists in BM: “Derryclare, Connemara, ilicicola, 1876 [BM000974345]”.
Another specimen [BM000974347] from Larbalestier’s herbarium has a printed later
label that only states “On young trees. Doughruagh Mountain and other places in
Connemara”. The type status of this specimen is unclear. Both specimens have been
seen by us as high-resolution pictures obtained from the data portal of BM.

Coniocarpon fallax (Ach.) Grube
MycoBank No: 808766
Figs 2, 3B, 4E, E 5, 6C

Coniocarpon fallax (Ach.) Grube: Frisch et al., Taxon 63: 737 (2014). Spiloma fallax
Ach., Methodus qua omnes dectectos lichenes: 10 (1803) [MB 405518]. Type:
Germania (H-Ach. 2 a!, lectotype, selected in Frisch et al., Taxon 63: 737, 2014).

= Spiloma elegans Ach., Lichenographia universalis: 135 (1810) [MB 405516]. Conio-
carpon elegans (Ach.) Duby, Aug. Pyrami de Candolle Botanicon Gallicum: 675
(1830) [MB 383617]. Lichen elegans (Ach.) Lam. in Lamarck and Poiret, Ency-
clopédie méthodique, botanique, suppl. 3(1): 352 (1813) [MB 122540]. Arthonia
elegans (Ach.) Almq., Kongliga Svenska vetenskaps-akademiens handlingar 17(6):
19 (1880) [MB 118959]. Type: Schleicher, Plantae Cryptogamicae Helvetiae ex-
siccatae, centuria5 no. 54 (S, lectotype, selected in Van den Broeck et al., Plant
Ecology and Evolution 151: 346, 2018).

Description. THALLUS pale fawn to gray brown, weakly glossy to matt, smooth, en-
dophloeodal to partly epiphloedal, continuous; prothallus line dark grey to brown,
sometimes present when in contact with other lichens; photobiont trentepohlioid, the
cells rounded to elliptical, 8-13 x 5-10 pm, forming short chains. Ascomara weakly
elongate to irregularly lirellate, with steep flanks, emergent from thallus, 0.2-0.4 mm x
0.1-0.2 mm, 65-110 pm tall, typically forming loose to dense aggregations of 3—15 as-
comata, weakly elongated to irregularly lirellate to stellate, 0.2-1.5(-2.3) x 0.1-1.8 mmy;
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disc black to dark purple black, flat to weakly convex, weakly glossy to matt, epruinose
or with a thin layer of white pruina; margins level with the disc, orange-red pruin-
ose, sometimes with additional patches of white pruina; proper exciple brown, 7-20 um
wide, composed of compressed and vertically oriented paraphysoidal hyphae, the hy-
phae 1-2 um thick, branched and netted, often forming short hairs up to 17 um long
at the outer margin; old bark cells sometimes attached to the exciple; epithecium brown,
10-20 pm tall, conglutinated only in the lower parts, composed of branched tips of the
paraphysoidal hyphae extending horizontally above the asci; the tips slightly widened
to 3(—4) pm, sometimes extending from the epithecium as sparsely branched anticlinal
hairs up to 24 pm long; hymenium hyaline, strongly conglutinated, 35-70 pm tall,
paraphysoids densely branched and netted, 1-2 pm thick; hypothecium hyaline, con-
glutinated, 15-30 pm tall, formed of irregular prosoplectenchymatic hyphae 1-2 pm
diam.; ¢rystals common in epithecium and proper exciple, of two types: hyaline, leafy
crystals, 1-5(=7) pm, and orange, red or purple granular crystals, 1-2(—4) pm; a weak
amorphous, red to purple pigmentation present in exciple, epithecium and patchily
distributed in the hymenium. ASCI of the Arthonia-type, long obpyriform to clavate,
50-75 x 20-32 pm (n = 33), 8-spored, the ascospores stacked; tholus 5-8 um thick,
lateral ascospore wall 1-2 pm thick. Ascospores hyaline, (1—)3—4(-5) transversely sep-
tate, (15-)17-20(-22) x (6-)7-9(-10) pm (I: mean = 18.5, STD = 1.9; w: mean =
8.2, STD = 0.9; n = 191), obovate, with enlarged apical cell, getting pale brown with
granular ornamentation in the epispore at late maturity; development macrocephalic.
Chemistry. Pigments A1, A3 and A4 in variable amounts detected by HPTLC. Prop-
er exciple 1 4+ blue, T+ dark blue, KI+ dark blue; epithecium 1 4+ blue, I+ dark blue, KI+
dark blue; hymenium 1 4+ red, I+ red brown, KI+ dark blue; hypothecium 1 4+ blue, I+ dark
blue, KI+ dark blue. A hemiamyloid ring present in the tholus of the asci. Hyaline, crys-
tals dissolve in K. Orange, red and purple crystals dissolve in K with purplish solution.
Specimens examined. Norway — Vest-Agder ¢ Lyngdalsfjord; on £ excelsior; 8.
Apr. 1905; A. H. Magnusson leg.; S-F-71115 ¢ ibid.; 1925; A. H. Magnusson leg.; S-F-
71114 e« ibid.; on £ excelsior; 25. Jan. 1939; A. H. Magnusson leg.; UPS-L-002899.
— Rogaland ¢ Gjesdal, Dirdal NE; on £ excelsior; 6. Oct. 1984; S. Hultengren leg.;
UPS-L-654296 e« ibid.; 58°49.810'N, 06°11.970'E; on £ excelsior; 160 m a.s.l.; 12.
Jul. 2017; A. Frisch leg.; TRH-L-29036, TRH-L-29027. — Hordaland ¢ Askey; on C.
avellana and E excelsior; 1909; J. J. Havaas leg.; UPS-L-137313 © Fusa, Tveitane; 13
km S of Mundheim; 60°03'N, 05°52'E; on C. avellana; 150 m a.s.l.; 18. Aug. 1995;
A. Nordin leg.; UPS-L-61739 ¢ ibid.; @vre Halandsdalen, W of Orra; 60°15.5065'N,
05°55.137'E; on F excelsior; 120 m a.s.l.; 24. Feb. 2015; S. Vatne leg.; TRH-L-16793.
e Kvam, Daleelva N; 60°07.453'N, 05°52.721'E; on E excelsior; 10. Jun. 2018; G.
Gaarder leg.; TRH-L-18605 * ibid.; 60°07.668'N, 05°52.898'E; on F excelsior; 13. Jun.
2018; G. Gaarder leg.; TRH-L-18606 * ibid.; Furhovda; 60°09.243'N, 05°53.910'E;
on F excelsior; 5. Jun. 2018; G. Gaarder, M. Lorentzen leg.; TRH-L-18604 * ibid.;
Hovden; 60°13.735'N, 05°59.633'E; on E excelsior; 11. Jun. 2018; G. Gaarder leg.;
TRH-L-18607. ¢ Lindas, Helltveit W; 60°37.872'N, 05°26.080'E; on £ excelsior; 24.
Jul. 1980; T. Tensberg leg.; BG-L-26222  ibid.; Kvalvika-Reyldalane; 60°38.245'N,
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05°26.345'E; on FE excelsior; 35 m a.s.l.; 14. May 2018; A. Frisch, ]. Klepsland leg.;
TRH-L-29035. ¢ Os, Li; 60°10.38'N, 05°26.45'E; on FE excelsior; 60—120 m a.s.l.;
22. Jul. 1979; T. Tonsberg leg.; BG-L-26221, BG-L-26221. * Stord, Valavag, Nes-
Asen; 59°46.116'N, 05°24.660'E; on E excelsior; 27. Apr. 2018; G. Gaarder, U. Hans-
sen leg.; TRH-L-18041. * Tysnes, SE slope of Skardnipa near Teigen; 59°58.360'N,
05°39.008'E; on £ excelsior; 23 m a.s.l; 9. May 2018; A. Frisch, J. Klepsland leg.;
TRH-L-29031 « ibid.; 59°58.361'N, 05°39.023'E; on F£ excelsior; 19 m a.s.l.; 9. May
2018; A. Frisch, J. Klepsland leg.; TRH-L-29032, TRH-L-29033 ¢ ibid.; 59°58.350'N,
05°38.992'E; on F excelsior; 24 ma.s.l.; 9. May 2018; A. Frisch, J. Klepsland leg.; TRH-
L-29034 * ibid.; Sunde, Loksund; on E excelsior; 27. Aug. 1910; J. J. Havaas leg.;
UPS-L-137512. * Tysnes, Tysnesoy, N of Onarheim; 59°58.377'N, 05°39.047'E; on
F excelsior; 30 m a.s.l; 21. Jul. 2017; A. Frisch leg.; TRH-L-29028, TRH-L-29029. —
More og Romsdal ¢ Frzna, S of Hustad, Lunheim; 62°55.3871'N, 07°06.892'E; on C.
avellana; 60 m a.s.l.; 15. Apr. 2016; H. Holien leg.; TRH-L-17089 e ibid.; Nordmark
E; 62°54.998'N, 07°07.068'E; on C. avellana; 80 m a.s.l.; 26. Apr. 1998; G. Gaarder
leg.; BG-L-39619 ¢ ibid.; Tverrfjell; 62°54.872'N, 07°16.243'E; on C. avellana; 60 m
a.s.l; 5. Jul. 2017; A. Frisch leg.; TRH-L-29037, TRH-L-29030. * Skodje, Igletjonna;
62°28.6565'N, 06°34.4845'E; on C. avellana; 20. Apr. 2014; G. Gaarder, P. Larsen leg.;
TRH-L-16791. * Tingvoll, Kamsvégtrea; 63°01.8998'N, 08°08.150'E; on C. avellana;
16. Feb. 2014; G. Gaarder leg.; TRH-L-153606 © ibid.; Langvatnet NE; 63°02.9460'N,
08°04.3020'E; on C. avellana; 8. Nov. 2014; G. Gaarder leg.; TRH-L-16792 * ibid.;
Skjelberget; 63°03.2040'N, 08°03.8640'E; on C. avellana; 25. Apr. 2014; G. Gaarder
leg.; TRH-L-16789 * ibid.; /f\royvatnet; 63°02.8320'N, 08°02.3940'E; on C. avellana;
8. Nov. 2014; G. Gaarder leg.; TRH-L-16790. SWEDEN — Gotland ¢ Bunge, Higur,
Morku, 1 km NE of the church; 57°51.00'N, 19°00.00'E; on £ excelsior; 15 m a.s.l.;
27. Apr. 1996; A. Nordin leg.; UPS-L-74225 ¢ 600 m from Bunge church; on £ ex-
celsior; 27. Apr 1996; G. Westling leg.; S L-52399; * Bil, Gute, 1 km E Bil church;
57°39.00'N, 18°40.00'E; on F excelsior; 25. Nov. 1996; P. Johanson leg.; UPS-L-98398.

Additional examined specimens. AusTriA — Upper Austria ® Totes Gebirge, Lake
Almsee SSE; 47°44.600'N, 13°57.400'E; on £ excelsior; 600 m a.s.l.; 31. May 1998;
T. Tonsberg leg.; BG-L-66299. Turkey — Trabazon © Trabazon Vilayet, Uzungdl c. 14
km SSE of Caykara; 40°36.8700'N, 40°18.8500'E; on R orientalis; 24. Jun. 2001; C.
Printzen, B. Kanz leg.; BG-L-77481.

Notes. Coniocarpon fallax resembles C. cinnabarinum by ascomata that are covered
in an orange—red and white pruina. However, the white pruina is less pronounced in
C. fallax and may be absent. The ascomata of C. fallax further are elongate to clearly
lirellate and the ascospores are distinctly smaller with less septa: (15-)17-20(=22) x
(6-)7-9(=10) pum, (1-)3—4(-5) transversely septate vs (19-)23-28(-30) x (8-)10-11(-
12) pm, (3—)4-5(-8) transversely septate in C. cinnabarinum. Mature, apparently well-
developed elliptical ascospores with only a single septum were found in one specimen
(TRH-L-17089) of C. fallax. Coniocarpon cuspidans has ascospores of similar size which,
however, are predominantly 3-septate. The elongate to lirellate ascomata of that species
lack an orange—red pruina, and proper exciple and epithecium react I ,/I+ red in iodine.
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Abstract

A new monotypic sequestrate genus, Longistriata is described based on collections from the Neotropical
forest of Atlantic forest in Paraiba, Northeast Brazil — an area known for its high degree of endemism. The
striking features of this new fungus are the hypogeous habit, the vivid yellow peridium in mature basidi-
omes, broadly ellipsoid basidiospores with a distinct wall that is ornamented with longitudinal striations
and lageniform cystidia with rounded apices. Phylogenetic analysis, based on LSU and ref-1a regions,
showed that the type species, Longistriata flava, is phylogenetically sister to the monotypic sequestrate
African genus Mackintoshia in Boletaceae. Together these two species formed the earliest diverging lineage
in the subfamily Zangioideae. Longistriata flava is found in nutrient-poor white sand habitats where plants
in the genera Coccoloba (Polygonaceae) and Guapira (Nyctaginaceae) are the only potential ectomycor-
rhizal host symbionts.

Copyright Marcelo A. Sulzbacher 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

Fungi in the order Boletales (Agaricomycetes, Basidiomycota) comprise a morpho-
logical diverse group including agaricoid, boletoid, gasteroid, secotioid, corticioid,
merulioid, hydroid and polyporoid forms (Binder and Hibbett 2006) with ectomy-
corrhizal (ECM), saprophytic or ligninolytic members (Kirk et al. 2008). The order
is a globally distributed group of mushroom-forming fungi growing in most forest
ecosystems (Chu-Chou and Grace 1983; Binder and Hibbett 2006). Despite thor-
ough morphological (Rolland 1899; Heiland 1987; Pegler and Young 1989; Montec-
chi and Sarasini 2000) and phylogenetic coverage of the order Boletales (Kretzer and
Bruns 1999; Binder and Bresinsky 2002; Binder and Hibbett 2006; Orihara et al.
2016a) new phylogenetically supported genera are still being discovered, particularly
representatives with a sequestrate habitat (Nuhn et al. 2013; Wu et al. 2014, 2016).
The sequestrate habitat has arisen in this order multiple times and a large number of
sequestrate genera in Boletaeceae have been described: Carolinigaster M.E. Sm. & S.
Cruz (Crous et al. 2018), Chamonixia Rolland (Binder and Bresinsky 2002; Orihara
et al. 2016a), Heliogaster Orihara & Iwase (Orihara et al. 2010), Kombocles Castel-
lano, T.W. Henkel & Dentinger (Castellano et al. 2016), Octaviania Vittad. (Vitta-
dini 1831; Orihara et al. 2012), Mackintoshia Pacioni and Sharp (2000). Rhodactina
Pegler and T.W.K. Young (Yang et al. 2006; Vadthanarat et al. 2018), Rossbeevera T.
Lebel and Orihara (Lebel et al. 2012), Royoungia Castellano, Trappe and Malajczuk
(Castellano et al. 1992), Solioccasus Trappe et al. (Trappe et al. 2013), Turmalinea Ori-
hara and N. Maek. (Orihara et al. 2016b) and Afrocastellanoa M.E. Smith & Orihara
(Orihara and Smith 2017).

Sequestrate Boletaceae have been described from across the globe with records from
all continents except Antarctica but relatively little is known about sequestrate boletoid
fungi in South America (Putzke 1994; Sulzbacher et al. 2017). Species of Rhizopogon
Fr. & Nordholm (Fries and Nordholm 1817) and Scleroderma Pers. (Persoon 1801) are
broadly distributed and most frequently recorded in forest plantations with introduced
pines, eucalypts or pecan trees (Martin 1996; Giachini et al. 2000; Baseia and Milanez
2002; Nouhra et al. 2012; Sulzbacher et al. 2016a, 2018). However, there are rela-
tively few citations of sequestrate taxa from native ectotrophic forests. Examples from
temperate habitats include Alpova austroalnicola L.S. Dominguez in Alnus acuminata
Kunth ssp. acuminata forests in the Yunga District of Argentina (Nouhra et al. 2005)
and Scleroderma patagonicum Nouhra & Hern. Caff. in Patagonian Nothofagus forests
(Nouhra et al. 2012). Recently, undescribed taxa of sequestrate Boletaceae were cited
from tropical forests in Guyana (Henkel et al. 2012; Smith et al. 2013) and formally
described as fimtrappea T.W. Henkel, M.E. Smith & Aime, Castellanea T.W. Henkel &
M.E. Sm. and Coszatisporus TW. Henkel & M.E. Sm. (Smith et al. 2015). These new
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records from the Guiana Shield suggest that other unexplored tropical forests in South
America may host additional diversity of sequestrate Boletales, similar to recent reports
from Asia and Africa (Castellano et al. 2016; Chai et al. 2019).

In Brazil, there are numerous surveys that have documented epigeous Boletales
in exotic plantations and native forests (Rick 1961; Guzmdn 1970; Putzke 1994; Wa-
tling and de Meijer 1997; Baseia and Milanez 2000; Giachini et al. 2000; Baseia and
Milanez 2002; Sobestiansky 2005; de Meijer 2006; Gurgel et al. 2008; Cortez et al.
2011; Magnago and Neves 2014; Barbosa-Silva and Wartchow 2017; Barbosa-Silva et
al. 2017; Magnago et al. 2017a, 2017b 2018, 2019). However, information related to
sequestrate hypogeous fungi is scanty (Sulzbacher et al. 2016a).

As part of recent studies on ectomycorrhizal and sequestrate fungi in northeast-
ern Brazil (Sulzbacher et al. 2013, 2017), we collected a sequestrate taxon that could
not be assigned to any current species in the family Boletaceae. Here we describe and
characterize the new sequestrate boletoid species in a newly erected genus Longistriata
based on sequence analyses of the ITS, nLSU, and 7EFI molecular markers as well
as detailed analysis of morphological features. From available collections and publicly
available sequences we discuss how this new species differs from all currently described
genera in Boletales and we discuss the trophic mode of this new species and genus.

Methods

Sampling and morphological studies

Specimens were collected in survey missions targeting sequestrate fungi during the
rainy seasons of 2011-2013 (Sulzbacher et al. 2016b). Sampling sites were located in
forests at the Guaribas Biological Reserve, between 06°39'47"S and 06°42'57"S and
35°06'46"W” and 35°08'00"W (Barbosa et al. 2011). This area is a protected Atlantic
rainforest reserve comprising 4029 ha that is in the vicinity of the cities of Maman-
guape and Rio Tinto in the state of Paraiba, Brazil (Fig. 1A). Soils are of the Tertiary
sediments of the Barreiras Formation (Barbosa et al. 2011). The predominant vegeta-
tion ranges from lowland semi-deciduous forest to savanna, also known as “tabuleiro”
(Fig. 1B). The dominant plant families in the Guaribas Biological Reserve are Cyper-
aceae, Fabaceae, Melastomataceae, Myrtaceae, Poaceae, Polygonaceae and Rubiaceae
(Barbosa et al. 2011). Confirmed ectomycorrhizal host plants in this region include
species of Coccoloba (Polygonaceae) (Bé et al. 2014; Polme et al. 2017) and Guapira
(Nyctaginaceae) (Wang and Qiu 2006; Tedersoo et al. 2010a). Basidiomata were dis-
covered using the methodology described in Castellano et al. (2004) by raking the
leaf litter and topsoil. All basidiomata were photographed i7 situ and then dried in a
forced-air dryer. Macro- and microscopic characters were observed with a stereomicro-
scope (EZ4 Leica, Leica Microsystems, Mannheim, Germany) and light microscope
(Eclipse Ni Nikon, Nikon Corporation, Tokyo, Japan). Line drawings of microscopic
structures were made with the aid of a drawing tube (BX41 Olympus, Olympus Amer-
ica Inc., Melville, NY, USA). Basidiospore data follows the methodology proposed by
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Figure 1. A Map of South America with Atlantic rainforest (in green) and magnified area of the State

of Paraiba, including the location of the Guaribas Biological Reserve B the sampling sites at the Guaribas
Biological Reserve with typical vegetation in the white sandy soil ecosystem.

Tulloss et al. (1992). Measurements and statistics are based on 30 mature spores. Ab-
breviations include L(W) = average basidiospore length (width), Q = the length:width
ratio range as determined from all measured basidiospores, and Qm = the Q value
averaged from all measured basidiospores. Colors of basidiomes were observed from
fresh material with color coding following Methuen Handbook of Colour (Kornerup
and Wanscher 1978). The holotype is deposited at the herbarium of the Universidade
Federal do Rio Grande do Norte (UFRN) with additional material deposited at the
herbarium of the Slovenian Forestry Institute (LJF).

DNA extraction, PCR amplification and sequencing

Fungal DNA was extracted from fresh specimens (UFRN-fungos 1756 and UFRN-
fungos 2110) using a DNeasy Plant Mini Kit (QIAGEN) according to the man-
ufacturer’s instructions. Partial sequences were obtained from the nuclear internal

transcribed spacer (ITS) and a large subunit (nLSU) of nuclear ribosomal DNA,
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with the primer pairs ITSIF/ITS4 (Gardes and Bruns 1993; White et al. 1990) and
LROR/LR7 (Vilgalys and Hester 1990), respectively. Sequences were also obtained
from the translation elongation factor 1-a gene (7EFI) with primer pair EF1-983F/
EF1-1953R (Rehner and Buckley 2005). PCR reactions were performed according
to Sulzbacher et al. (2016a). PCR was performed in a PTC-100 Thermocycler (M]
Research, Inc.) under the following conditions: first extension at 94 °C for 30 sec;
denaturation at 94 °C for 45 sec; annealing at 55 °C (30 sec), extension at 72 °C
(60 sec) for 35 cycles; and a final extension at 72 °C for 10 min. The PCR product
was fractionated by electrophoresis on an 1.2% agarose gel in TBE buffer and then
stained with ethidium bromide under UV light (360 nm). DNA was sequenced us-
ing a double-stranded DNA template of PCR product following the protocol sup-
plied by Amersham Bioscience in a MegaBACE 500 (Amersham Biosciences Corp,
Piscataway, NJ, USA). Newly obtained sequences were compared with homologous

sequences available in the International Nucleotide Sequence Databases through
BLASTn searches (Altschul et al. 1997).

Phylogenetic analyses

Suppl. material 1: Table S1 shows the sequences of nLSU and 7EF1 that were retrieved
from the International Nucleotide Sequence Databases for our analyses. Sequences
were carefully selected so that the dataset included representative genera from across
the Boletaceae based on Wu et al. (2016). Sequences of Chalciporus spp. and Buchwal-
doboletus lignicola (Kallenb.) Pildt were used as outgroups. Sequence alignment was
performed with the online version of MAFFT v. 7 (Katoh and Standley 2013) un-
der default settings (i.e., the alignment algorithm is automatically selected from FFT-
NS-1, FFT-NS-2, FFT-NS-i or L-INS-i). Subsequently, the sites with obvious align-
ment errors were manually adjusted in SEAVIEW v. 4. Prior to multigene analyses, we
compared the neighbor joining clustering method (NJ) tree topologies between the
nLSU and 7EF]I datasets on the SEAVIEW v. 4 platform. Since no major topological
conflict (NJ bootstrap values >75%) was seen between the resulting nLSU and 7EFI
trees, we subsequently concatenated the two datasets for the multigene analyses. The
TEFI region was partitioned by codons and introns, and best-fit likelihood models
were estimated for each partition with MrModeltest v. 2.3 (Nylander 2004).

Bayesian analyses were conducted with MrBayes 3.2 (Ronquist and Huelsenbeck
2003). The SYM + G model (symmetrical nucleotide substitution model with gamma
distributed rate variation among sites) was selected for nLSU and all of the codons
and partitions of 7EFI. Bayesian posterior probabilities (PP) were estimated by the
Metropolis-coupled Markov chain Monte Carlo method (Geyer 1991). In the mul-
tigene (nLSU + TEFI) analysis, two parallel runs were conducted with one cold and
seven heated chains each for 10M generations. The parameter for the temperature of
the seven heated chains in both runs was set to 0.10. The 0.10 heating scheme was
used instead of the default 0.20 setting because convergence was not achieved during
preliminary runs at the 0.20 setting, probably due to Markov chains being trapped in
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local optima. Trees were saved to a file every 1000* generation. We determined that the
two runs reached convergence when the average standard deviation of split frequencies
(ASDSF) was continuously lower than 0.01. The ASDSF was monitored every 5000
generations. We also verified the convergence by checking that the effective sample size
(ESS) of each resulting statistic was sufficiently large (> 200). Trees obtained before
reaching convergence were discarded as the burn-in, and the remaining trees were
used to calculate a 50% majority consensus topology and to determine PP values for
individual branches.

Maximum likelihood (ML) analyses were conducted with RAxML 8.2.10 (Stama-
takis 2014). The same partitioned datasets as those for the Bayesian analyses were used
so that different a-shape parameters, GTR rates (general time reversible substitution
model), and empirical base frequencies could be assigned to each partition. The best-fit
ML tree was estimated under the GTR+I+G models. The rapid bootstrap (BS) analysis
was implemented with 1000 replicates.

Results

The nLSU + TEFI combined dataset consisted of 85 taxa and 2,014 aligned nucleotide
positions. The Bayesian inference reached convergence after 4.6M generations. We
therefore discarded the first 4,600 trees in each chain, and the remaining 5,401 trees
in each chain were summarized to approximate Bayesian posterior probabilities (PPs).
ESS of all the model parameters were sufficiently large (>200). The total arithmetic and
harmonic means of Likelihoods (InL) were -29,498.16 and -29,562.71, respectively. In
RAxML analysis the log likelihood of the ML tree was -29,121.825209.

The nLSU + TEFI combined tree of the Boletaceae supported our hypothesis that
the sequestrate basidiomes of the vivid yellow fungus belong to an undescribed genus
in the Boletaceae (Fig. 2). The species described here as Longistriata flava Sulzbacher,
Orihara, Grebenc, M.P. Martin & Baseia, sp. nov. formed a sister lineage to the African
monotypic sequestrate genus Mackintoshia (KC905034) with moderate to high statis-
tical support (PP = 1.0, ML-BS = 59%). The phylogenetic analyses further suggested
that the Longistriata-Mackintoshia clade is the earliest diverging lineage within the sub-
family Zangioideae (PP = 1.0, ML-BS =60%). The epigeous yellowish bolete species
(Tjlopilus sp. Sulzbacher 454 in Suppl. material 1: Table S1) that sometimes occurred
sympatrically with Longistriata flava was distantly related to L. flava and was instead
more closely related to Tylopilus balloui. Other genera of Boletaceae that are closely re-
lated to Longistriata based on our phylogenetic analysis are species of Australopilus Hal-
ling & Fechner, Chiua Yan C. Li & Zhu L. Yang, Harrya Halling, Nuhn & Osmudson,
Hymenoboletus Yan C. Li & Zhu L. Yang, Royoungia Castellano, Trappe & Malajczuk,
and Zangia Yan C. Li & Zhu L. Yang. All sister clades have significant bootstrap sup-
port in phylogenetic analyses and show a range of morphological differences that sup-
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Figure 2. A nLSU + TEFI combined Maximum likelihood (ML) phylogram showing the phylogenetic
relationship of Longistriata (UFRN-Fungus 1756, holotype) in relation to representative taxa in the Bole-
taceae. Non-parametric bootstrap branch supports (MPbs / MLbs) are given for nodes with bs>50.
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port the erection of Longstriata as a separate genus. The ITS rDNA barcode sequences
of L. flava specimens UFRN-fungos 1756 and UFRN-fungos 2110 were 751 bp in
length (Suppl. material 1: Table S1). These sequences were less than 93% similar to all
other ITS rDNA sequences in the INSD database. Below we describe this new genus
and species and provide detailed morphological analysis and direct comparison with
previously described sequestrate Boletaceae.

Taxonomy

Longistriata Sulzbacher, Orihara, Grebenc, M.P. Martin & Baseia, gen. nov.
MycoBank No: 816322

Etymology. Longis (Latin), with or from the long; striatus (Latin), striate, fluted; in
reference to the distinctive series of thin longitudinal striations on the surface of the
basidiospores.

Diagnosis. Distinguished from other genera in Boletaceae by a combination of the
following characters: Basidiomata hypogeous to subhypogeous, sequestrate, subglo-
bose, with a short stipe (Fig. 3A-B). Peridium bright yellow, smooth, with a cutis of
interwoven and gelatinized inflated hyphae. Subgelatinous sterile base (a short stipe)
present. Gleba loculate, white when immature to yellowish brown at maturity, turn-
ing dark green to black when cut in older basidioma, columella absent. Basidiospores
broadly ellipsoid, hyaline to light brown at maturity, dextrinoid, with a series of thin,
irregular longitudinal ridges across the spore surface; in some places these ridges are
fused together. Cystidia are lageniform with rounded apices. Clamp connections ab-
sent. Found in white sand habitat in tropical ectotrophic forests. Potentially mycor-
rhizal with tropical ectomycorrhizal plants from genera Coccoloba (Polygonaceae) and
Guapira (Nyctaginaceae).

Type species. Longistriata flava Sulzbacher, Orihara, Grebenc, M.P. Martin & Ba-
seia, sp. nov.

Longistriata flava Sulzbacher, Orihara, Grebenc, M.P. Martin & Baseia, sp. nov.
MycoBank No: 816323

Figs 3-5

Etymology. Flavus (Latin), refers to the yellow peridium of the species.

Holotype: Brazii, Paraiba State, Mamanguape, Guaribas Biological Reserve,
06°44.545'S, 35°08.535"W, 14.VI1.2012, leg. Sulzbacher-393 (UFRN-fungos 1756).
GenBank accession number for ITS, nLSU and 7EF1: LT574840; L'T574842; 11574844

Description. Basidiomata hypogeous to subhypogeous, 11-24 mm wide, 13-16
mm high; subglobose, depressed subglobose to oblong in older stages, with small folds
at the base; with a short stipe (Fig. 3A-B). Peridium <0.8 mm thick, at younger stages
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Figure 3. A-G Longistriata flava (UFRN-Fungus1756, holotype) A-B fresh mature basidioma C hyme-
nophoral trama mounted in 3% KOH with Congo Red D interwoven hyphae of peridium (upper left) and

hymenophoral trama mounted in 3% KOH with Congo Red E hymenial cystidia mounted in 3% KOH
with Congo Red F basidiospores mounted in Melzer’s reagent G basidiospores mounted in 3% KOH.

yellow (2A6) to light yellow (1A5) then yellowish brown (5D8) to brownish yellow
(5C8) at maturity; smooth and glabrous, sometimes finely fibrillose. Sterile base pre-
sent, short, 6-8 x 3—4 mm, clavate with a bulbous slightly developed base; color vivid
yellow (3A8), brownish yellow (5C8) when bruised; surface glabrous, with small folds
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and depressions; the inner part is full, subgelatinous and yellowish brown (5D8); con-
nected by scattered and short, thin (0.3-0.5 mm diam), orange (6B8) rhizomorphs.
Gleba loculate, non-gelatinized to gelatinized, with irregular locules (0.5-1 mm diam);
white (1A1) at younger stages, to finally yellowish brown (5F4) at maturity, immedi-
ately turning deep green (30F7) to black when cut in older basidiomata.

Peridium 100-200 pm thick, composed by a cutis of interwoven hyphae and im-
mersed in a gelatinized matrix (Fig. 4C), 2—-6 pm diam., with rounded, thin-walled,
smooth, terminal hyphae, not readily separable from gleba. Hymenophoral trama
formed by parallel to subparallel, smooth and thin-walled, hyaline hyphae, inamyloid,
gelatinized in the central part, 3-6 pm diam (Fig. 3C-D). Subhymenium ramose,
46-72 pum deep, hyphae 10-16 x 2—5 um diam. Hymenial cystidia 38-78.5 x 10-14
pm, lageniform or ventricose, with rounded apex, thin-walled, hyaline, inamyloid
(Figs 3E, 4A). Basidia 25-48 x 10—15 um, clavate, 2 and 4-spored (sterigmata up to 3
pm long.), hyaline. Basidioles 3146 x 7—12 pm, clavate with rounded apex (Fig. 4B).
Basidiospores [30/2/2] 15-19 (=20) x 13-16 (=17) um (ornamentation included),
(L =177 um, W = 14.7 pm, Q = 1.10-1.40 (-1.50), Qm = 1.20], broadly ellipsoid,
sterigmal attachment persistent at maturity, up to 3 pum long; hyaline when young
to finally light brown at maturity in 3% KOH, dextrinoid in Melzer’s reagent; walls
ornamented (< 2.5 um width); with a series of thinner longitudinal ridges, in average
> 10 complete ridges across the longitudinal axis of the spore with additional irregular,
thin and low ridges that are sometimes bifurcated (Figs 3F-G, 4D) or fused together
(Fig. 5C); under a scanning electron microscope the surface is clearly longitudinally
striated (Fig. 5SA-D).

Habitat. Hypogeous to subhypogeous, solitary or scattered, under fallen leaves or
in O1 soil horizon, in sandy soil, among trees in Brazil’s Atlantic rainforest, in vicinity
of Coccoloba alnifolia Casar., C. laevis Casar. (Polygonaceae) and species of Guapira
Aubl. (Nyctaginaceae). Species in both plant genera (Coccoloba and Guapira) have been
consistently confirmed as ectomycorrhizal hosts throughout the Neotropics (Tedersoo
et al. 2010b). All known specimens were found in silicate silt to sandy soils, with
moderately low pH (4.5-5.5), low available nutrients and low water capacity. Despite
the close vicinity of the ocean, the absence of halophilic vegetation indicates a lack of
salinification or accumulation of NaCl in soils.

Distribution. Known only from the type locality.

Additional specimens examined. Brazir, Paraiba State, Mamanguape, Guari-
bas Biological Reserve, 06°44.545'S, 35°08.535"W, 27.VI1.2012, leg. Sulzbacher—466
(paratype UFRN-fungos 2110, LJF 1203). GenBank accession number for ITS:
LT574839.

Additional Comments. The specimens UFRN-fungos 1756 and UFRN-fungos
2110 are sequestrate to emergent basidiomes that fruit in small groups. The basidiomes
have a smooth and vivid yellow peridium that becomes dark green when exposed to
air. They also have a central sterile base that is attached to short orange rhizomorphs,
a white gleba formed of distinct locules that turns dark green to black when cut and
hyaline to light brown, broadly ellipsoid basidiospores covered with a series of thin,
dextrinoid longitudinal striations and ridges. These ridges and striations are sometimes
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Figure 4. A-D Longistriata flava (UFRN-Fungus 1756, holotype) A hymenial cystidia B basidioles and
basidium € details of the peridium with interwoven hyphae D polar and longitudinal view of basidiospores.
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Figure 5. A-D Basidiospores of Longistriata flava (UFRN-Fungus 1756, holotype) as observed with

scanning electron microscopy. Note the persistent sterigmal attachment and a series of thinner longitu-
dinal ridges (on average > 10 complete ridges across the longitudinal axis of the spore) with additional

irregular, thin, low and bifurcated or fused ridges.

bifurcated or irregular and they also cover the entire spore surface. The clavate basidia
can be either 2-spored and 4-spored and the lageniform to ventricose cystidia are a no-
table feature in the hymenium. This combination of morphological features is unique
within the Boletaceae.

Discussion

Longistriata is a striking new monotypic genus described from the Atlantic forest in the
Northeastern part of Brazil. The only known representative of the genus is the newly
described Longistriata flava. This species is characterized by the hypogeous habit, a
smooth and bright yellow peridium (Fig. 3), presence of cystidia, and the absence of
clamp connections in all tissues (Fig. 4). Based on a combined phylogenetic analysis of
nLSU + TEFI the closest relative is Mackintoshia persica (Fig. 2). However, L. flava is
differentiated from M. persica (Pacioni and Sharp 2000) based on its well-developed,
sterile base that forms a short stipe, lageniform cystidia with rounded apices, basidi-
ospores with persistent sterigmal attachments that are covered by thin longitudinal
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striations and spores that are 15-19 x 13-16 um. Mackintoshia has smooth and smaller
elliptical basidiospores (8—12 x 5—7 pm) (Pacioni and Sharp 2000) and is known only
from Africa (Castellano et al. 2000). The two genera also have different host plants;
Mackintoshia is found in habitats dominated by ECM plants in the Fabaceae and Ua-
pacaceae (Pacioni and Sharp 2000) whereas Longistriata is found with ECM plants
in Nyctaginaceae and Polygonaceae. This combination of morphological features is
unique, separating the sister clade Mackintoshia from Longistriata.

In addition to Longistriata several other genera of sequestrate Boletaceae, Chamo-
nixia, Rossbeevera, Rhodactina, and Turmalinea, also have basidiospores with longitu-
dinal ridges. However, members of these genera all differ in the shape and number of
ridges. Rosbeevera has ellipsoid to fusiform basidiospores with 3—5 ridges (Lebel et al.
2012), Chamonixia has subglobose to broadly ellipsoid basidiospores with 6-10 ridges
(Lebel et al. 2012), Rhodactina has broadly ellipsoid to subfusiform basidiospores with
8-10 ridges (Yang et al. 20006), and Ziurmalinea has ovoid to fusoid basidiospores with
5-10 longitudinal ridges that are often branched to irregularly broken and spores can
be with or without a hilar appendage (Orihara et al. 2016b). The spore colors are also
different in these other genera; Rossbeevera and Chamonixia have brown to brownish
spores (Montecchi and Sarasini 2000; Lebel et al. 2012), 7urmelinea has inamyloid,
non-dextrinoid, spores that are brick red to dark brown at maturity (Orihara et al.
2016b) and Rhodactina species have spores that are deep purple (Yang et al. 20006). In
Longistriata the number of ridges is greater than in any of the other genera. On aver-
age, spores of Longistriata flava have 10 complete ridges across the longitudinal axis of
the spore with additional irregular, thin and low ridges (Figs 3F—G, 4D). Furthermore,
the ridges in this species are thin, low and irregular as compared to the other gen-
era listed above. In some spores the ridges of Longistriata can be fused or bifurcating
(Fig. 5C). Species in the sequestrate genus Gautieria also has spores with longitudinal
ridges but this genus is very different from Longistriata because the basidioma of Gauz-
ieria species often lack a peridium and they belong in the distantly related order Gom-
phales (Montecchi and Sarasini 2000; Giachini et al. 2010). The ridged basidiospores
of Longistriata are also superficially similar to those of the epigeous bolete genus Bole-
tellus because species in both genera typically have longitudinal ridges. However, our
phylogenetic analyses indicate that these two genera are only distantly related within
the Boletaceae (Fig. 2).

The hypogeous habit, shape of basidiomes (e.g. globose, subglobose, tuberiform)
and the rudimentary sterile base in L. flava suggest a possible relationship with the se-
questrate truffle-like genus Oczaviania (Orihara et al. 2012). However, the basidiospores
are very different in Octaviania (e.g. globose to ellipsoid spores with ornamentation
of large, thick-walled, pyramidal to conical ornaments) and molecular data indicate
that Octaviania is a distant relative of Longistriata. The bright yellow peridium of fresh
basidiomata and the presence of a stipe in L. flava resembles members of the Boletus
chromapes group (e.g. Zangia and Harrya) as well as the genus Royoungia where at least
some taxa have similar bright yellow coloration (Li et al. 2011; Halling et al. 2012).

The phylogenetic analyses suggest that the new Brazilian genus is closely related
to several genera in the subfamily Zangioideae that also have bright yellow colors at
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the base of the stipe (e.g. Chiua Yan C. Li & Zhu L. Yang, Harrya Halling, Nuhn &
Osmudson, Royoungia Castellano, Trappe & Malajczuk, and Zangia Yan C. Li & Zhu
L. Yang) (Wu et al. 2014, 2016) (Fig. 2). Within the Zangioideae only one hypogeous
sequestrate taxon, Royoungia boletoides, was previously known (Wu et al. 2014, 2016).
All of the other genera in Zangioideae are characterized by the epigeous habit, with a
well-developed and central stipe and smooth basidiospores. The fresh appearance of
Longistriata flava, with its bright yellow peridium, resembles the colors found in Chiua
or Zangia (from Asia with Fagaceae and Pinaceae) or Royoungia (from Australia with
Mpyrtaceae) (Li et al. 2011; Halling et al. 2012; Wu et al. 2016).

Several other sequestrate Boletaceae are similar to L. flava, either in their mor-
phology or in their tropical distribution. Members of the sequestrate genus Mycoama-
ranthus Castellano, Trappe & Malajczuk also produce bright yellow basidiomata and
belong to Boletaceae (Binder and Hibbett 2006) but GenBank BLASTn queries based
on the ITS rDNA indicate that Longistriata is distantly related to Mycoamaranthus
(e.g. the ITS is <85% similar to both Mycoamaranthus congolensis and M. cambodgen-
sis). Another genus that shares several morphological similarities with Longistriata is
the genus Solioccasus (Trappe et al. 2013). This genus differs from Longistriata by the
large and copious rhizomorphs appressed to peridial surfaces, a dendroid and cartilagi-
nous columella, smooth basidiospores, and basidiomes with bright orange and reddish
coloration. The monotypic genus Afrocastellanoa from tropical Africa (Orihara and
Smith 2017) is distinct from Longistriata because it is characterized by whitish basidi-
omata, globose to subglobose basidiospores with warty to spiny spore ornaments and
its phylogenetic relationship with the epigeous genus Porphyrellus. Recently, Smith
et al. (2015) discovered three new monotypic hypogeous sequestrate genera within
Boletaceae, Jimtrappea guyanensis TW. Henkel, M.E. Smith & Aime, Castellanea pa-
karaimophila TNV. Henkel & M.E. Smith and Costatisporus cyanescens T.W. Henkel &
M.E. Smith (Smith et al. 2015). Like Longistriata, all three new genera are endemic
to tropical South America but their macro- and microscopic characteristics are nota-
bly different. Jimtrappea guyanensis is characterized by the white peridium, unchang-
ing tissues, short columella, smooth subfusiform, reddish brown basidiospores and
prominent dextrinoid cystidia (Smith et al. 2015). The white peridium, the unchang-
ing tissues, smooth subfusiform basidiospores, and prominent cystidia of /. guyanensis
contrast with the yellow peridium and unique basidiospores morphology of L. flava.
Phylogenetic analysis also confirms that /. guyanensis and L. flava are not closely re-
lated. Castellanea pakaraimophila is similar to L. flava because both have subglobose
basidioma and a short stipe but L. flava has a bright yellow peridium. The two species
can also be easily differentiated by their spores because C. pakaraimophila has smooth,
subfusiform basidiospores whereas L. flava has ellipsoid spores with distinct longi-
tudinal striations (Smith et al. 2015). Costatisporus cyanescens is easily differentiated
from L. flava by its grayish yellow peridium and the dark blue staining reaction on the
peridium. Microscopically, the longitudinally ridged basidiospore ornamentation of
C. cyanescens (fig. 4c, in Smith et al. 2015) is similar to that in L. flava (Fig. 5A-D).
However, the basidiospores are broadly ellipsoid and dextrinoid in L. flava and the
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ornamentation is formed by a series of thin longitudinal striations on all surfaces. In
contrast, the spores of C. cyanescens are unreactive in Melzer’s reagent and are ovate to
subfusiform with ridges that are somewhat spiraled. The two species are also distantly
related based on our phylogenetic analysis (Fig. 2). The ecology of Jimtrappea, Castel-
lanea and Costatisporus are also different from Longistriata. These three genera are ap-
parently endemic to the Guiana Shield and are associated with the ECM tree genera
Aldina, Dicymbe and Pakaraimaea (Smith et al. 2015).

Unfortunately, we have not yet confirmed the ECM status of Longistriata flava based
on sequences from ECM root tips from native Brazilian trees. However, basidiomes of
Longistriata have always been collected in the lowland semi-deciduous forest to savanna
known as “tabuleiro” in close proximity to woody plants in the ECM genera Coccoloba
(Polygonaceae) and Guapira (Nyctaginaceae). Given that ECM plants in these genera
are known to host a wide array of ECM fungi from other sites in tropical South America
(Tedersoo et al. 2010; Séne et al. 2015; Polme et al. 2017) and that other taxa in the
Zangioideae are known to be ECM (Tedersoo and Smith 2013), we hypothesize that
L. flava is also ECM. The ECM nutritional mode is also likely to be favored in the nu-
trient-poor sandy soil ecosystem of Neotropical forest fragments of the Atlantic Forests.
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Abstract

Halophytes have high species diversity and play important roles in ecosystems. However, endophytic fungi
of halophytes in desert ecosystems have been less investigated. In this study, we examined endophytic
fungi associated with the stem and root of ten halophytic species colonizing the Gurbantonggut desert.
A total of 36 endophytic fungal taxa were obtained, dominated by Alternaria eichhorniae, Monosporascus
ibericus, and Pezizomycotina sp.1. The colonization rate and species richness of endophytic fungi varied
in the ten plant species, with higher rates in roots than in stems. The endophytic fungal community
composition was significantly affected by plant identity and tissue type. Some endophytic fungi showed
significant host and tissue preferences. This finding suggests that host identity and tissue type structure
endophytic fungal community in a desert ecosystem.
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Introduction

Endophytic fungi live within plant organs for some time or throughout their life, with-
out causing apparent harm to their host (Petrini 1991). They are widely distributed and
significantly contribute to the biodiversity in natural ecosystems (Rodriguez et al. 2009;
Porras-Alfaro and Bayman 2011; Hardoim et al. 2015; Yao et al. 2019). These fungi are
beneficial to host plants by improving growth performance (Waller et al. 2005; Kannad-
an and Rudgers 2008; Behie et al. 2012; Khan et al. 2016), providing tolerance against
abiotic and biotic stresses (Arnold et al. 2003; Waller et al. 2005; Kannadan and Rudg-
ers 2008; Rodriguez et al. 2008; Hartley and Gange 2009; Yuan et al. 2016). Moreo-
ver, endophytic fungi participate in waste decomposition and recycling of nutrients in
natural ecosystems (Promputtha et al. 2010; Sun et al. 2011; Purahong et al. 2016).
Therefore, understanding the relationship between the endophytic fungal community
and host plants is critical to comprehend diversity maintenance and ecosystem function
(Hoffman and Arnold 2008; Porras-Alfaro and Bayman 2011; Hardoim et al. 2015).
The endophytic fungal colonization rate, diversity, and community composition is
affected by host species, tissue types, and abiotic factors (e.g., Collado et al. 1999; Arnold
and Lutzoni 2007; Arfi et al. 2012; Sun et al. 2012a; U’'Ren et al. 2012; Lau et al. 2013;
Li et al. 2016). For example, Sun et al. (2012a) reported that the host species and tis-
sues types conspicuously affect endophytic fungal community in three woody plants in a
mixed temperate forest in China, where the overall colonization rates of endophytic fungi
were significantly higher in twigs than in leaves, i.e., twigs harbored more endophytic taxa
than leaves. Massimo et al. (2015) suggested that the endophytic fungal community com-
position in aboveground tissues (branches, stems, and leaves) of Sonoran Desert trees and
shrubs were different among host species. However, most previous studies have focused on
endophytic fungi of the aerial parts of plants, while very few studies investigated the dif-
ference of endophytic fungal community inhabiting the aboveground and belowground
plants in ecosystems (Herrera et al. 2010; Marquez et al. 2010; Su et al. 2010; Xing and
Guo 2011; Porras-Alfaro et al. 2014). For example, Su et al. (2010) illustrated that Stipa
grandjis inhabited the Inner Mongolia steppe, the colonization rates of endophytic fungi
were significantly higher in roots than in leaves, and the endophyte diversity, as well as the
composition, was also significantly different in roots or leaves. Recent studies showed the
functional importance of endophytic fungi colonized in roots and boosted research inter-
ests to root endophytic fungi (Hiruma et al. 2016; Almario et al. 2017; Polme et al. 2018;
Schroeter et al. 2019). The difference in the endophytic fungal community among the
aboveground and belowground of harsh habitat plants is an important scientific question.
Halophytes constitute about 1% of the world’s flora, survive and reproduce in sa-
line habitats such as coastal and salinized inland regions (Flowers et al. 1986; Flowers
and Colmer 2008; Ward 2009). These halophytes contain grasses, shrubs, and trees,
which constitute important eco-functional vegetation in the desert and coastal areas
(Rozema and Flowers 2008; Chen et al. 2009; Giri et al. 2011). In China, there are
3.69x107 ha of saline soil regions and 555 halophyte species, accounting for 21.3%
of the halophytes in the world (Zhao et al. 2013a). Particularly in arid and semiarid
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northwest China, saline lands are distributed in the Gobi Desert, which accounts for
69% of the total saline lands and accommodates more than 60% of the halophyte
resources of China (Zhao et al. 2013b). Halophytes in the desert areas are exposed
to multiple environmental stresses, such as low water availability, high salinity, and
nutrient deprivation (Ward 2009; Liu et al. 2013), and thus are unique niches for en-
dophytes affected by the harsh environment. However, studies of endophytes in saline
environments of China focused on mangroves parallel to the coast (Xing et al. 2011;
Xing and Guo 2011; Liu et al. 2012; Li et al. 2010).

Inland halophytes form extensive symbiotic relations with endophytic fungi in
harsh environments, which benefit their hosts by promoting resistance against high
salinity stress (Rodriguez et al. 2008; Massimo et al. 2015; Khan et al. 2016). A few
studies focused on endophytes of halophytes living inland (e.g., Sun et al. 2012b;
Macia-Vicente et al. 2012). There are even fewer studies of endophytic fungi that have
been carried out on desert halophytes, and they merely focused on endophytes on roots
(Sonjak et al. 2009; Macia-Vicente et al. 2012). Moreover, Sun et al. (2012b) aimed at
the endophytic fungal community in stems and leaves of desert halophytes in Tennger
Desert region of China. Therefore, further study is required on endophytes of halo-
phytes in the desert region to reveal the community of endophytic fungi under arid
and salinity stress, with an emphasis on aboveground and belowground parts of plants.

In order to improve our understanding of the endophytic fungi of desert halophytes,
we selected ten halophyte species in the Gurbantonggut desert, Xinjiang, northwest
China. The endophytic fungi were isolated from the stems and roots of halophytes and
identified according to morphological characteristics and molecular data. This study
aimed to reveal how the colonization rate, diversity, and community composition of
endophytic fungi differed among halophytes species and tissue types. Besides, it will
also provide preliminary data of halophyte endophytes for future studies in bioactive
natural products, ecosystem reconstruction, or agricultural application in desert regions.

Methods

Study site and sampling procedure

The study was carried out at the Fukang Desert Ecosystem Observation and Experi-
ment Station, Chinese Academy of Sciences, located in the southern edge of the Gur-
bantonggut desert in China (44°17'N—44°22'N, 87°55'E-87°56'E, 448—461 m above
sea level). The site has a continental arid temperate climate, with an annual mean
temperature of 6.6 °C (a maximum of 44.2 °C in hot, dry summer and a minimum of
-42.2 °C in freezing winter) (Dai et al. 2015). The annual mean precipitation is about
160 mm with annual pan evaporation of 2000 mm, resulting in soil with high salinity
(0.45-2.25%) (Xu et al. 2007).

On 30" July 2015, we selected ten halophyte species Bassia dasyphylla (Fisch.
et C. A. Mey.) Kuntze, Ceratocarpus arenarius L., Kalidium foliatum (Pall.) Mogq.,
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Salsola nitraria Pall., Suaeda acuminata (C. A. Mey) Moq., Su. salsa (L.) Pall.
(Chenopodiaceac), Eragrostis minor Host (Poaceae), Reaumuria songarica (Pall.) Maxim.
(Tamaricaceae), Seriphidium santolinum (Schrenk) Poljak (Asteraceae), and Peganum
harmala (L.) (Zygophyllaceae) at the site. Ten healthy individuals of each plant species
were uprooted to collect twig and root samples at the location. All sampled individuals
of the same species were more than 50 m away from each other, in order to reduce the
spatial autocorrelation and recover representative local endophyte community (Li et al.
2016, Yao et al. 2019). The collected samples were immediately placed in autoclaved
paper bags, labeled, and transported to the laboratory in an ice-box. Samples were
stored at 4 °C and processed within 4 days.

Isolation and identification of endophytic fungi

Since most of the plant species involved in the current study (except for E. minor) pos-
sess reduced leaves, which are hard to discern from the stems, we selected only stems to
isolate endophytes colonized aerial parts of the plants. Roots and stems of individual
plants were cut into 5> mm long segments (ca. 2 mm in diameter). Eight root segments
and 8 stem segments were randomly selected from each sample. In total, 1600 seg-
ments (10 plant species x 10 individuals x 2 tissue types x 8 segments) were used for
endophyte isolation in this study.

Surface sterilization was conducted according to Guo et al. (2000). Segments were
surface sterilized by consecutive immersion for 1 min in 75% ethanol, 3 min in 3.25%
sodium hypochlorite, and 30 sec in 75% ethanol. Sets of four segments were then
evenly placed in a 90 mm Petri dish containing potato dextrose agar (PDA, 2%).
Benzylpenicillin sodium (50 mg/L, North China Pharmaceutical Group Corporation,
China) was added to suppress bacterial growth. Petri dishes were sealed, incubated for
2 months at 25 °C, and examined periodically. When fungal colonies developed, they
were transferred to a new PDA containing Petri dishes for purification. The purified
strains were transferred to PDA slants for further study.

Subcultures on PDA were examined periodically, and the sporulated isolates were
identified based on their morphological characteristics. The non-sporulated cultures
were designated as mycelia sterilia, which were divided into different “morphotypes”
according to colony color, texture, and growth rate on PDA (Guo et al. 2000). One
representative strain of each morphotype or sporulated strain was selected for further
molecular identification. The living cultures are deposited in China General Microbio-

logical Culture Collection Center (CGMCC) in Beijing, China.

DNA extraction, amplification, sequencing, and identification

Genomic DNA was extracted from fresh cultures following the protocol of Guo et al.
(2000). Fresh fungal mycelia (ca. 50 mg) were scraped from the surface of the PDA
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plate and transferred into a 1.5 mL microcentrifuge tube with 700 L of preheated
(65 °C) 2 x CTAB extraction buffer (2% CTAB, 100 mM Tris-HCI, 1.4 M NaCl, 20
mM EDTA, pH 8.0), and 0.2 g of sterilized quartz sand. The mycelium was ground
using a glass pestle and then incubated in a 65 °C water bath for 30 min with occa-
sional gentle swirling. Five hundred microliters of phenol:chloroform (1:1) were added
into each tube and mixed thoroughly to form an emulsion. The mixture was spun
at 12,000 g for 15 min at room temperature in a microcentrifuge, and the aqueous
phase was transferred into a fresh 1.5 mL tube. The aqueous phase containing DNA
was re-extracted with chloroform:isoamyl (24:1) until no interface was visible. Thirty
microliters of 5 M KOAc was added into the aqueous phase followed by 200 uL of iso-
propanol and inverted gently to mix. The genomic DNA was precipitated at 9200 g for
2 min in a microcentrifuge at 4 °C. The DNA pellet was washed twice with 70% etha-
nol and dried using SpeedVac (AES 1010, Savant, Holbrook, NY, USA) for 10 min or
until dry. The DNA pellet was then re-suspended in 65 pL ultrapure sterilized water.

The internal transcribed spacer (ITS) region of rIDNA was amplified using primer
pairs ITS4 (White et al. 1990) and ITSIF (Gardes and Bruns 1993). Amplification
was performed in a 50 pL reaction volume which contained PCR buffer (20 mM KCl,
10 mM (NH,),SO,, 2 mM MgCl,, 20 mM Tris-HCI, pH 8.4), 200 um of each deoxyri-
bonucleotide triphosphate, 15 pmols of each primer, 100 ng template DNA, and 2.5 U
1aq polymerase (Biocolor BioScience & Technology Company, Shanghai, China). The
thermal cycling program was as follows: 3 min initial denaturation at 94 °C, followed by
35 cycles of 30-sec denaturation at 94 °C, 30-sec annealing at 52 °C, 1 min extension at
72 °C; and a final 10 min extension at 72 °C. A negative control using water instead of
template DNA was included in the amplification process. Four microliters of PCR prod-
uct from each PCR reaction were examined by electrophoresis at 80 V for 30 min in a
1% (w/v) agarose gel in 1 x TAE buffer (0.4 M Tris, 50 mM NaOAc, 10 mM EDTA, pH
7.8) and visualized under ultraviolet (UV) light after staining with ethidium bromide
(0.5 pg/mL). PCR products were purified using Wizard SV Gel and PCR Clean-Up Sys-
tem (Promega, Madison, USA) and directly sequenced with primer pairs, as mentioned
above in the ABI 3730-XL DNA sequencer (Applied Biosystems, Inc. USA).

A value of 97% of ITS region identity was used as a DNA barcoding thresh-
old for OTU clustering (O’Brien et al. 2005). The taxonomical assignments for each
OTU were determined according to the BLAST results against both UNITE+INSD
(UNITE combined international nucleotide sequence databases) and GenBank public
sequence databases. A representative sequence of each OTU was selected and searched
against the UNITE+INSD fungal ITS databases (Koljalg et al. 2013) using a basic lo-
cal alignment search tool (BLAST) (Altschul et al. 1990). The DOIs of UNITE fungal
Species Hypothese at 1.5% threshold (Nilsson et al. 2019) were also added to each
of taxonomical assigments (Table 1). For reliable identification of the fungi, a repre-
sentative sequence of each OTU was searched against the GenBank public sequence
databases using BLASTN (Sun et al. 2011, Sun et al. 2012a). For further identification
of these fungi, we select the most reliable sequence as a reference (the sequences origi-
nated from mycologists or taxonomists, yielded from taxonomical or phylogenetical



Jia-Long Li et al. /| MycoKeys 62: 75-95 (2020)

80

(NA80°CY98LSTHS) sorerre|dx 86 (£9809%0>1) ds saerreldx 8TGHTIAM “ds soperrejfy
(NA80°6TTTHSTHS) deaverie|dx 001 (THE90€IN) uoplxodiy vrmpty LTEHTIAN uopxodiy vy
AD.&WOWQMONmﬁme MR.NN\QQ\\Q.NNM ka%&kwu\v\ 001 AONOMCWEEV SSN\NQAQ%Q\QMQQ\%Q §§N§§\Q6\b GNOwM T «&&M\NQ\SQQ\Q‘MSQ\%Q SSNNQNNQ\\N
(NA8OFH19TSTHS) 72ffouavus sorluiosngyy 98 (60L980IN) Snuasoaundind soaluioivjyy STORTTIA *ds seaoewroooyoLI,
Ameom ﬁ wm ﬂ @ ~ Emv 1049UL04 MNHANQQ.N\MEN Mwmw ANWCW ~ OWMV 1049UL04 H.N-RNQN.N\MEN «\NG%H ~§ .Qm DNDUNT—DNL&mOuNEDurH
(NA80°$90%8S THS) wunivavjrqo wnyyryduss 66 (0007094V) wniwarjrqo wngpoydusg LTV TTAM wngpav)rqo wngjpoydusg
(Nd80°0T6IHSTHS) asuarjry wnipvoowvs 66 (6YSTETIND) asuaryry wnippjooivg 06V TTAM ISUIIY WNIpPI0IDS
(N80 TELIFSTHS) vrssnas] 66 (080L00NH) “ds zzssnaug G616V TTIAM T ds vassnasg
AmeOWNMNwwﬁ :m,v Q\Qbm&&Nﬁ Q.NH.QAN&AN N@ AWQNMONUUV E\B.uw&&wﬂ QNE.Q\NM&AN wﬁmwﬂ ~§ ﬂ&m E.N.QSN&AN
(NA80°¢HHT8STHS) s2[erodsoayq 96 (671£88:13) "ds sa[erodsoayq LIGHTIA “ds saerodsoayq
ADMWOQWMWNWHIWV N:muOU\AEONmeaH Om AOMONM~M—ZV QMH.N.\.M QN&NQ\\&.Q&N@&NAN MNO«\H ~§ N&w NEmHOU%EONmNUQ
(NA80°6SSHLSTHS) Bunod wozizag 88 (69€YS TN #sy250p slaapouousos] ] TTEYTIAN 1-ds punoofwozizaq
(N:A80°6HHT8S THS) vsopntods viiavgdsoavydviny 6 (116980 Q) wnsopn.ods wntilygoruor) 065 T IA vsopniods viovydsoovydvirg
(N180°LSOLFSTHS) #13ix2 vjjoutkpr(y 001 (T€S68€.I) uouajod sisdoyjouilprposns STGHTIAS 1uowajod sisdogjaudpipoony
AmeOmNNWNmﬂEmv w@—NuOQmOUTH 00 Awwﬁ ﬁowmzv Hﬁ&.&“&\ﬂu E&QQ@BM\AN N‘waﬁ ~§ mmm §§.~&Q&G&E§§u§&>\
ADHMMwO«\WN«\Nm ﬁ Emv Q\«NN&Q&.Q&QN&QNQM\/N Na ANCNowmﬁv .&w SSN\Q&.Q\N&N&Q&Q&Z O ﬁ m«\ﬁ HE wa §§N&Q&.§&Q§§NQN>N
ADWWONMNWNW ﬁ EWV NQ\Q.MMN\H S\NN\«QR‘«Q\Q@R@QQN\/N «\O AMO H Oow—\vc NH@«M&QMMQM S\NN\B&Q&QSQQQN\/N «N ﬁ O«\ﬁ HQ ~ .nmm SXNKQ&.Q&N\SQMQMZ
(NA80°STTHTSTHS) sorerodsoa|g 00T (TSL0€TND) 210190 vily2095y 968% TTAM 52110190 wn10ds04vupI0INT
(Nd80°ST98LSTHS) smasviodsouopy L6 (280697.1) “ds snasmuodsouopy CIGVTTIA ds snaspuodsouopy
AmeOWNQWNm ~ :Wv MR.NN&NQ.N M‘\CQ&Q&GQQE\ N‘O AN@WWNGUO HNQN\N%N M&.&.@&Qh@&ﬁ&&\ N ﬁ Owﬁ Mg MR.NN&NQ.N M‘\CQ&Q&GQQE\
AmeONwﬁN«NOHIWV NEMMOU\AEONMNUAH 00 AmMWﬁ ﬁOHﬁHMv E&&ﬁb&%\m\.@\guws&m ~ ~m«\ﬁ ﬁg R\NQQ&H&\.Q\Q&N@&S\*
(NA80°6S 1019 THS) wnivaafijosd winsevsny 001 (6TTTE 1) wnwiafyjoid wnipsng 016FTIAM wnpiafijord wniivsng
(NA80°LST019THS) #04nytnf vjja2qq10 001 (07y6TyN7) wniodstxo wnpvsiy 6067 L1A wniodsto wngivsmg
(NA80°8STOT9THS) suvarizuy v]ja429915 00T (0TS8YLIN) wnipuavour wntwsny 8067 TTAM UWNIVUAVIUL URIADSH,]
Ameomwawm ﬁ Emu pIouLnLy &\N&N%QN.O OOﬂ vaﬁ ﬂ MQZD wnaIvuIay §§.~\§H§n\ NO@WH ﬁg wWnaIvuIay SR.NXQ.QNQ*
(NA80°LSOLYS THS) 912 vjjousdpsc] 66 (H00LTH () v1vsousops vyjouutprq 906 1 TAM vrmsaut0)3 vjauprT
(NA80°L0¥9TSTHS) h\wxv&wﬁ vLv[naLn’) 66 (SOET6T.ID) .SSNFQE VIVINAANT) SO6YTTAN u..N\ww&mQﬁ vLy[nain’)
(Nd80°T6LTLSTHS) vuwissr vjjauovgdsoalpy 00T (10%009.1)) 2uttoftuoussy unziodsopwy) €06V TTAM auLoftuouy) wintiodsopr)
(NA80°6099TS LHS) stsuavysod suvjodrg 001 (T8 L16O|) stsuavysord suvjodig 06V TTAM sisuavysord suvjodsg
AD&MOOGOW 1 m 1 EWV Q\‘NS\\SA\ SSN\.&%QQ&&&T 001 Awawamzv .QKRNSNNSR §§w\wm§%§%&§v~ ﬁoavﬁ A MNASNSNNSQ svﬁ\wwbnﬁam.:ﬂv\
(NA80" THBOESTHS) s7ata1 snjjrdiadsy 001 (EL86VTIND) $hadtay snjjisiadsy 006FTTA SHaLLd] SHJIAASY,
(NA80°$866TS THS) Hwduinf snjjdiadsy 001 (CTyyLyHN) SrusffpimSuunf snjidiodsy 6687 11X suifforvSiunf snjjisidsy
(NA80°S09TES THS) snavyf snjjisiadsy 001 (85T96TN) smawyf snjjideadsy 86871 1AM snavyf sjjidiadsy
AmeOmwOmon ﬁ Emv NQN&LQQQ.NNM Q.:%RkMN\T Ooﬁ AGMWVOOMVC thﬁk\s% @.NLQNK.\MN\V\ «\Oww— ~%V~ M§.~EQ&\&\Q.~N Q.Nkwwﬁuwﬂ\v\
AD&wONOWWOmﬁme S&Qn\u%\\v&@\x\& QN&S&&NQT OO AOMOOM ﬁmzv N&Q&S\\Q&R\Qw Q.:NN\ANN\W\ mawvﬁ TAM R«QQ«HQ\\Q&R\QQ QN&R&&N&\T
ADMWOONOOGWﬁEWV NﬁmuOU\AEONmNDAH OOﬁ ANOG@OW><V SR&QR&N&\Q §§.~§Q§N&h$\ mmwvﬁ AQ SR&QR&N&\Q §§.~§Q§N&h$\
A.—Uﬁnw—ﬂmu.-i okum.ﬁ je U.TGQ mmv Quwreu uoxel m.H.HZD Aa\ov %Hﬁ:U“vH A.Avn— ——QmwaUUdv u—:dmnunvu H-m JUH.GE Hmﬁ—a H@UMQ#U ‘ou =°mww000d ex®e) —.N.w=.=m

*soouanbas g 11 uo paseq 13uny ondydopuo jo uonedSyNUIPI TeMISOJN *| d|qeL



Culturable endophytic fungal of desert halophytes 81

studies, or were part of cultures or speciemens in famous collections, would be given
higher credits). As for taxonomical levels higher than species, we typically relied on 90,
85, 80, and 75% sequence identity as a criterion for assigning OTUs with names of
a genus, family, order, or class, respectively (Tedersoo et al. 2014). Nevertheless, the
results of sequence-based identification were calibrated with morphological charac-
teristics in our study given the strains within one OTU sporulated. The microscopic
observation was applied with cultures mounted in sterile water using a compound
microscope (Zeiss Axio Imager A2, Carl Zeiss Microscopy, Gottingen, Germany). The
ITS sequences of endophytic fungi obtained in this study have been deposited in Na-
tional Center for Biotechnology Information (NCBI) with GenBank accession no.

KY114893 to KY114928 (Table 1).

Data analysis

All statistical analyses were carried out in R 3.3.1 (R Development Core Team 2016).
The colonization rate of endophytic fungi was calculated as the total number of tissue
segments infected by fungi divided by the total number of tissue segments incubated
(Sun et al. 2011). The relative abundance was calculated as the number of isolates of
a taxon divided by the total number of isolates of all taxa, and the fungal richness was
defined as the number of fungal species in a sample.

One-way analysis of variance (ANOVA) was carried out to test the effect of plant
species or tissue type (stem and root) on the colonization rate and species richness of
endophytic fungi. Multiple comparisons were performed using post hoc Tukey’s HSD
(Honest Significant Difference) tests to examine the significant differences among
the plant species or tissue types at P < 0.05 level. All data were tested for normality
and homogeneity of variance before ANOVA. In cases where satisfactory results of
homogeneity of variance amongst plant species after square root and transformation
were not observed (e.g., in stems), then nonparametric Kruskal-Wallis test followed by
pairwise comparisons was applied to examine the significant difference among plant
species at P < 0.05 level. 7-test was applied to examine the significant difference of the
colonization rate and species richness of endophytic fungi between stems and roots
for each plant species at P < 0.05 level. Canonical correspondence analysis (CCA) was
performed to observe the correlation between endophytic fungi and plant species or
tissue types with the ‘cca’ function in the vegan package (Oksanen et al. 2019). The
effects of plant species and tissue type on community composition of endophytic fungi
were tested by permutational multivariate analysis of variance (PermANOVA) using
the ‘adonis’ command in the vegan package (Oksanen et al. 2019).

The host-fungus association preferences were evaluated based on a & interaction
specialization index (Bliithgen et al. 2007) using the ‘dfun’ function in the bipartite
package (Dormann et al. 2009) according to Toju et al. (2016). Briefly, a binarized
sample x fungal taxon matrix (i.e., presence/absence) was converted into a ‘species-
level’ matrix, in which rows depicted plant species, columns represented endophytic
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fungal taxa, and cell entries were the number of samples from which respective com-
binations of plants and fungi were observed. To perform a randomization analysis of
the & index, plant species labels in the sample x fungal taxon matrix were shuffled, and
then, the randomized species-level matrices were obtained (1000 permutations). The
& value of each plant species or each fungal taxon was standardized as follows: stand-

ardized 4’ = [d’ - Mean (&’ )] /SD (&4 ), where the 4°,  was the 4’

observed randomized randomized ved

estimate of the original data, and Mean (4, )and SD (4’ , ) were the mean
and standard deviation of the 4’scores of randomized data matrices. Also, we evaluated
the observed frequency (counts) of each plant-fungus association in the species-level
matrix, and quantified with the two-dimensional preferences (2DP) in a pair of a plant
species (7) and a fungal taxon (j) based on the species-level original and randomized
matrices used in the 4 analysis: 2DP (5, 7) = [N, (i, j) - Mean (N_ (4, /)] /
SD(N_ . . (), where N (4, j) denoted the number of samples from which a
focal combination of a plant and a fungus was observed in the original data, and the
Mean(N_ . (7)) and SD (N . (i 7)) were the mean and standard deviation
of the number of samples for the focal plant-fungus pair across randomized matrices.
The P values were adjusted based on the false discovery rate (FDR) (Benjamini and

Hochberg 1995).

observed

Results

Colonization rate of endophytic fungi

A total of 1046 fungal strains were recovered from 1600 tissue segments from ten halo-
phyte species. The colonization rate of endophytic fungi ranged from 7.5 £ 3.33% to
83.75 + 8.95% in stems, from 33.75 + 11.19% to 97.5 + 1.67% in roots, and from
38.75 + 2.46% to 85.63 + 2.28% overall for the entire plant among the ten halophyte
species (Fig. 1). One-way ANOVA showed that the colonization rate of endophytic
fungi was significantly affected by plant identity (¥ = 5.847, P < 0.001) and tissue type
(F=8.184, P < 0.001). In the entire plant, the colonization rate of endophytic fungi
was significantly higher in Sa. nitraria than in other plants (except for Sw. acuminata
and Se. santolinum) and was significantly higher in Sw. acuminata than in E. minor
(Fig. 1). In the stem, the colonization rate of endophytic fungi was significantly higher
in Sa. nitraria and Su. acuminata than in the other halophyte species (except for 2
harmala). For P harmala, the colonization rate of endophytic fungi was significantly
higher than in B. dasyphylla and R. songarica (Fig. 1). In the root, the colonization rate
of endophytic fungi was significantly higher in Se. santolinum, R. songarica, and Sa.
nitraria than in E. minor and P harmala, and was significantly higher in B. dasyphylla,
C. arenarius, and Su. salsa than in P harmala (Fig. 1). Furthermore, the colonization
rate of endophytic fungi was significantly higher in roots than in stems in B. dasyphylla,
C. arenarius, K. foliatum, Su. salsa, R. songarica, and Se. santolinum, but no significant
difference was observed in the other four halophyte species (Fig. 1).
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Figure 1. Colonization rate of endophytic fungi in stem, root, and total (stem + root) tissues of the ten
halophyte species. Data are means * SE (n = 10). Columns without shared lowercase, uppercase, and italic
letters denote the significant difference in the stem, root, and total tissues among the halophyte species,
respectively. Asterisks above bars indicate significant difference between stem and root tissues for each
plant species (** P < 0.01, *** P < 0.001).

Endophytic fungal richness

In total, 36 fungal taxa were isolated and identified based on morphological characters
and ITS sequences (Table 1). The richness of endophytic fungi ranged from 0.5 + 0.22
to 2.2 £ 0.2 in stems, from 1.2 + 0.29 to 4 * 0.3 in roots and from 1.2 + 0.29 to 4
* 0.3 (means * SE) in overall among the ten halophyte species (Fig. 2). The richness
of endophytic fungi was significantly affected by plant species (ANOVA, F = 4.635,
P < 0.001) and tissue type (Kruskal-Wallis test, x* = 34.993, P < 0.001). In the stem,
the fungal richness was significantly higher in Sa. nitraria than in B. dasyphylla and R.
songarica, and significantly higher in E. minor than in R. songarica (Fig. 2). In the root,
the fungal richness was significantly higher in Sa. nitraria than in B. dasyphylla, K. fo-
liatum, Se. santolinum and P harmala, and significantly higher in C. arenarius than in P
harmala (Fig. 2). Furthermore, the fungal richness was significantly higher in roots than
in stems in ten plant species, except for E. minor, Se. santolinum and P harmala (Fig. 2).
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Figure 2. Endophyrtic fungal richness in stem, root and total (stem + root) tissues of the ten halophyte
species. Data are means + SE (n = 10). Columns without shared lowercase, uppercase, and italic letters
denote significant difference in the stem, root, and total tissues among the plant species, respectively.
Asterisks above bars indicate the significant difference between stem and root tissues for each halophyte
species (* P<0.05, ** P < 0.01, *** P < 0.001).

Endophytic fungal community composition

Of the 36 endophytic fungi, 32 were recovered from roots, 27 from stems, and 23 were
common in both roots and stems (Fig. 3). Among seven abundant endophytic fungi
(relative abundance > 15% in certain plant species), Alternaria eichhorniae was the most
abundant stem endophyte and was recovered from C. arenarius, K. foliatum, P harmala,
Sa. nitraria, Su. acuminata, and Su. salsa (Fig. 4B, D, E, G, 1, ]). In addition, Monosporas-
cus ibericus was exclusively recovered from roots of B. dasyphylla, K. foliatum, Su. acumi-
nata, and Su. salsa (Fig. 4A, D, 1, ]). In C. arenarius, Pezizomycotina sp.1 was exclusively
recovered from roots, and in Se. santolinum Pezizomycotina sp.1 was mostly recovered
from roots (Fig. 4B, H). Sarocladium kiliense and Aspergillus fumigatiaffinis were only
found on the roots of R. songarica (Fig. 4F). Bipolaris prieskaensis was mostly isolated
from roots, and Preussia sp.2 was mostly distributed in stems in E. minor (Fig. 4C).
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Figure 3. Relative abundance of endophytic fungi in the stem and root tissues of the ten halophyte species.

The CCA results indicated that the endophytic fungal community composition
was significantly different between stems and roots of the ten halophyte species (Fig.
5A), and significantly different among some plants, such as R. songarica, B. dasyphylla,
P harmala and E. minor (Fig. 5B). The PermANOVA results also showed that the en-
dophytic fungal community composition was significantly affected by tissue type (R =
0.212, P=0.001) and plant species (®*= 0.082, P = 0.001).

Host-fungus association preferences

Host-fungus association preference analysis showed that five out of ten halophyte spe-
cies showed significant preferences to endophytic fungi, especially strong preferences in
E. minor, R. songarica, and Se. santolinum (Fig. 6A). Among the 36 endophytic fungi,
13 showed significant preferences for host species, particularly strong preferences were
observed in AL eichhorniae, M. ibericus, Pezizomycotina sp.1, Sr. kiliense, Pezizomyco-
tina sp.2, As. fumigatiaffinis, B. prieskaensis, Trichocomaceae sp., and Xylaria hypoxylon
(Fig. 6A). Furthermore, 26 out of 208 pairs of plants and fungi showed significant
preferences, such as pairs Pezizomycotina sp.1 and Se. santolinum, Sr. kiliense and R.
songarica, B. prieskaensis and E. minor, As. fumigatiaffinis and R. songarica (Fig. 6).
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Figure 4. Relative abundance of endophytic fungi in the stem and root of different halophyte species.
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Figure 5. Canonical correspondence analysis (CCA) ordination plot of endophytic fungal communities
of stem and root tissues (A) and halophyte species (B). Dotted ellipses indicate 95% confidence intervals
around centroids of tissue type (A) and plant species (B), B. dasyphylla = Bassia dasyphylla, C. arenarius
= Ceratocarpus arenarius, K. foliatum = Kalidium foliatum, Sa. nitraria = Salsola nitraria, Su. acuminata =
Suaeda acuminata, Su. salsa = Suaeda salsa, E. minor = Eragrostis minor, R. songarica = Reaumuria songarica,
Se. santolinum = Seriphidium santolinum, and P harmala = Peganum harmala.

Discussion

The colonization rate and species richness of endophytic fungi varied among desert
halophyte species in the current study. Similar results have been reported in previous
studies in mangrove (Xing et al. 2011; Xing and Guo 2011; Liu et al. 2012; Li et al.
2016), desert halophytes (Sun et al. 2012b), gypsophilous plants (Porras-Alfaro et al.
2014), desert trees and shrubs (Massimo et al. 2015), and plants in other ecosystem
(Suetal. 2010; Sun et al. 2012a). For example, Xing et al. (2011) recovered 39 distinct
endophytic species in five mangrove species and found the colonization rate of endo-
phytic fungi ranging from 12.5 to 41.7% in roots, from 8.0 to 54.0% in stems, and
from 12.5 to 25.1% in leaves. Sun et al. (2012b) identified 21 endophyte species from
eight desert halophytes and found the colonization rates ranging from 35 to 100% in
stems and leaves. Furthermore, we found that the colonization rate and species rich-
ness of endophytic fungi were generally higher in roots than in stems, which is in con-
trast with studies carried out in Holcus lanatus (Mérquez et al. 2010), Stipa grandis (Su
etal. 2010), and gypsophilous plants (Porras-Alfaro et al. 2014) in arid ecosystem. The
difference between endophytic colonization and diversity between above- and below-
ground might be attributed to both biotic and abiotic factors. In the study site, humid-
ity is much lower in the air than in the soil, which might result in lower colonization
rate and species richness of endophytic fungi in stems than in roots, as endophyte
colonization is positively correlated with humidity (Herrera et al. 2010; Massimo et al.
2015). Also, the relatively moist and organic-rich soil substrate is capable of supporting
diverse and abundant fungal propagules for penetration in plant roots in comparison
to stems (Bridge and Spooner 2001; Massimo et al. 2015).
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Figure 6. Preferences observed in the plant-fungus associations. A Preference scores. The standardized
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and FDR-adjusted P values, 2DP values larger than 2.5 and those smaller than -2.5 represented strong
<0.05). Significance: *, P < 0.05,**, P< 0.01,**, P< 0.001.

preference and avoidance, respectively (P, .

We found that the endophytic fungi community composition is halophyte species-
dependent. Similar results have been reported in some previous studies on halophytes
and desert plants (Xing et al. 2011; Xing and Guo 2011; Macia-Vicente et al. 2012;
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Sun et al. 2012b; Porras-Alfaro et al. 2014; Massimo et al. 2015; Li et al. 2016). For
example, Sun et al. (2012b) indicated that the endophytic fungal community in stems
and leaves of eight desert plants were different among host species in the Tennger De-
sert region, China. Massimo et al. (2015) suggested the fungal endophyte community
composition differed among host species in the aboveground tissues of Sonoran Desert
plants. It has been reported that the host species is a key factor shaping endophyte
community structures (Hoffman and Arnold 2008; Arfi et al. 2012; Sun et al. 2012a;
Hardoim et al. 2015). Our host preference analysis indicated that 13 endophytic fun-
gal species show significant host preferences. For example, B. prieskaensis preferred
colonizing E. minor, and Sa. kiliense and As. fumigatiaffinis preferred R. songarica. Har-
doim et al. (2015) suggested that the selective forces do not act merely on the plant ge-
nome itself, but on its associated microbial community also. Moreover, the endophytic
fungal composition could be affected by the expected difference in plant chemistry
(Arnold et al. 2001; Huang et al. 2008). For example, in the present study, P harmala,
a medical plant possessing antifungal properties (Hashem 2011), might inhibit fungal
colonization and thus contained the less diverse endophyte community. Therefore, the
chemical or physiological traits of plants also affect the endophyte community.
Community composition of endophytic fungi was also affected by plant tissue types
(root and stem), which corroborate earlier studies carried out in semi-arid and arid eco-
systems (Su et al. 2010; Porras-Alfaro et al. 2014), and highlighted in the review by Har-
doim et al. (2015). Despite the dissimilarity in the availability of fungal inocula between
above- and under-ground circumstances discussed previously, previous studies suggested
that the morphology and chemical substance of tissues also influenced the community
composition of roots and stems (Herrera et al. 2010; Su et al. 2010). According to prefer-
ence analysis, we found specific endophyte taxa consistently showing tissue preference re-
gardless of the host species. For example, M. ibericus was found exclusively in roots from
all ten desert halophytes in the current study. The taxon was firstly described from healthy
roots of Atriplex portulacoides, Plantago crassifolia, and an undetermined plant in saline
habitats of Spain (Collado et al. 2002). Monosporascus spp. are well known as pathogens
infecting fruit in Cucurbitaceae and vine growing in hot semi-arid climates with soils that
tend to be saline and alkaline (Collado et al. 2002). Some members of Monosporascus spp.
have been reported as root endophytes with a much broader host range, i.e., Acleisanthes
lanceolatus, Bouteloua gracilis, Eustachys petraea, Mentzelia perennis, Nama carnosum, Neri-
syrenia linearifolia, Sartwellia flaveriae, and Tiquilia hispidissima from Mexico, Honduras,
and New Mexico (Porras-Alfaro et al. 2008; Herrera et al. 2010; Herrera et al. 2013;
Porras-Alfaro et al. 2014). Our study shows that AL eichhorniae predominated the endo-
phyte assemblages and preferred to colonize the stems rather than the roots. Alrernaria
fungi as dominant endophytes showing preference in specific tissues but very low speci-
ficity with respect to host species, were mainly isolated from leaves in six halophytes in
inland salt marsh of Canada (Muhsin and Booth 1987), in eight halophytes in Tennger
Desert of China (Sun et al. 2012b), and in eight gypsophilous flowering plants in New
Mexico desert (Porras-Alfaro et al. 2014). These previous studies in halophytes and desert
gypsophytes indicated that some endophytic fungi show strong tissue preferences.
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Conclusions

The present study revealed high diversity of endophytic fungi associated with desert hal-
ophytes, and their colonization rate and diversity of endophytic fungi vary from plant
to plant and is higher in roots than in stems. The endophytic fungal community com-
position is affected by plant species and tissue type as some endophytic fungi showed
strong host and tissue preferences. The current study will provide preliminary data for
exploration into diverse bioactive natural products originated from halophyte endo-
phytes, and prospects on ecosystem reconstruction or desert agriculture development.
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Abstract

Members of Cytospora encompass important plant pathogens, saprobes and endophytes on a wide range of
woody hosts with a worldwide distribution. In the current study, we obtained seven representative isolates
from six tree hosts of Betulaceae, Juglandaceae, Rosaceae, Tiliaceae and Ulmaceae in Mount Dongling of
China. Based on morphological comparison and phylogenetic analyses using partial ITS, LSU, act, rpb2,
tefl-a and mb2 gene sequences, we identified two known species (Cytospora leucostoma and C. pruinopsis)
and two novel species (C. coryli and C. spiracicola). These results represent the first study on Cytospora spe-
cies associated with canker disease from Mount Dongling of China.

Keywords
Cytosporaceae, phylogeny, taxonomy, wood-inhabiting fungi

Introduction

The genus Cytospora was established by Ehrenberg (1818) and belongs to Cytosporace-
ae, Diaporthales, Sordariomycetes (Wijayawardene et al. 2018, Fan et al. 2020). It is
characterised by single or labyrinthine of pycnidial locules, filamentous conidiophores
(enteroblastic and phialidic conidiogenous cells) producing hyaline, allantoid conidia
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in the asexual morph; diaporthalean-like perithecia, clavate to elongate obovoid asci
with four or eight hyaline, allantoid ascospores in the sexual morph (Spielman 1983,
1985, Adams et al. 2005). Species of Cyrospora contain important pathogens that cause
stem canker and dieback disease on more than 100 species of woody and conifer-
ous plants, thereby causing severe commercial and ecological damage and significant
losses worldwide (Sinclair et al. 1987, Adams et al. 2005, 20006, Fan et al. 2014a, b,
2015a, b, Lawrence et al. 2018, Pan et al. 2018, Zhu et al. 2018a, Zhang et al. 2019).
Previous Cytospora species and their related sexual morphs viz. Leucostoma, Valsa, Val-
sella and Valseutypella were listed by old fungal literature without any living culture
and sufficient evidence for their identification (Fries 1823, Saccardo 1884, Kobayashi
1970, Barr 1978, Sutton 1980, Gvritishvili 1982, Spielman 1983, 1985). Adams et
al. (2005) revised the genus Cyrospora from Eucalyptus with 28 species and accepted all
sexual genera combined under Valsa, either as subgenera or species without additional
infrageneric rank. Following the single-name for pleomorphic taxa, Cyrospora (1818),
the older asexual typified name was proposed as the recommended name against Valsa
(1849), the younger sexual typified name (Fan et al. 2015a, b, Rossman et al. 2015).

Currently, 388 species epithets of Cytospora have been recorded in Index Fungo-
rum (2020) (accessed 2 January 2020). However, Kirk et al. (2008) estimated approxi-
mately 110 species, but most of them lack herbarium materials, ex-type cultures and
DNA sequence data.

Species identification criteria of Cytospora were previously carried out by the host-
based method and morphology in China; however, these bases are unreliable due to the
uninformative illustrations and descriptions, weak host specificity and overlapping mor-
phological characteristics (Teng 1963, Tai 1979, Wei 1979). Recent studies have been
able to use multiphase approaches to solve the taxonomy of Cyrospora (Fan et al. 2014a,
b, 2015a, b, Yang et al. 2015, Lawrence et al. 2016, Norphanphoun et al. 2017, Pan et
al. 2018, Zhu et al. 2018a, Zhang et al. 2019). Fan et al. (2020) summarised 52 species
of Cytospora associated with canker and dieback disease in China, using a six gene matrix
(ITS, LSU, act, rpb2, tefl-a and rub2), of which 13 species were newly introduced.

Mount Dongling has high plant diversity in western Beijing, including more than
1,000 tree hosts (Ma et al. 1995). As more plant species were recorded in this re-
gion, the exploration of fungal diversity gradually increased as most fungi are often
linked to particular host plants as pathogens or endophytes. Species of Alternaria,
Diaporthe, Leptostroma, Pestalotiopsis and Phoma were the most commonly isolated
endophytes from Pinus tabuliformis and later, an additional 38 endophytic taxa were
identified from Acer truncatum from Mount Dongling (Guo et al. 2008, Sun et al.
2011). Further, pathogens belonging in Botryosphaeriales have been identified from
Mount Dongling, including five species from Aplosporella, Botryosphaeria and Phaeo-
botryon (Zhu et al. 2018b). Zhu et al. (2019) subsequently introduced six species of
diaporthalean fungi residing in four families (viz. Diaporthaceae, Erythrogloeaceae,
Juglanconidaceae and Melanconidaceae) from Mount Dongling. For the current un-
derstanding, many common host plants represent high fungal diversity causing canker
and dieback disease in Mount Dongling. juglans mandshurica and J. regia (Juglan-
daceae) were infected by Botryosphaeria dothidea (Botryosphaeriaceae), Diaporthe eres,



Two new Cytospora species from Mount Dongling of China 99

D. rostrata (Diaporthaceae) and Juglanconis oblonga (Juglanconidaceae). Rhus typhina
(Anacardiaceae) was infected by Aplosporella ginkgonis, A. javeedii (Aplosporellaceae),
Phaeobotryon rhois and P rhoinum (Botryosphaeriaceae). Quercus mongolica (Fagaceae)
was infected by Dendrostoma donglinensis (Erythrogloeaceae) (Zhu et al. 2018b, 2019).

During the course of cognitive practices to investigate forest pathogens that cause
canker or dieback disease in Mount Dongling of China, seven Cyzospora strains were ob-
tained from six unrelated hosts, i.e. Corylus mandshurica (Betulaceae), Juglans mandshurica
(Juglandaceae), Prunus sibirica, Spiraea salicifolia (Rosaceae), Tilia nobilis (Tiliaceae) and
Ulmus pumila (Ulmaceae). Phylogenetic analyses inferred from combined ITS, LSU, act,
mpb2, tefl-a and b2 gene regions were conducted to provide a multi-gene phylogeny for
COytospora, based on a large set of freshly collected specimens in Mount Dongling of China.
Thus, the current study aims to clarify the systematics and taxonomy of Cytospora species
with detailed descriptions and illustrations and compare it to known species in the genus.

Materials and methods

Sampling and isolation

Seven infected branches of six hosts were collected from Mount Dongling of China
(Table 1). Sampled trees expressed general symptoms and signs of canker diseases in-
cluding elongate, slightly sunken and discoloured areas in the bark, several promi-
nent dark sporocarps immersed in bark, erumpent through the surface of bark when
mature (Fig. 1). A total of seven isolates was established by removing a mucoid spore
mass from conidiomata or ascomata of fresh material, spreading the suspension on the
surface of 1.8 % potato dextrose agar (PDA) and incubating at 25 °C for up to 24 h.
Single germinating spores were transferred on to fresh PDA plates. Specimens and
isolates were deposited in the Key Laboratory for Silviculture and Conservation of the
Ministry of Education in Beijing Forestry University (BJFU) and at the working Col-
lection of X.L. Fan (CF), housed at the BJFU. Axenic cultures are maintained in the
China Forestry Culture Collection Centre (CFCC).

Figure . Disease symptoms associated with Cytospora species. A Corylus mandshurica B Spiraea salicifo-
lia € Ulmus pumila D Prunus sibirica.
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Morphological analysis

Speciesidentification was based on morphological features of the ascomata or conidiomata
from infected host materials and micromorphology, supplemented by cultural
characteristics. Microscopic photographs (structure and size of stromata; structure and
size of ectostromatic disc and ostioles) were captured using a Leica stereomicroscope
(M205 FA) (Leica Microsystems, Wetzlar, Germany). Microscopic observations (shape
and size of conidiophores, asci and conidia/ascospores) were determined under a Nikon
Eclipse 80i microscope (Nikon Corporation, Tokyo, Japan), equipped with a Nikon
digital sight DS-Ri2 high definition colour camera, using differential interference
contrast (DIC) illumination. The Nikon software NIS-Elements D Package v. 3.00,
Adobe Bridge CS v. 6 and Adobe Photoshop CS v. 5 were used for the manual editing.
More than 10 conidiomata/ascomata, 10 asci and 30 conidia/ascospores were measured
by Nikon software NIS-Elements D Package v. 3.00 to calculate the mean size/length
and respective standard deviations (SD). Colony diameters were measured and the
colony features were described using the colour charts of Rayner (1970).

DNA extraction, PCR amplification and sequencing

Fungal mycelium grown on the cellophane of PDA was scraped for the extraction of
genomic DNA following a modified CTAB method (Doyle and Doyle 1990). The
primers and PCR conditions are listed in Table 2. DNA sequencing was performed
using an ABI PRISM 3730XL DNA Analyser with a BigDye Terminater Kit v.3.1 (In-
vitrogen, USA) at the Shanghai Invitrogen Biological Technology Company Limited
(Beijing, China). The DNA sequences, obtained from forward and reverse primers,
were combined using SeqMan v. 7.1.0 in the DNASTAR Lasergene Core Suite soft-
ware (DNASTAR Inc., Madison, WI, USA).

Phylogenetic analyses

The current isolates were initially identified as Cytospora species, based on both
morphological observations and BLAST results. To clarify their further phylogenetic
position, an analysis, based on the combined six genes (ITS, LSU, act, rpb2, tefl-a and
tub2), was performed to compare Cytospora species from the current study with other
strains in GenBank. Diaporthe vaccinii was selected as the outgroup in all analyses.
Subsequent alignments for each gene were generated using MAFFT v.7 (Katoh and
Standley 2013) and manually adjusted using MEGA v. 6 (Tamura et al. 2013).
Ambiguously aligned sequences were excluded from analysis. Reference sequences
were selected, based on ex-type or ex-epitype sequences available from recently
published literature (Fan et al. 2014a, b, 2015a, b, 2020, Yang et al. 2015, Lawrence
et al. 2016, Norphanphoun et al. 2017, Zhu et al. 2018a, Zhang et al. 2019, Fan et
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Table 2. Genes used in this study with PCR primers, primer DNA sequence, optimal annealing tempera-
ture and corresponding references.

Locus Definition Primers Primer DNA sequence (5'-3') Optimal | References of
annealing | primers used
temp (°C)

ITS internal transcribed 1TS1 TCCGTAGGTGAACCTGCGG 51 White et al.

spacer of ribosomal 1TS4 TCCTCCGCTTTTGATATGC 1990
RNA
LSU large subunit of LROR ACCCGCTGAACTTAAGC 55 Vilgalys and
ribosomal RNA LR7 TACTACCACCAAGATCT Hester 1990
act actin ACT-512F ATGTGCAAGGCCGGTTTCGC 61 Carbone and
ACT-783R TACGAGTCCTTCTGGCCCAT Kohn 1999
rpb2 RNA polymerase | RPB2-5F GA(T/C)GA(T/C)(A/IC)G(A/T) 52 Liu et al. 1999
1T second largest GATCA(T/C)TT(T/C)GG
subunit RPB2-7cR | CCCAT(A/G)GCTTG(T/C)TT(A/G)
CCCAT
tef-la translation EF1-668F CGGTCACTTGATCTACAAGTGC 55 Alves et al.
elongation factor | EF1-1251R CCTCGAACTCACCAGTACCG 2008
1-alpha

tub2 beta-tubulin Bt2a GGTAACCAAATCGGTGCTGCTTTG 55 Glass and

Be2b ACCCTCAGTGTAGTGACCCTTGGC Donaldson
1995

al. 2020) (Table 1). Phylogenetic analyses were performed with PAUP v.4.0b10 for
the maximum parsimony (MP) method (Swofford 2003), MrBayes v.3.1.2 for the
Bayesian Inference (BI) method (Ronquist and Huelsenbeck 2003) and RAxML for
the maximum likelihood (ML) method (Stamatakis 20006).

A partition homogeneity test (PHT) with heuristic search and 1,000 replicates
was performed using PAUP v.4.0b10 to test the discrepancy amongst the ITS, LSU,
act, rpb2, tefl-a and tub2 sequence datasets in reconstructing phylogenetic trees. MP
analysis was performed using a heuristic search option of 1,000 random-addition se-
quences with a tree bisection and reconnection (TBR) branch swapping algorithm
(Swofford 2003). The branches of zero length were collapsed and all equally parsimo-
nious trees were saved. Clade stability was assessed with a bootstrap analysis of 1,000
replicates (Hillis and Bull 1993). Other parsimony scores, such as tree length (TL),
consistency index (CI), retention index (RI) and rescaled consistency (RC), were cal-
culated (Swofford 2003). ML analysis was performed with the GTR + G + I model of
site substitution following recent studies (Zhu et al. 2018a), including estimation of
gamma-distributed rate heterogeneity and a proportion of invariant sites using PhyML
v. 3.0 (Guindon et al. 2010). The branch support was evaluated with a bootstrapping
method of 1,000 replicates (Hillis and Bull 1993). BI analysis was performed using a
Markov Chain Monte Carlo (MCMC) algorithm with Bayesian posterior probabilities
(Rannala and Yang 1996). A nucleotide substitution model was estimated by MrMod-
eltest v.2.3 (Posada and Crandall 1998) and a weighted Bayesian analysis was consid-
ered. Two MCMC chains were run from random trees for 1,000,000 generations and
trees were sampled each 100 generations. The first 25% of trees were discarded as the
burn-in phase of each analysis and the posterior probabilities (BPP) were calculated
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Figure 2. Phylogram of Cytospora, based on combined ITS, LSU, act, mpb2, tefl-a and tub2 genes. The
MP and ML bootstrap support values above 50% are shown at the first and second positions, respectively.
Thickened branches represent posterior probabilities above 0.95 from the BI. Ex-type strains are in bold.
Strains from the current study are in blue.

to assess the remaining trees (Rannala and Yang 1996). The branch support from MP
and ML analysis was evaluated with a bootstrapping (BS) method of 1,000 replicates
(Hillis and Bull 1993). Phylograms were plotted in Figtree v. 1.4.4 (http://tree.bio.
ed.ac.uk/software/figtree) and edited in Adobe Illustrator CS6 v.16.0.0 (https://www.
adobe.com/cn/products/illustrator.html). Novel sequences, generated in the current
study, were deposited in GenBank (Table 1) and the aligned matrices, used for phylo-
genetic analyses, were submitted in TreeBASE (www.treebase.org; study ID §25564).



Two new Cytospora species from Mount Dongling of China

78,74

109

91199 Cytospora ribis CFCC 50026

8994 Cytospora ribis CFCC 50027

2 Cytospora tanaitica MFLUCC 14-1057
Cytospora longispora CBS 144236
100100 Cylospora CC 50039

Cytospora plarycladlcola CFCC 50038
Cytospora prunicola MFLU 17-0995
« Cytospora ampulliformis MFLUCC 16-0583
Cytospora ampulliformis MFLUCC 16-0629
Cytospora cotini MFLUCC14-1050
= Cytospora ulmi MFLUCC 15-0863
| Cytospora juniperina CECC 50502

Cytospora juniperina CFCC 50501

100109 Cytospora CFCC 89639

! Cytospora hippophaés CFCC 89640

%0 Cytospora fugax CXY 1371

Cytospora fugax CXY 1381

Cytospora populina CFCC 89644

100100 Cytospora CFCC 50033
! Cytospora populinopsis CFCC 50032

Cytospora euonymicola CFCC 50500

Cytospora euonymicola CFCC 50499

y Cytospora gigalocus CFCC 89621

Cytospora gigalocus CFCC 89620

Cytospora coryli CFCC 53162

Cytospora sophorae CFCC 50047

Cytospora sophorae CFCC 89598
Cytospora sophoricola CFCC 89596
Cytospora sophoricola CFCC 89595
oo Cytospora elaeagni CFCC 89632
Cytospora elaeagni CFCC 89633
Cytospora carbonacea CFCC 89947
o Cytospora parasitica MFLUCC 15-0507
Cytospora parasitica XJAU2542-1
Cytospora schulzeri CFCC 50040
Cytospora schulzeri CFCC 50042
Cytospora salicacearum MFLUCC 15-0861
Cytospora salicacearum MFLUCC 16-0576
Cytospora salicacearum MFLUCC 15-0509
Cytospora salicacearum MFLUCC 16-0587
Cytospora melnikii CFCC 89984
Cytospora melnikii MFLUCC 15-0851
Cytospora melnikii MFLUCC 16-0635
Cytospora ailanthicola CFCC 89970
Cytospora chrysosperma CFCC 89629
Cytospora chrysosperma CFCC 89982
Cytospora chrysosperma CFCC 89981
Cytospora joaquinensis CBS 144235
Cytospora longiostiolata MFLUCC 16-0628
Cytospora salicina MFLUCC 15-0862
Cytospora salicina MFLUCC 16-0637

g~ Cytospora sophoriopsis CFCC 89600
Cytospora populicola CBS 144240
1001100 Cytosproa rostrata CFCC 89909
Cytospora rostrata CFCC 89910

Cytospora kantschavelii CXY 1383
078 | Cytospora kantschavelii CXY 1386

Cytospora parakantschavelii MFLUCC 15-0857

Cytospora parakantschavelii MFLUCC 16-0575

00100 Cytospora

90 MFLUCC 14-1052
Cytospora salicicola MFLUCC 15-0866
Cytospora euonymina CFCC 89999
Cytospora euonymina CFCC 89993
Cytospora beilinensis CFCC 50494
Cytospora beilinensis CFCC 50493
CFCC 50496

! Cytospora bungeana CFCC 50495

Cytospora viticola CBS 141586
Cytospora elaeagnicola CFCC 52882
Cytospora elaeagnicola CFCC 52883
Cytospora elaeagnicola CFCC 52884
Cytospora spiraeae CFCC 50049
Cytospora spiraeae CFCC 50050
Cytospora spiraeicola CFCC 53138
Cytospora spiraeicola CFCC 53139
1001bgy Cytospora centrivillosa MFLUCC 16-1206

Cytospora centrivillosa MFLUCC 17-1660
889 . Cytospora mali CFCC 50028

1001100 6052 |' Cytospora mali CFCC 50030
e Cytospora mali CFCC 50029

H00109L Cytospora mali CFCC 50031
Cytospora mali CFCC 50044

Cytospora leucosperma CFCC 89622
Cytospora leucosperma CFCC 89894

Cytospora tibouchinae CPC 26333
Diaporthe vaccinii CBS 160.32

100.0

Figure 2. Continued.

Results

Phylogenetic analyses

A combined matrix of six gene sequences of Cytospora was considered. The combined
alignments matrix (ITS, LSU, act, rpb2, tefl-a and tub2) included 172 accessions (seven
from this study and 165 retrieved from GenBank) and counted 3,652 characters includ-
ing gaps (665 characters for I'TS, 525 for LSU, 337 for act, 730 for rpb2, 771 for tefl-a
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and 624 for tub2), of which 2,067 characters were constant, 189 variable characters were
parsimony-uninformative and 1,396 (38.22%) characters were variable and parsimony-
informative. The MP analysis generated 100 parsimonious trees, the first tree of which is
presented in Fig. 2 (TL = 8,029, CI = 0.345, RI = 0.804, RC = 0.278). Tree topologies
of ML and BI analyses were similar to the MP tree. Based on the multi-locus phylogeny
and morphology, seven strains were assigned to four species within Cytospora coryli, C.
leucostoma, C. pruinopsis and C. spiraeicola, including two taxa which we describe here
as new. The two isolates of C. spiraeicola formed a distinct and strongly supported clade
(MP/ML/BI = 100/100/1) with close phylogenetic affinity to C. elacagnicola and C.
spiraeae. The strain of C. coryli from Corylus mandshurica shared a close relationship
to Cytospora ewonymicola and C. gigalocus with 100% MP, 99% ML, 0.99 BI supports.

Taxonomy

CGytospora coryli H.Y. Zhu & X.L. Fan, sp. nov.
MycoBank No: 833820
Fig. 3

Etymology. Named after the host genus on which it was collected, Corylus.

Holotype. CHINa, Beijing City, Mentougou District, Mount Dongling, Xiaolong-
men Forestry Centre (115°27'07.00"E, 39°59'26.47"N), from branches of Corylus
mandshurica, 17 Aug 2017, H.Y. Zhu & X.L. Fan, holotype CF 2019813, ex-type
living culture CFCC 53162.

Description. Necrotrophic on branches of Corylus mandshurica. Sexual morph: not
observed. Asexual morph: Conidiomata pycnidial, flat, immersed in the bark, scattered
to gregarious, erumpent through the surface of bark, surrounded by conspicuous black
stroma walls in the margin, with multiple locules. Conceptacle absent. Ectostromatic disc
grey to black, discoid, circular to ovoid, 270-340 pm in diam., with one ostiole per
disc. Ostiole grey to black, at the same or above level as the disc surface, inconspicu-
ous. Locules numerous, subdivided frequently by invaginations with common walls,
circular to irregular, 1550-1710 pm in diam. Conidiophores hyaline, branched at the
base, in the middle, approximately cylindrical with the top end acute, 15.5-18.5 x 1-2
(av. =17 £ 1.2 x 1.1 £ 0.2, n = 10) um, sometimes reduced to conidiogenous cells.
Conidiogenous cells enteroblastic, phialidic, sub-cylindrical to cylindrical, 7.5-14 x 1-2
(av.=9.3+ 1.7 x 1.4 £ 0.2, n = 10) um. Conidia hyaline, allantoid, smooth, aseptate,
thin-walled, 5-7 x 1-2 (av. = 5.6 £ 0.5 x 1.4 = 0.2, n = 30) pm.

Culture characteristics. Cultures are initially white with hazel at the centre, grow-
ing fast up 9 cm in diam. after 3 days, becoming honey to hazel from the edge to centre
after 7-10 days. In reverse, the cultures are the same as the upper colour after 3 days,
becoming cinnamon from the edge to centre after 7-10 days. Colonies are flat, sparse at
the centre and compact to the margin. Pycnidia distributed radially on colony surface.
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Figure 3. Gyrospora coryli from Corylus mandshurica (CF 2019813). A, B habit of conidiomata on twig
C transverse section of conidioma D longitudinal section through conidioma E conidiophores and con-
idiogenous cells F conidia G colonies on PDA at 3 days (left) and 30 days (right). Scale bars: 1 mm (A);
500 um (B-D); 10 pm (E, F).

Habitat and distribution. Known from Corylus mandshurica in Mount
Dongling, China.

Notes. Cytospora coryli is associated with canker disease of Corylus mandshurica in
China. The only strain CFCC 53162 representing Cytospora coryli clusters as a single
lineage and appears mostly related to C. enonymicola from Euonymus kiautschovicus and
to Cytospora gigalocus from Juglans regia (Fan et al. 2015a, 2020) (Fig. 2). Cytospora
coryli differs from C. euonymicola by its larger locules (1550-1710 vs. 1150-1400 pm)
and larger conidia (5-7 x 1-2 vs. 4.5-5 x 1 pm) (Fan et al. 2020), C. coryli differs
from C. gigalocus by its smaller locules (1550-1710 vs. 1630-2180 um) with single
ostiole (one to five ostioles in C. gigalocus) and the larger size of conidia (5-7 x 1-2 vs.
4.6-5.6 x 0.8-1.3 pm) (Fan et al. 2015a). Based on morphology and sequence data,
we describe it as a new species.
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Cytospora leucostoma (Pers.) Sacc., Michelia 2: 264 (1881)
Figs 4, 5

Sphaeria leucostoma Pers., Ann. Bot. 11: 23 (1794)

Valsa leucostoma (Pers.) Fr., Summa Veg. Scand., Section Post. (Stockholm): 411 (1849)

Valsa persoonii Nitschke, Pyrenomyc. Germ. 2: 222 (1870)

Leucostoma persoonii (Nitschke) Hohn., Mitt. Bot. Inst. Tech. Hochsch. Wien 5: 78 (1928)
[Additional synonyms in Species Fungorum.]

Description. Necrotrophic on branches of Betulaceae, Juglandaceae and Rosaceae. Sex-
ual morph: Ascostromata immersed in the bark, erumpent through the surface of bark,
scattered, 950-2550 pm in diam., with 8-10 perithecia arranged circularly to irregu-
larly. Conceptacle absent. Ectostromatic disc pale grey, fusoid, 600-2150 pm in diam.,
with 8-10 ostioles arranged irregularly per disc. Ostioles numerous, dark grey to black,
at the same or above the level as the disc, concentrated, arranged irregularly in a disc,
60-120 pm in diam. Perithecia beige with a little black when mature, flask-shaped to
spherical, arranged circularly to irregularly, 270—-560 pm in diam. Paraphyses large, broad
and cylindrical with 1-4 septa, 39-78 x 5.8-8.7 (av. = 50.6 + 13.7 x 7 + 0.8, n = 10)
pm. Asci free, clavate to elongate obovoid, 35-45 x 6-8 (av. = 40.4 + 3.3 x 6.9 = 0.5,
n = 10) pum, 8-spored. Ascospores uniseriate to biseriate, elongate-allantoid, thin-walled,
hyaline, aseptate, 7-10 x 2-3 (av. = 8.3 = 0.9x 2.6 = 0.2, n = 30) um. Asexual morph:
Conidiomata pycnidial, immersed in the bark, scattered, erumpent through the surface
of bark, with multiple locules and a conspicuous central column. Central column be-
neath the disc more or less conical, brown. Concepracle absent. Ectostromatic disc buff,
discoid, circular to ovoid, 190-310 pm in diam., with 1-2 ostioles per disc. Ostioles
grey to black, at the same or above the level as the disc surface, 60-65 pum in diam.
Locules numerous, subdivided frequently by invaginations with common walls, circular
to ovoid, 700-1000 pm in diam. Conidiophores hyaline, branched at the base or un-
branched, approximately cylindrical, 8-14 x 1-2 (av. = 11.5 + 1.8 x 1.4 £ 0.2, n = 10)
pm, sometimes reduced to conidiogenous cells. Conidiogenous cells enteroblastic phial-
idic, sub-cylindrical to cylindrical, 7-11 x 1-2 (av. =9 £ 1.4 x 1.5 £ 0.3, n = 10) pm.
Conidia hyaline, elongate-allantoid, smooth, aseptate, 4.5-6 x 1-2 (av. = 5.4 = 0.3 x
1.5% 0.2, n = 30) pm.

Culture characteristics. Cultures initially are white, growing fast up to 8 cm in
diam. after 3 days and entirely covering the 9 cm Petri dish after 4 days, becoming
greenish-olivaceous after 7-10 days and grey olivaceous after 30 days. In reverse, the
cultures are the same as the upper colour after 7 days, becoming olivaceous grey to iron
grey after 30 days. Colonies are flat with a uniform texture; sterile.

Habitat and distribution. Known from several species of Betulaceae, Juglandace-
ae and Rosaceae around the world.

Materials examined. CHINA, Beijing City, Mentougou District, Mount Dongling,
Xiaolongmen Forestry Centre (115°26'47.36"E, 39°56'06.45"N), from branches of
Prunus sibirica, 17 Aug 2017, H.Y. Zhu & X.L. Fan, CF 2019814, living culture CFCC
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Figure 4. Cytospora leucostoma (Sexual morph) from Prunus sibirica (CF 2019814). A, B habit of asco-
mata on twig € transverse section of ascoma D longitudinal section through ascoma E asci and ascospores
F ascus G ascospores H colonies on PDA at 3 days (left) and 30 days (right). Scale bars: 1 mm (A);
500 pm (B=D); 10 pm (E-G).

53140; ibid. CF 2019815, living culture CFCC 53141. CHiNa, Beijing City, Men-
tougou District, Mount Dongling, Xiaolongmen Forestry Centre (115°29'20.52"E,
39°57'47.49"N), from branches of Juglans mandshurica, 17 Aug 2017, H.Y. Zhu &
X.L. Fan, CF 2019809, living culture CFCC 53156.

Notes. Cytospora leucostoma is commonly associated with canker disease of Pru-
noideae of Rosaceae in China (Fan et al. 2020). Morphologically, our taxa are similar to
previous descriptions of C. leucostoma in having multi-loculate pycnidial stromata with
a conspicuous black conceptacle, producing elongate-allantoid, large conidia (4.5-6 x
1-2 pm) (Teng 1963, Zhuang 2005, Fan et al. 2020). The greenish-yellow of the
cultures on PDA medium from Juglans mandshurica is similar to descriptions of those
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Figure 5. Cyrospora leucostoma (Asexual morph) from Juglans mandshurica (CF 2019809). A, B habit of
conidiomata on twig € transverse section of conidioma D longitudinal section through conidioma E co-
nidiophores and conidiogenous cells F conidia G colonies on PDA at 3 days (left) and 30 days (right).
Scale bars: 1 mm (A); 500 um (B-D); 10 pm (E, F).

collected from Prunoideae (Fan et al. 2020). Multigene phylogenetic analyses sup-
ported the morphological results with high support values (ML/MP/BI = 100/100/1,
Fig. 2). By combining morphology and the DNA data, our isolates collected from dead
branches of Prunus sibirica and Juglans mandshurica belong to this species. The current
study represents a new host record of Juglans mandshurica.

Gytospora pruinopsis C.M. Tian & X.L. Fan, Mycological Progress 14(9): 74 (2015)
Fig. 6

Description. See Yang et al. (2015).
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C transverse section of conidiomata D longitudinal section through conidioma E conidiophores and con-
idiogenous cells F conidia G colonies on PDA at 3 days (left) and 30 days (right). Scale bars: 1 mm (A);
250 um (B); 500 pm (C, D); 10 pm (E, F).

Material examined. CHiNa, Beijing City, Mentougou District, Mount Dongling, Xi-
aolongmen Forestry Centre (115°27'29.37"E, 39°56'47.49"N), from branches of Ulmus
pumila, 22 Aug 2017, H.Y. Zhu & X.L. Fan, CF 2019806, living culture CFCC 53153.

Habitat and distribution. Known from Ulmus pumila in Northern China.

Notes. Yang et al. (2015) described Cytospora pruinopsis from cankers of Ul-
mus pumila in Shannxi Province of China. The strain CFCC 53153 clusters in a
well-supported clade with high support value (MP/ML/BI = 100/100/1), based
on combined multi-locus gene phylogenetic analyses (Fig. 2). Morphologically,
it confirms Cytospora pruinosa in having a single locule and small conidia (2—4 x
1 pm) as per the descriptions of Yang et al. (2015). Phylogenetically, our isolates
represent 6/771 nucleotide differences of z¢f1-a comparing with ex-type strains
CFCC 50034 of C. pruinosa. Morphology and sequence data confirmed that our
isolates represent this species.

CGytospora spiraeicola H.Y. Zhu & X.L. Fan, sp. nov.
MycoBank No: 833821
Fig. 7

Etymology. Named after the host genus on which it was collected, Spiraea.

Holotype. CHINa, Beijing City, Mentougou District, Mount Dongling, Xiaolong-
men Forestry Centre (115°28'28.52"E, 39°55'49.42"N), from branches of Spiraca sa-
licifolia, 17 Aug 2017, H.Y. Zhu & X.L. Fan, holotype CF 2019803, ex-type living
culture CFCC 53138.
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Figure 7. Gytospora spiracicola from Spiraea salicifolia (CF 2019803). A, B habit of ascomata on twig
C transverse section of ascoma D longitudinal section through ascoma E asci and ascospores F, G ascus
H ascospores I colonies on PDA at 3 days (left) and 30 days (right). Scale bars: 1 mm (A, B); 500 pm
(C,D); 10 um (E=H).

Description. Necrotrophic on branches of Spiracea salicifolia and Tilia nobilis. Sex-
ual morph: Ascostromata immersed in the bark, erumpent through the surface of bark,
scattered, with 3—5 perithecia arranged regularly, 660-890 pm in diam. Conceptacle
absent. Ectostromatic disc pale grey, usually surrounded by tightly crowded ostiolar
necks, quadrangular, 240-350 um in diam., with 5-8 ostioles arranged regularly per
disc. Ostioles numerous, dark grey to black, at the same or above the level as the disc,
concentrated, arranged regularly in a disc, 25-40 pum in diam. Perithecia dark grey to
black, flask-shaped to spherical, arranged circularly, 210-250 pm in diam. Paraphyses
lacking. Asci free, clavate to elongate, obovoid, 26-37 x 7.5-9 (av. =33 + 2.5 x 8.3 £
0.9, n = 10) pm, 8-spored. Ascospores biseriate, elongate-allantoid, thin-walled, hya-
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line, slightly curved, aseptate, 8.5-12 x 2.5-3.5 (av. = 10 = 1 x 3 £ 0.3, n = 30) pm.
Asexual morph: not observed.

Culture characteristics. Cultures are white, growing up to 4 cm in diam. with
irregular margin after 3 days, covering the 9 cm Petri dish after 6 days, becoming vina-
ceous buff to hazel after 7-10 days. In reverse, the cultures are the same as the upper
colour after 3 days, becoming isabelline to umber after 710 days. Colonies are felty
with a heterogeneous texture, lacking aerial mycelium.

Habitat and distribution. Known from Spiraea salicifolia and Tilia nobilis in
Mount Dongling, China.

Additional material examined. CHINA, Beijing City, Mentougou District, Mount
Dongling, Xiaolongmen Forestry Centre (115°29'20.49"E, 39°57'47.43"N), from
branches of Tilia nobilis, 17 Aug 2017, H.Y. Zhu & X.L. Fan, CF 2019804, living
culture CFCC 53139.

Notes. Cytospora spiraeicola is associated with canker disease of Spiraea salicifolia
and 7ilia nobilis in China, with characteristics similar to Cytospora elaeagnicola and
C. spiraeae in phylogram (Fig. 2). Morphologically, it differs from C. spiraeae by the
smaller perithecia (210-250 vs. 270—400 pum in diam.) and longer ascospores (8.5—
12 x 2.5-3.5 vs. 7-8 x 2-2.5 um) (Zhu et al. 2018a). Phylogenetically, C. spiraei-
cola (CFCC 53138) differs from C. elacagnicola (CFCC 52882) by ITS (8/665), mpb2
(44/730), tefl-a (75/771) and tub2 (42/624) and C. spiraeae (CFCC 50049) by ITS
(4/665), rpb2 (38/730), tefl-a (63/771) and tub2 (44/624) (Zhu et al. 2018a, Zhang

etal. 2019). Therefore, we describe it as a novel species.

Discussion

In the present study, seven specimens were collected from symptomatic branches and
twigs associated with canker disease. Four Cytospora species were isolated from six tree
hosts of Betulaceae, Juglandaceae, Rosaceae, Tiliaceae and Ulmaceae, which include
two known species (Cytospora leucostoma and C. pruinopsis) and two novel species (C.
coryli and C. spiraeicola). This study represents an investigation of Cytospora species asso-
ciated with canker disease in Mount Dongling of China and included a comprehensive
analysis of DNA sequence data to compare the novelties with known Cyrospora species.

In a previous study, Zhu et al. (2018a) described Cytospora spiraeae from Spiraea
salicifolia in Gansu Province of China during an investigation of forest pathogens of
three hosts. Compared to the new species Cyrospora spiracicola, C. spiraeae has larger
perithecia (270-400 vs. 210-250 pm) in diam. and shorter ascospores (7—-8 x 2.5—
3.5 x 8.5-12 vs. 2-2.5 pm). These morphological deviations are in line with the com-
bined phylogenetic analyses which resolved C. spiraeicola as a unique lineage, highly
supported. Besides this, the only strain of C. coryli, closely related to C. ewonymicola
and C. gigalocus, was distinguished by its different size of multiple locules and conidia
(Fan et al. 2015a, 2020).
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This study focused on Cyrospora species in Mount Dongling of Beijing (China),
which is considered as an attractive location with a high richness of fungal species (Guo
etal. 2008, Zhu et al. 2018b, 2019). We hope that the descriptions and molecular data
of Cytospora in this study could provide a resource for future studies in this genus and
lay the foundation for the future canker disease caused by Cytospora species.
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Abstract

Two new species, Catathelasma laorentou and C. subalpinum, are described on the basis of morphological
characters, phylogenetic evidence, host preferences and geographic distributions. A taxonomic key to the
known species in China is also provided to facilitate identification. Based on samples from temperate Asia,
Europe and North America, the phylogeny of Catathelasma was reconstructed using the internal tran-
scribed spacer (ITS) region, the large subunit (LSU) of the ribosomal DNA and the translation elongation
factor 1-o (TEF1).The phylogenetic results showed that Cazathelasma contains two monophyletic clades:
the /subalpinum clade and the /imperiale clade. The Asian species C. laorentou and C. subalpinum are
closely related to the North American C. sp. (labelled as C. ventricosum in GenBank) in the /subalpinum
clade, whereas C. imperiale and C. singeri are closely related in the /imperiale clade.
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Introduction

Catathelasma Lovejoy is the type genus of the mushroom family Cazthelasmataceae
Wasser (Wasser 1985; Sdnchez-Garcia et al. 2016). This genus was erected by Lovejoy
(1910) based on the type species C. evanescens Lovejoy. Morphologically, species within

Copyright Zai-Wei Ge 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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this genus have distinct tricholomatoid basidiomes, decurrent to adnate to sinuate-
adnexed lamellae, double annulus, white spores that are oblong, smooth, amyloid and
acyanophilic, bilateral to subregular lamella trama, firm and white context, hyphae
with clamp connections and an ixocutis, ixolattice or cutis as pileipellis.

Catathelasma has long been regarded a member of the 7richolomataceae (Singer
1975, 1986), but Jiilich (1982) established the family Biannulariaceae Jiilich, based on
Biannularia Beck, which had been synonymised with Cazathelasma (Singer 1940). In
1985, Wasser established the Catathelasmataceae to contain the only member Catathe-
lasma (Wasser 1985), and this family has recently been emended to also include Callisto-
sporium Singer, Guyanagarika Sinchez-Garcia et al. (2016), Macrocybe Pegler & Lodge,
Pleurocollybia Singer and Pseudolaccaria Vizzini et al. (Sinchez-Garcia et al. 2016).

Catathelasma contains four species: C. evanescens, C. imperiale, C. singeri and C.
ventricosum (Kirk et al. 2008, Singer 1986). Species within this genus have been sug-
gested to be ectomycorrhizal (Trappe 1962; Kohzu et al. 1999; Tedersoo and Smith
2013) and tend to be found in coniferous forests in northern temperate regions (Singer
1979). In China, collections of Catathelasma have long been regarded as belonging to
C. imperiale or C. ventricosum (Ying and Zang 1994; Yuan and Sun 2013; Zang et al.
1996). During our studies of the ectomycorrhizal fungi associated with members of
the Pinaceae, especially Keteleeria spp. in China (Ge et al. 2012), a few collections of
Catathelasma with distinct ITS sequences from Catathelasma sequences in GenBank
were encountered. Here, we used morphological observations and multilocus phyloge-
netic analyses to (i) clarify the species identity of Catathelasma specimens in China and
(ii) examine the phylogenetic relationships of Catathelasma species. We also took into
account the geographic isolation and the host associations of the Chinese collections.

Materials and methods

Collections and morphological studies

Catathelasma specimens were collected in western and south-western China (Yunnan,
Sichuan, Gansu and Tibet) and deposited in the Herbarium of Cryptogams, Kunming
Institute of Botany, Chinese Academy of Sciences (HKAS). Herbarium materials iden-
tified as Catathelasma evanescens Lovejoy and Catathelasma singeri Mitchel & A.H. Sm
were loaned from Denver Botanic Garden, Sam Mitchel Herbarium of Fungi (DBG).
Voucher information of the specimens and GenBank (Benson et al. 2017) accession
numbers are detailed in Table 1.

Morphological character descriptions were taken from field notes and colour images
of the material, with colour names and codes following Kornerup and Wanscher (1978).
Microscopic character observations followed published treatments on Catathelasma
species (Mitchel and Smith 1978). Dried material was mounted in 5% aqueous (w/v)
potassium hydroxide (KOH) under a Leica DM2500 microscope (Leica, Bensheim,
Germany) and pileal structure, basidiospores and basidia were observed and measured
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in 5% KOH with 0.5% aqueous Congo Red (w/v). Melzer’s reagent was used to test
the amyloidy of basidiospores. The length and width of at least 20 mature basidiospores
from each specimen were measured in side view. Dimensions for basidiospores are re-
ported as (a—) b—c (—d) and the abbreviation [n/m/p] indicates n basidiospores measured
from m basidiomes of p collections. The range b—c contains a minimum of 90% of the
measured values, with extreme values (a and d) presented in parentheses. Quotient of
length and width (Q), average quotient (Qav) and standard deviation were calculated.

DNA extraction, PCR and sequencing

Genomic DNA was extracted from dry specimens using the modified cetyltrimethyl-
ammonium bromide (CTAB) method (Doyle and Doyle 1987). Briefly, approximately
10 mg tissue was ground into a fine powder in liquid nitrogen in a 1.5 ml Eppendorf
tube using a plastic pestle, and 500 pl of an extraction buffer (2 x CTAB) were added.
The mixture was incubated at 60 °C for 1.5 h, with 0.2% -mercaptoethanol added
prior to the extraction. Phenol-chloroform-isoamyl alcohol (25:24:1) were used to
remove any proteins and polysaccharides and DNA was precipitated by adding 400 pl
isopropanol to the aqueous phase. The DNA pellet was washed in 400 pl 70% ethanol
and air-dried, then suspended in 80 ul TE (pH 8.0).

PCR amplification was performed following Ge et al. (2014) on an ABI 2720
Thermal Cycler (Applied Biosystems, Foster City, CA, USA). Primers used to amplify
the internal transcribed spacer (ITS) region and the large subunit (LSU) of the riboso-
mal DNA and translation elongation factor 1-o (TEF1) were ITS1F/ITS4, LROR/LR5
and 983F/1567R, respectively (Gardes and Bruns 1993; Matheny 2005; Rehner and
Buckley 2005). Polymerase chain reaction (PCR) parameters follow those of Ge et al.
(2014). PCR products were purified using a QIAquick PCR purification kit (Qiagen
Science, USA) and sent to Kunming Shuoqing Biotech Ltd. (Kunming, China) for
sequencing. Both directions were sequenced to improve accuracy. Sequencing primers
were the same as the initial PCR primers. Sequence chromatograms were inspected
and contigs assembled using Seqman version 5.01 (DNA STAR Package; DNAStar,
Madison, W1, USA). The sequences produced in this study were deposited in Gen-
Bank with accession numbers MK909078-MK909123.

Sequence alignment and phylogenetic analyses

DNA sequences of ITS, LSU and TEF1 were independently aligned with MAFFT v6.8
(Katoh et al. 2009) with manual adjustments and the concatenated datasets were manu-
ally constructed. Sequences of Cazathelasma species, generated for this study and those of
the genus that are available in GenBank, were included. Callistosporium graminicolor Len-
nox and Callistosporium luteo-olivaceum (Berk. & M.A. Curtis) Singer were designated as
outgroups based on previous phylogenetic studies (Ammirati et al. 2007; Sinchez-Garcia
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et al. 2016). The datasets were then analysed using RAXML version 7.2.3 (Swofford
2002) and MrBayes v3.1.2 (Ronquist and Huelsenbeck 2003) for Maximum Likelihood
(ML) and Bayesian Inference (BI), respectively. ML analyses were performed with 1000
bootstrap replicates, setting GTRGAMMAI as the selected model; and BI analyses were
conducted with default parameters, except setting generations to 5 million and sam-
pling every 1000 generation. As selected by MrModeltest v2.3 (Nylander 2004), rates =
gamma, nst = 2 was set for I'TS dataset and rates = gamma, nst = 6 were set for LSU and
TEF1, respectively. Since the average standard deviation of split frequencies converged
(< 0.01) after 1 million generations, the first 25% of the sampled Bayesian trees (1251
trees) of the analysis were discarded as the burn-in. As no significant incongruence was
observed using bootstrap values above 70% as threshold, we incorporated the ITS, LSU
and TEF1 sequences into a concatenated dataset and performed the ML and BI analyses
and partitioned the dataset by gene, as mentioned above. Final alignments were depos-
ited in TreeBASE (http://www.treebase.org) under accession number S24480.

Results

Phylogeny and species recognition

Forty-six new ITS, LSU and TEF1 sequences were generated for Cazathelasma species
and deposited in GenBank (Table 1). The alignments of the ITS, LSU and TEF1 se-
quences were 708, 861 and 582 characters in length after trimming, respectively. ML
and BI analyses produced consistent monophyletic clades and congruent phylogenies
(Fig. 1).

Besides four Chinese collections that were confirmed to be conspecific with C.
imperiale, sequences generated from other specimens collected in south-western China
formed two monophyletic clades here described as C. laorentou and C. subalpinum, re-
spectively (Fig. 1); each clade was well supported by both ML and Bl in the ITS, LSU,
TEF1 and concatenated trees (Fig. 1), except that in the TEF1 phylogeny, C. subalpina
is only represented by a single sequence.

As revealed by the analyses of the different genetic markers and concatenated data-
set (ITS, LSU, TEF1 and the combined dataset), the genus Cazathelasma comprises
two monophyletic clades: the /imperiale clade and /subalpinum clade (Fig. 1). Within
the /subalpinum clade, C. laorentou appears to be sister to C. subalpinum and these
Asian species jointly form the sister clade to the North American C. sp. (Fig. 1D, la-
belled as C. ventricosum in GenBank).

The /imperiale clade included the northern-temperate-region distributed C. im-
periale and the North American species C. singeri. The ITS, TEF1 and concatenated
sequences suggest that C. singeri represents a monophyletic clade within or close to C.
imperiale (Fig. 1). In contrast to the /subapinum clade, the inter-species relationships
within the /imperiale clade are not fully resolved: C. singeri is supported by the ML
analyses, but not strongly supported by the BI tree (Fig. 1), although ITS sequences of
C. singeri are only 94% (599/635)—95% (542/570) similar to those of C. imperiale.
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Table I. Taxa, vouchers, geographic origin and GenBank accession numbers of DNA sequences of Caz-

athelasma and outgroups used in this study. New sequences generated in this study are given in bold.

* indicates the type collection.

Taxon Voucher Geographic origin GenBank accession number
ITS LSU TEF1
Catathelasma singeri DBG-F-006151 USA: Colorado MK909090 | MK909109 | MK909079
C. singeri DBG-F-021378 USA: Colorado MK909091 | MK909110 | MK909078
DBG-F-021747 USA: Colorado MK909092 | MK909111 MK909080
C. singeri as ventricosum PBM 2403 USA: Washington DQ486686 | DQ089012 N/A
(AFTOL-ID 1488)
C. imperiale HKAS 84299 China: Tibet MK909094 | MK909112 MK909081
(Z.W. Ge 3461)
HKAS 84315 China: Sichuan MK909096 | MK909113 MK909083
(Z. W. Ge 3477)
HKAS 79952 China: Sichuan MK909095 | MK909114 MK909084
(X. B. Liu 251)
HKAS 76511 China: Gansu MK909093 | MK909115 MK909082
(X. T. Zhu 662)
TAA176551 Canada: Newfoundland N/A AM946417 N/A
UPS F-173429 Sweden: Uppland MK909097 | MK909116 MK909085
UPS F-120619 Sweden: Hilsingland MK909098 N/A N/A
TUB 011562 N/A DQO071743 N/A
DQ071835
LL_128 KX008987 N/A N/A
KM55154 UK: England GQ981498 N/A N/A
C. sp. as imperiale DAOM225247 KP255468 AF261402 KP255475
11CA01A USA: California N/A N/A KC816900
C. sp. as ventricosum DAOM221514 KP255469 AF261401 N/A
TRTC156545 Canada: Quebec JN020996 N/A N/A
Mar3 Canada: Quebec JN020995 N/A N/A
OSC 66879 USA: Pacific Northwest | EUG669305 EU669331 N/A
SMI349 Canada: British Columbia| HQ650727 N/A N/A
TAA176473 Canada: Newfoundland N/A AM946418 N/A
C. laorentou HKAS 84458 China: Yunnan MK909106 | MK909117 MK909086
(Z. W. Ge 3620)
HKAS 92245 China: Yunnan MK909103 | MK909118 MK909087
(Z. W. Ge 3765)
*HKAS 105984 China: Yunnan MK909107 N/A N/A
(Z. W. Ge 4070)
HKAS 71264 China: Yunnan MK909105 | MK909119 MK909088
(T. Guo 368)
HKAS 78582 China: Yunnan MK909108 | MK909120 N/A
(L. H. Han 23)
HKAS 76346 China: Sichuan MK909102 N/A N/A
(Y. J. Hao 688)
HKAS 81166 China: Yunnan MK909104 N/A N/A
(J. Qin 728)
C. subalpinum HKAS 70091 China: Yunnan MK909100 | MK909123 | MK909089
(Q. Cai 495)
*HKAS 67751 China: Yunnan MK909099 | MK909121 N/A
(J. Qin 65)
HKAS 69920 China: Yunnan MK909101 | MK909122 N/A
(L. . Tang 1459)
Outgroups
Callistosporium PBM 2341 DQ484065 AY745702 GU187761
graminicolor (AFTOL-ID 978)
Callistosporium DUKE-JM99124 N/A AF261405 KP255477
luteoolivaceum MSM#004 KJ101607 N/A N/A
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Taxonomy

Considering the strong statistical support as monophyletic groups and the morpho-
logical differences, as well as their host preferences (see below), C. laorentou and C.

subalpinum are described as new species.
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Catathelasma imperiale (P. Karst.) Singer
Fig. 2C, D

Description. Pileus 8-15 cm broad, hemispherical, convex to plano-convex, later ex-
panded with decurved margin, sometimes depressed to funnel-shaped, smooth, dry to
slightly viscid, greyish-brown, reddish-brownish or brown. Lamellae adnate to slightly de-
current, white to off-white when young, whitish to cream when mature, thick, 7-15 mm
in height, with 1-2 series of lamellulae; edge smooth, grey to dark brown. Stipe 5-10 x
1.8-3.0 cm, fusiform, attenuate downwards, straight or curved, firm, with double annu-
lus in which the lower annulus is often gelatinous and the upper annulus is membranous,
with white to whitish upper surface and grey to brown lower surface. Context firm,
white, not changing colour when cut; smell and taste farinaceous. Spore print white.

Basidiospores [60/3/3] 10-14.5 x 4.5-6 pm, hyaline in KOH, amyloid, congo-
philous, smooth, oblong to subcylindrical in frontal view, subcylindrical to somewhat
inequateral in side view, thin-walled, without germ pore. Basidia 35-48 x 7-10 pm,
4-spored, narrowly clavate, hyaline; sterigmata up to 5 um long. Cheilocystidia basidi-
ole-like, with yellow to brown contents. Pleurocystidia absent. Lamella trama bilateral,
composed of more or less parallel to interwoven hyphae. Oleiferous hyphae present in
both lamella and pileus trama. Pileipellis a thick ixocutis of loosely interwoven cylin-
drical, 2-8 pm wide gelatinised hyphae, interspersed with oleiferous hyphae. Clamp
connections present, common.

Ecology. Ectomycorrhizal, solitary or scattered, in forests dominated by Picea spp.
or Abies spp.

Specimens examined. CHINA. Gansu Province: Gannan city, Diebu, Wabagou,
alt. 2700 m, 12 August 2012, X. T. Zhu 662 (HKAS 76511), under Picea sp.; Sichuan
Province: Gangzi prefecture, Dege, Manigange, alt. 4200 m, 9 August 2013, Z. W. Ge
3477 (HKAS 84315), under Picea asperata Mast.; same locality and date, X. B. Liu
251 (HKAS 79952); Tibet: on the way from Bangda to Changdu, 6 August 2013, Z.
W. Ge 3461 (HKAS 84299), alt. 3980 m, under Picea asperata.

Catathelasma laorentou Z.W. Ge, sp. nov.
MycoBank No: 830871
Figs 2A, 3

Diagnosis. This species is distinguished from C. ventricosum (Peck) Singer by having
pale yellow to greyish-yellow basidiomes, longer stipes, abundant clamp connections
and associations with Pinus yunnanensis Mast. and Keteleeria evelyniana Franchet in
south-western China.

Type. CHiNa. Yunnan Province: Chuxiong, Zixi Mountain, alt. 1950 m, in
forest dominated by K. evelyniana Mast. and P yunnanensis Franchet, 26 August
2017, Z. W. Ge 4070 (Holotype: HKAS 105984). GenBank accession numbers:
—ITS, MK909107.
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Figure 2. Basidiomes of Catathelasma species in China. A Catathelasma laorentou (HKAS 92245) B Cat-
athelasma subalpinum (HKAS 67751) C Catathelasma imperiale (HKAS 79952) D Young Catathelasma
imperiale (HKAS 84299) in association with roots of Picea asperata Mast. Scale bars: 2.5 cm.

Description. Pileus 10-24 cm broad, hemispherical to convex at first, expanding
to convex to broadly convex with age; surface initially white, then yellowish-white
(1A2) to pale yellow (1A3), greyish-yellow (2B3) with age, smooth at first, irregularly
depressed, margin more or less incurved, slightly viscid to viscid when wet, occasion-
ally with whitish veil remnants. Lamellae decurrent, white to off-white when young,
whitish when mature, thick, 7-15 mm in height, with 1-2 series of lamellulae, edge
smooth. Stipe 6-24 x 1.5-8 cm, fusiform, attenuate downwards, straight or curved,
firm, with double annulus in which the lower annulus is flimsy and the upper annulus
is membranous to leathery, yellowish-white, often split into several pedals. Context
white, 2.1-4.5 cm thick in pileus, white in pileus and stipe, not changing colour when
cut; smell and taste farinaceous. Spore print white.

Basidiospores [70/3/3] (8) 9-12(15) x (4) 5-6.5 (7) pm (mean 9.9 + 1.3 x 5.8 &
0.5 pm), Q = (1.23) 1.33-2.2 (2.75), Qav = 1.72 * 0.30, ellipsoid, oblong to subcy-
lindrical in frontal view, subcylindrical to somewhat inequateral in side view, hyaline in
KOH, amyloid, congophilous, smooth, thin walled, without germ pore. Basidia 38-50
x 8—10 pum, narrowly clavate, 4-spored, hyaline; sterigmata up to 6 um long. Cheilocyst-
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B

Figure 3. Microscopic features of Catathelasma laorenton (HKAS 105984) A Basidiospores B Basidia
C Pileipellis. Oleiferous hyphae are indicated by thick-walled hyphae. Scale bars: 10 pm.

idia basidiole-like, hyalinous. Pleurocystidia absent. Lamella trama subregular, somewhat
bilateral towards lamella edge, made up of more or less parallel to interwoven hyphae.
Oleiferous hyphae present in both lamella and pileus trama. Pileipellis a thick ixocutis
(850-1000 pm thick) of loosely interwoven cylindrical, gelatinised hyphae 2-10 um in
width, interspersed with oleiferous hyphae. Clamp connections present, common.

Distribution. Known from Sichuan and Yunnan provinces in south-western China.

Ecology. Presumably ectomycorrhizal, solitary or scattered, rarely in small clusters
of 25 basidiomes in Pinus or Keteleeria forests.
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Etymology. From ‘lao ren tou jur, a transliteration of the Chinese name “% A\ 3k #”
which is a local common name used in the wild mushroom markets in Yunnan, China. The
literal translation is “fungus that looks like the shiny bald pate of The God of Longevity”.

Additional specimens examined. CHINA. Yunnan Province, Chuxiong, Nanhua,
wild mushroom market, 12 August 2014, Z. W. Ge 3620 (HKAS 84458); Dali, Bing-
chuan, Jizu Mountain, alt. 2350 m, 4 August 2013, J. Qin 728 (HKAS 81166); Kun-
ming, Aziying, 15 August 2015, Z. W. Ge 3765 (HKAS 92245); Kunming, Yeyahu,
alt. 2000 m, 22 September 2012, L. H. Han 23 (HKAS 78582); Lijiang, Ninglang,
alt. 2300 m, in Pinus yunnanensis forest, 6 August 2011, T. Guo 368 (HKAS 71264);
Sichuan Province: Muli, Liziping, alt. 2500 m, in Pinus yunnanensis forest, 31 July
2012, Y. J. Hao 688 (HKAS 76346).

Discussion. Catathelasma laorentou is morphologically similar to C. ventricosum
(Peck) Singer, a species originally described from North America. Both species have
ellipsoid basidiospores, large-sized hemispherical pilei and a pileipellis composed of an
ixocutis layer. However, C. laorentou has abundant clamp connections, smaller basidi-
ospores (9—11 x 5—6 pum), larger basidia (38—50 x 8—10 um) and is found in coniferous
forest dominated by P yunnanensis and K. evelyniana from south-western China, while
C. ventricosum is found alongside hardwood (Singer 1940).

Catathelasma singeri Mitchel & A.H. Sm. from the USA is morphologically similar
to C. laorentou, but the former differs by its dull pale ochraceous to dingy olive buff pi-
leus which is slimy viscid and shows similarities to Hygrophorus Fr., smaller basidiomes
(pileus around 6 cm, stipe 4 x 1.2 cm), bearing basidiole-like or narrower cheilocys-
tidia. Catathelasma singeri was collected from the aspen zone, which was dominated
by Populus tremuloides and Pinaceae species, although the specific host tree was not
mentioned (Mitchel and Smith 1978).

Catathelasma imperiale, originally described from Europe, is distinguished by its
greyish-brown, reddish-brownish or brown basidiomes (Fig. 2C, D), cylindrical cheilo-
cystidia with yellow contents and its association with species of Pinus, Picea and Abies
(Lassoe and Petersen 2019; Vellinga 1999; personal observation by the first author).

Catathelasma subalpinum Z.W. Ge, sp. nov.
MycoBank No: 830872
Figs 2B, 4

Diagnosis. Catathelasma subalpinum is distinguished from C. laorentou by having
greyish-yellow to grey pilei, higher elevation (alt. 2600-3500 m) occurrence and as-
sociation with Pinus densata Mast.

Type. CHiNA. Yunnan Province: Lijiang, Ninglang, Xichuan Xiang, 14 July, 2010,
J. Qin 65 (Holotype: HKAS 67751). GenBank accession numbers: — I'TS, MK909099;
LSU, MK909121.

Description. Pileus 3.5-15 cm broad, hemispherical at early stage, expanding to
broadly convex with age, shallowly depressed at centre, white to dirty white at first,
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Figure 4. Microscopic features of Catathelasma subalpinum (HKAS 67751). A Basidiospores B Basidia
C Pileipellis. Oleiferous hyphae are indicated by thick-walled hyphae. Scale bars: 10 pm.

then greyish-white (1B1) to greyish-yellow (4C4), grey (8B1) when mature, with
incurved margin, viscid when wet, sometimes irregularly cracked. Lamellae slightly
decurrent, crowded, whitish, thick, 8 mm in height, with 2-3 tiers of lamellulae,
with smooth edge, covered by a white, well developed, thick membranous veil in
early stage. Stipe 11-14 x 3-5.5 cm, fusiform, attenuated downwards, whitish to
yellowish-white, firm, with double annulus in which the lower annulus is flimsy and
the upper one is membranous, thick, around 2.5 cm away from the stipe apex; with
white inner side and greyish-yellow outer side. Context white in pileus and stipe,
not changing colour when cut, 3.5 cm thick in pileus; smell and taste farinaceous.
Spore print white.
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Basidiospores [43/2/2] (9) 10-12 x 5-6 pm (mean 10.7 £ 0.8 x 5.4 £ 0.5 pm),
Q = (1.67) 1.80-2.20 (2.40), Qm = 1.99 * 0.18, subcylindrical in frontal view,
subcylindrical to somewhat inequilateral in side view, hyaline in KOH, amyloid,
smooth, thin-walled. Basidia 35-45 x 8-9 um, narrowly clavate, 4-spored; ster-
igmata up to 5 pm long. Pleurocystidia none. Cheilocystidia basidiole-like, hya-
linous. Lamella trama subregular, somewhat bilateral towards lamella edge, made
up of more or less parallel to interwoven hyphae. Oleiferous hyphae present in
both lamella and pileus trama. Pileipellis a thick ixolattice (500—650 pm thick) of
1.5-10 um wide hyphae which gelatinise and collapse, occasionally interspersed
with oleiferous hyphae; the layer grading gradually into pileal trama. Clamp con-
nections abundant in all tissues.

Distribution. Known from Yunnan Province, south-western China.

Ecology. Presumably ectomycorrhizal, in Pinus densata forests distributed at
around alt. 2600-3500 m. Solitary to scattered, terrestrial.

Etymology. The epithet “subalpinum” refers to the distribution range of the species.

Additional specimens examined. CHINA. Yunnan Province: Lijiang, Elephant
Hill, 1 August 2011, Q. Cai 495 (HKAS 70091); Ninglang, 6 August 2011, L. P. Tang
1459 (HKAS 69920).

Discussion. Catathelasma subalpinum is closely related to C. laorentou, which is
also from south-western China. However, C. subalpinum differs by its higher elevation
distribution and its association with Pinus densata, while C. laorentou has pale yellow
to greyish-yellow basidiomes, associations with P yunnanensis and Keteleeria evelyniana
forests and is comparatively more common than C. subalpinum. Besides, C. subalpi-
num has much fewer oleiferous hyphae in the pileipellis. In addition, phylogenetic
trees, reconstructed from ITS, 28S, TEF1 and concatenated ITS-LSU-TEF1, support
the separation of C. subalpinum from C. laorentou.

Catathelasma subalpinum is also morphologically similar to C. ventricosum Peck)
Singer in general appearance. However, C. subalpinum is found in coniferous forest
dominated by Pinus densata in south-western China, while C. ventricosum is associated
with hardwood trees in south-eastern North America (Singer 1940); C. subalpinum
has abundant clamp connections in all tissues and longer stipes measuring 11-14 x
3-5.5 cm (compared to the 4-5 x 4 cm for C. ventricosum).

Catathelasma singeri from USA is morphologically somewhat similar to C.
subalpinum. However, C. singeri has a slimy viscid pileus that is more similar to
species within the genus Hygrophorus Fr. (Mitchel and Smith 1978), smaller ba-
sidiomes (pileus around 6 cm, stipe 4 x 1.2 cm) compared with those of C. sub-
alpinum (pileus up tol5 cm, stipe 11-14 x 3-5.5 cm) and narrow, basidiole-like
cheilocystidia.

Catathelasma evanescens, which was described from Wyoming (USA), is similar
in general appearance and also has a high elevation distribution. However, C. eva-
nescens has obvious distant lamellae, a hollow stipe, a volva-like veil around the base
of the stipe and longer but narrower basidiospores measuring 14-17.5 x 3-5 pum,
according to Lovejoy (1910).
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Key to the known species of Catathelasma in China

1 Pileus overall ochraceous, greyish-brown or reddish-brownish, lamellae with
cylindrical or basidiole-like, yellow to brown cheilocystidia, under Pinus, Pi-
cea abies, Picea spp. OF AbDies SPP ......covvueerueuirirucineiinieieeneecene C. imperiale

- Pileus overall whitish, greyish-white, greyish-yellow or grey with age and sun
exposure, sometimes brown in the centre, cheilocystidia basidiole-like, hya-
linous, associated with Pinus spp. or Keteleeria spp.........coeeeevevecevnccnnnenne. 2

2 Pileus pale yellow to greyish-yellow, in forest dominated by Pinus yunnanensis
or Keteleeria evelyniana in lower elevation (alt. 700-2900 m)....C. laorentou

- Pileus greyish-yellow to grey, in forest dominated by Pinus densata Mast. in
higher elevation (alt. 2600-3500 m).......cccccvvvrurverereirinennnnes C. subalpinum

Discussion

Host species and geographic distribution as important indicators in delimiting
species within Catathelasma

Most of the characters used to identify fungal species are based on the morphology of
basidiomes. However, the use of morphological characters to delimit species bounda-
ries may be inadequate due to the paucity of measurable characters as basidiomes only
represent a single and transient part of the fungal life cycle (Petersen and Hughes 1999)
and this turns out to be the case in Catathelasmataceae species. In a recent study, species
within Guyanagarika were found to be very difficult to distinguish from each other, based
on morphology and recognition of species within Guyanagarika is only possible through
molecular markers (Sdnchez-Garcia et al. 2016). Here, besides the ecological niches, the
two new species that are described only differ from each other in subtle characters, such
as the colours of the pileus and the density of oleiferous hyphae in the pileipellis.

Based on stable isotope evidence, Catathelasma is ectomycorrhizal (Kohzu et al.
1999). Indeed, habitats of known Catathelasma species are all in ectomycorrhizal
vegetations. For example, C. evanescens is found in “open balsam and spruce wood”
(Lovejoy 1910) and C. imperiale is found in forests of Picea abies or other species of
Picea, Abies or Pinus (Lessoe and Petersen 2019; Vellinga 1999). Similarly, C. singeri is
from the aspen zone, which is dominated by Populus tremuloides and Pinaceae species
(Mitchel and Smith 1978), while C. ventricosum was recorded growing with hardwood
(Singer 1940). Catathelasma sp. is reported associating with conifers such as Picea sitch-
ensis (e.g. Desjardin et al. 2014, as C. ventricosum).

In China, Catathelasma imperiale is distributed in alpine regions in western and south-
western provinces, associated with Picea such as Picea asperata or Abies spp. The finding of
two new Catathelasma species in China viz., C. subalpinum associated with P, densata and
C. laorentou associated with P yunnanensis and/or K. evelyniana, demonstrated that spe-
cies in Catathelasma probably possess host tree preferences, indicating a much narrower
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distribution than previously thought (e.g. the idea that C. imperiale and C. ventricosum
are widely distributed in the Northern hemisphere). Thus, in addition to morphological
characters, host tree species and geographic distribution can be of help in delimiting spe-
cies within ectomycorrhizal genera such as Cazarhelasma. Indeed, mycorrhizal host associ-
ation and geographic separation could contribute to fungal speciation as host-shift events
can provide ecological opportunities for the diversification of ectomycorrhizal fungi (Cui
etal. 2016, 2018; Han et al. 2018; Sato et al. 2017; Sdnchez-Garcia et al. 2016).

Distribution pattern, evolutionary relationships within Catathelasma and future
directions

Our study revealed that the geographical distribution differs amongst species of the
genus: the previous records of C. ventricosum from China were based on incorrect iden-
tifications of C. laorentou or C. subalpinum, whereas C. imperiale, originally described
from Europe, is indeed present in East Asia. Catathelasma laorentou and C. subalpinum
seem to be endemic to south-western China (possibly East Asia), while C. ventricosum,
C. evanescens, C. singeri and C. sp. seem to be endemic to North America, but more
sampling is needed to confirm these assumptions.

The phylogeny of Catathelasma in this study, inferred from ITS, LSU and TEF1
data, revealed that this genus contains two major clades: the /subalpinum clade and
the /imperiale clade (Fig. 1). Within the /subalpinum clade, the North American spe-
cies C. sp. (labelled as C. ventricosum or C. imperiale in GenBank) is sister to the clade
jointly formed by Asian species C. laorentou and C. subalpinum.

Catathelasma evanescens is considered rare and has seldom been collected since it
was described. Although efforts have been made to include C. evanescens in the pre-
sent study by sequencing the specimens identified as C. evanescens (DBG 6151 and
DBG 21378), molecular analysis revealed that they are conspecific with C. singeri. To
better understand the species relationships and historical biogeography of this genus,
recollecting specimens from the type locality of C. evanescens and C. ventricosum is
necessary. Further studies that include these two North American species and the un-
described species C. sp. (Fig. 1) in a multigene phylogeny are needed.
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