
Eight new Arthrinium species from China 1

Eight new Arthrinium species from China

Mei Wang1,2,*, Xiao-Ming Tan3,*, Fang Liu1, Lei Cai1,2

1 State Key Laboratory of Mycology, Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101, 
PR China 2 University of Chinese Academy of Sciences, Beijing 100049, PR China 3 College of Navel Orange, 
Gannan Normal University, Ganzhou, Jiangxi, 341000, PR China

Corresponding author: Lei Cai (cail@im.ac.cn)

Academic editor: P. Cannon    |    Received  4 February 2018    |    Accepted 7 April 2018    |    Published 3 May  2018

Citation: Wang M, Tan X-M, Liu F, Cai L (2018) Eight new Arthrinium species from China. MycoKeys 34: 1–24. 
https://doi.org/10.3897/mycokeys.34.24221

Abstract
The genus Arthrinium includes important plant pathogens, endophytes and saprobes with a wide host 
range and geographic distribution. In this paper, 74 Arthrinium strains isolated from various substrates 
such as bamboo leaves, tea plants, soil and air from karst caves in China were examined using a multi-locus 
phylogeny based on a combined dataset of ITS rDNA, TEF1 and TUB2, in conjunction with morpho-
logical characters, host association and ecological distribution. Eight new species were described based 
on their distinct phylogenetic relationships and morphological characters. Our results indicated a high 
species diversity of Arthrinium with wide host ranges, amongst which, Poaceae and Cyperaceae were the 
major host plant families of Arthrinium species.

Keywords
Ascomycota, Morphology, Phylogeny, Systematics, Taxonomy

Introduction

Arthrinium Kunze is an anamorph-typified genus, which has been traditionally linked to 
the teleomorph-typified genus Apiospora Sacc. (Ellis 1971, Seifert et al. 2011). It is strik-
ingly different from other anamorphic genera for the presence of basauxic conidiophores 
(Hughes 1953, Minter 1985). The traditional generic circumscription of Arthrinium 
was primarily based on morphological characters (e.g. conidial shape, conidiophores, 
sterile cells and the presence of setae) but has been regarded as too narrow (Ellis 1971, 

*	 These authors contributed equally to this article.

Copyright Mei Wang 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.

MycoKeys 34: 1–24 (2018)

doi: 10.3897/mycokeys.34.24221

http://mycokeys.pensoft.net

A peer-reviewed open-access journal

MycoKeys
Launched to accelerate biodiversity research

RESEARCH ARTICLE



Mei Wang et al  /  MycoKeys 34: 1–24 (2018)2

Minter 1985, Crous et al. 2013). It is now recognised that, at the generic level, conidial 
shape and the presence of setae are not reliable characters to infer phylogenetic relation-
ships (Crous et al. 2013). For example, Arthrinium was regarded as being different from 
Cordella Speg. (1886) by the absence of setae amongst the clusters of specialised hyphae 
and different from Pteroconium Sacc. (1892) by the absence of sporodochia and pseu-
doparenchyma (Minter 1985). However, both genera have been reduced to the generic 
synonyms of Arthrinium, based on molecular phylogenetic data (Crous et al. 2013).

Arthrinium species are geographically widely distributed in various hosts. Many 
species of Arthrinium are associated with plants as endophytes or saprobes, as well as 
plant pathogens on some important ornamentals, e.g. A. phaeospermum causing culm 
rot on Phyllostachys viridis (Li et al. 2016); A. arundinis causing brown culm streak of 
Phyllostachys praecox (Chen et al. 2014). Moreover, A. phaeospermum has been reported 
for causing cutaneous infections of humans (Rai 1989, Zhao et al. 1990, de Hoog 
et al. 2000, Crous et al. 2013). Many Arthrinium species are also known to produce 
bioactive compounds with pharmacological and medicinal applications, such as A. 
arundinis and A. saccharicola isolated from a brown alga Sargassum sp., with good an-
tifungal activities against some plant pathogenic fungi (Hong et al. 2015). Arthrinium 
saccharicola, A. sacchari and A. phaeospermum isolated from Miscanthus sp. are known 
to produce industrially important enzymes (Shrestha et al. 2015).

In this paper, eight new Arthrinium species are described and characterised based 
on morphological characters and phylogeny inferred from the combined ITS rDNA, 
TEF1 and TUB2 sequences dataset. Comparisons were made with morphologically 
similar and phylogenetically related species. Fungus-host distribution of Arthrinium 
species are summarised based on data from literature and this study.

Materials and method

Isolates

Diseased and healthy tissues of bamboo leaves and other plant hosts were collected from 
six provinces or municipalities in China (Chongqing, Guangxi, Guangdong, Guizhou, 
Jiangxi, Hunan). Tissue pieces (5 mm × 5 mm) were taken from the margin of leaf 
lesions and the surface sterilised with 75% ethanol for 1 min, 5% NaClO for 30 s, fol-
lowed by rinsing in sterile distilled water for 1 min. The pieces were dried with sterilised 
paper towels and then placed on 1/4 PDA (potato dextrose agar) (Cai et al. 2009).

All cultures were preserved in the LC culture collection (personal culture collec-
tion of Lei Cai housed in the Institute of Microbiology, Chinese Academy of Sciences). 
Type specimens were deposited in Mycological Herbarium of the Institute of Micro-
biology, Chinese Academy of Sciences, Beijing, China (HMAS), with ex-type living 
cultures deposited in China General Microbiological Culture Collection Center (CG-
MCC). Taxonomic information of the new taxa was deposited in MycoBank (www.
MycoBank.org; Crous et al. 2004).
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Morphology

Cultures were incubated on PDA for 7 d at 25 °C to measure the growth rates and on 2% 
malt agar with bamboo leaves to enhance sporulation. Morphological descriptions were 
based on cultures sporulating on MEA (malt extract agar) medium at room temperature 
(ca. 25 °C). Shape and size of microscopic structures were observed using a light micro-
scope and colonies were assessed according to the colour charts of Rayner (1970). At least 
50 conidiogenous cells and conidia were measured to calculate the mean size.

DNA extraction, PCR amplification and sequencing

Fresh fungal mycelia were taken from 7-d-old cultures growing on PDA and ground 
with the organisation disruptor FastPrep-48. Genomic DNA was extracted following 
the modified CTAB protocol as described in Guo et al. (2000).

Phylogenetic analyses were conducted using partial sequences of three loci, 5.8S nu-
clear ribosomal gene with the two flanking transcribed spacers (ITS), part of the trans-
lation elongation factor 1-alpha (TEF1) and beta-tubulin (TUB2). The ITS locus was 
amplified using the primer pair ITS1/ITS4 (Vilgalys and Hester 1990, White et al. 1990); 
TEF1 using EF1-728F/ EF-2 (O’Donnell et al. 1998, Carbone and Kohn 1999); and 
TUB2 using T1 (O’Donnell and Cigelnik 1997) and Bt-2b (Glass and Donaldson 1995).

PCR was performed in a 25 ml reaction containing 18.95 µl double distilled water, 
2.5 µl 10 × PCR buffer, 0.3 µl dNTP mix (2.5 mM), 1 µl of each primer (10 mM), 1 µl 
DNA template and 0.25 µl Taq DNA polymerase (Genstar). The annealing tempera-
tures were adjusted to 52 °C for ITS and TUB2, and 56 °C for TEF1. Purification and 
sequencing of the PCR amplicons were done by SinoGenoMax, Beijing.

Phylogenetic analysis

Sequences generated from the forward and reverse primers were used to obtain con-
sensus sequences using MEGA v. 6.0 (Tamura et al. 2013). The concatenated tree was 
inferred based ITS, TUB2 and TEF1 sequences (Figure 1) using Bayesian and Maxi-
mum-likelihood analyses. Sequences were aligned using an online version of MAFFT 
v. 7 (available at http://mafft.cbrc.jp/alignment/server/). Ambiguous regions were ex-
cluded from the analyses and gaps were treated as missing data. Maximum-likelihood 
(ML) analysis was performed in RAxML v. 7.2.6 (Stamatakis and Alachiotis 2010), 
employing GTR models of evolution settings of the programme and bootstrap support 
obtained by running 1000 pseudo replicates. Maximum Likelihood bootstrap values 
(ML) equal to or greater than 70% are given above each node.

Bayesian analysis was conducted using MrBayes v. 3.2.1 (Ronquist et al. 2012) and the 
best nucleotide substitution model for each locus was calculated with jModelTest v. 2.1.4 
(Posada 2008). Posterior probabilities (PP) (Zhaxybayeva and Gogarten 2002) were de-
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Figure 1. Phylogenetic tree based on the combined ITS, TEF1 and TUB2 sequences alignment gener-
ated from a Maximum likelihood phylogenetic analysis. Bootstrap support values (>70%) and posterior 
probabilities (>0.9) are given at the nodes (ML/PP). The tree is rooted with Nigrospora gorlenkoana CBS 
480.73. The novel species were highlighted (* indicates the ex-type cultures).

termined by Markov Chain Monte Carlo sampling (MCMC) under the estimated model 
of evolution. Four simultaneous Markov chains were run for 10 million generations and 
trees were sampled every 1000 generations. The run was stopped automatically when the 
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average standard deviation of split frequencies fell below 0.01. The first 25% trees, which 
represented the burn-in phase of the analyses, were discarded and the remaining trees were 
used for calculating PP in the majority rule consensus tree. Sequences generated in this 
study were deposited in GenBank (Table 1) and the final matrices used for the phyloge-
netic analyses in TreeBASE (www.treebase.org; accession number: 21341).

Fungus-host distribution of Arthrinium species

To determine the distribution of Arthrinium species on host/substrate, the number of 
species occurred on each host (based on family level) was counted based on data from 
this study, relevant literature and the USDA fungal database (https://nt.ars-grin.gov/
fungaldatabases/). The proportion account for the known 66 species in Arthrinium 
(Index Fungorum) was illustrated in a histogram. Four species with an unknown host 
range were not included in this analysis.

Results

Phylogeny

The combined ITS, TUB2 and TEF1 dataset contained 75 strains, with Nigrospora gor-
lenkoana CBS 480.73 as the out group. For the Bayesian analyses, the best-fit models 
TrN+I+G, GTR+I+G, HKY+I+G were selected for ITS, TUB2 and TEF1 loci, respec-
tively. The ML analysis showed the same tree topology as that obtained in the Bayesian 
analysis. All the Arthrinium strains in this study separated into 13 clades, representing 
five known (A. arundinis, A. hydei, A. rasikravindrii, A. thailandicum, A. xenocordella) 
and eight new species (Figure 1). The eight new species clustered in distinct clades with 
high bootstrap supports (Figure 1). Phylogenetic analyses based on an individual locus 
were also conducted (not shown) and the generated trees are similar to the one gener-
ated from the combined multi-locus dataset (Figure 1).

Host associated with Arthrinium species

The histogram in Figure 2 shows that Arthrinium species were widely distributed 
amongst 17 plant families, including Brassicaceae, Bromeliaceae, Cornaceae, Cyper-
aceae, Euphorbiaceae, Fagaceae, Juncaceae, Lauraceae, Myrsinaceae, Oleaceae, Pinace-
ae, Poaceae, Restionaceae, Rosaceae, Tiliaceae, Urticaceae and Vitaceae. Arthrinium 
species were also isolated from air, dust, soil and sand. The proportion of species oc-
curring on each host family was assessed (Figure 2). Poaceae and Cyperaceae were the 
major host families for Arthrinium, which accounted for 42.42% and 24.24% of spe-
cies in Arthrinium respectively.
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Table 1. Strains included in the phylogenetic analyses.

Speices Strain numbers1 Hosts Countries
GenBank accessions

ITS TUB TEF

Arthirinium 
arundinis

CBS 114316 Leaf of Hordeum 
vulgare Iran KF144884 KF144974 KF145016

CBS 124788 Living leaves of 
Fagus sylvatica Switzerland KF144885 KF144975 KF145017

LC4477 Unknow host China KY494688 KY705159 KY705087
LC4493 Phyllostachys sp. China KY494689 KY806202 KY705088
LC4650 Osmanthus sp. China KY494695 KY705165 KY705094

LC4951 Dichotomanthus 
tristaniaecarpa

China KY494698 KY705168 KY705097

LC4959 Bothrocaryum 
controversum

China KY494699 KY705169 KY705098

LC5311 Air in karst cave China KY494706 KY705175 KY705105
LC5312 Air in karst cave China KY494707 KY705176 KY705106
LC5332 Air in karst cave China KY494710 KY705179 KY705109
LC5394 Soil in karst cave China KY494711 KY705180 KY705110
LC5416 Water in karst cave China KY494712 KY705181 KY705111
LC7118 Leaf of bamboo China KY494723 KY705191 KY705120
LC7122 Leaf of bamboo China KY494726 KY705194 KY705123
LC7160 Leaf of bamboo China KY494738 KY705206 KY705134
LC7211 Leaf of bamboo China KY494739 KY705207 KY705135
LC7216 Leaf of bamboo China KY494741 KY705209 KY705137
LC7218 Leaf of bamboo China KY494742 KY705210 KY705138
LC7243 Leaf of bamboo China KY494744 KY705212 KY705140
LC7252 Leaf of bamboo China KY494747 KY705215 KY705143
LC7277 Leaf of bamboo China KY494750 KY705218 KY705146

Figure 2. A Histogram to show fungus-host distribution of Arthrinium species.
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Speices Strain numbers1 Hosts Countries
GenBank accessions

ITS TUB TEF
A. aureum CBS 244.83* Air Spain AB220251 KF144981 KF145023

A. bambusae

LC7106* = 
CGMCC 3.18335 Leaf of bamboo China KY494718 KY705186 KY806204

LC7107 Leaf of bamboo China KY494719 KY705187 KY705117
LC7113 Leaf of bamboo China KY494720 KY705188 KY806205
LC7124 Leaf of bamboo China KY494727 KY705195 KY806206
LC7125 Leaf of bamboo China KY494728 KY705196 KY705124
LC7128 Leaf of bamboo China KY494730 KY705198 KY705126
LC7246 Leaf of bamboo China KY494745 KY705213 KY705141

A. camelliae-
sinensis

LC5007* = 
CGMCC 3.18333 Camellia sinensis China KY494704 KY705173 KY705103

LC8181 Brassica capestris China KY494761 KY705229 KY705157

A. dichotoman-
thi 

LC4950* = 
CGMCC 3.18332

Dichotomanthus 
tristaniaecarpa

China KY494697 KY705167 KY705096

LC8175 Dichotomanthus 
tristaniaecarpa

China KY494755 KY705223 KY705151

LC8176 Dichotomanthus 
tristaniaecarpa

China KY494756 KY705224 KY705152

A. euphorbiae IMI 285638b Bambusa sp. Bangladesh AB220241 AB220288 –

A. guizhouense
LC5318 Air in karst cave China KY494708 KY705177 KY705107
LC5322* 

=CGMCC3.18334 Air in karst cave China KY494709 KY705178 KY705108

A. gutiae CBS 135835 Gut of a 
grasshopper India KR011352 KR011350 KR011351

A. hispanicum IMI 326877* Maritime sand Spain AB220242 AB220289 –

A. hydei
CBS 114990* Culms of Bambusa 

tuldoides Hong Kong KF144890 KF144982 KF145024

LC7103 Leaf of bamboo China KY494715 KY705183 KY705114
LC7105 Leaf of bamboo China KY494717 KY705185 KY705116

A. hyphopodii MFLUCC 15-0003* Culms of Bambusa 
tuldoides Thailand KR069110 – –

A. japonicum
IFO 30500 Carex despalata 

(dead leaf ) Japan AB220262 AB220309 –

IFO 31098 Carex despalata 
(leaf ) Japan AB220264 AB220311 –

A. garethjonesii KUMCC 16-0202 Dead culms of 
bamboo China KY356086 – –

A. jatrophae MMI 00052* = 
MCC 1014

Healthy petiole of 
Jatropha podagrica India JQ246355 – –

A. jiangxiense

LC2831 Leaf of bamboo China KY494686 KY806201 KY705085
LC4494 Phyllostachys sp. China KY494690 KY705160 KY705089
LC4541 Maesa sp. China KY494691 KY705161 KY705090
LC4547 Machilus sp. China KY494692 KY705162 KY705091

LC4577* = 
CGMCC 3.18381 Maesa sp. China KY494693 KY705163 KY705092

LC4578 Camellia sinensis China KY494694 KY705164 KY705093
LC4993 Phyllostachys sp. China KY494700 KY806203 KY705099
LC4997 Phyllostachys sp. China KY494701 KY705170 KY705100
LC5001 Phyllostachys sp. China KY494702 KY705171 KY705101
LC5004 Phyllostachys sp. China KY494703 KY705172 KY705102
LC5015 Imperata cylindrica China KY494705 KY705174 KY705104
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Speices Strain numbers1 Hosts Countries
GenBank accessions

ITS TUB TEF

A. jiangxiense

LC7104 Leaf of bamboo China KY494716 KY705184 KY705115
LC7154 Leaf of bamboo China KY494736 KY705204 KY705132
LC7156 Leaf of bamboo China KY494737 KY705205 KY705133
LC7275 Leaf of bamboo China KY494749 KY705217 KY705145

A. kogelbergense CBS 113333* Dead culms of 
Restionaceae South Africa KF144892 KF144984 KF145026

A. longistromum
MFLUCC 11-0481* Decaying bamboo 

culms Thailand KU940141 – –

MFLUCC 11-0479 Decaying bamboo 
culms Thailand KU940142 – –

A. malaysianum CBS 102053*
Macaranga hullettii 
stem colonised by 

ants
Malaysia KF144896 KF144988 KF145030

A. marii CBS 497.90* Air Spain AB220252 KF144993 KF145035
A. mediterranei IMI 326875* Air Spain AB220243 AB220290 –
A. mytilomor-
phum

DAOM 214595* Dead blades of 
Andropogon sp. India KY494685 – –

A. neosubglobosa 
JHB006 Dead culms of 

bamboo China KY356089 – –

KUMCC 16-0203 Dead culms of 
bamboo China KY356090 – –

A. obovatum

LC4940*
= CGMCC 3.18331 Lithocarpus sp. China KY494696 KY705166 KY705095

LC8177 Lithocarpus sp. China KY494757 KY705225 KY705153
LC8178 Lithocarpus sp. China KY494758 KY705226 KY705154

A. ovatum CBS 115042* Arundinaria hindsii Hong Kong KF144903 KF144995 KF145037
A. paraphaeosper-
mum MFLU 16-1974 Dead clumps of 

Bambusa sp. Thailand KX822128 – –

A. phaeospermum

CBS 114314 Leaf of Hordeum 
vulgare Iran KF144904 KF144996 KF145038

CBS 114315 Leaf of Hordeum 
vulgare Iran KF144905 KF144997 KF145039

CBS 114317 Leaf of Hordeum 
vulgare Iran KF144906 KF144998 KF145040

CBS 114318 Leaf of Hordeum 
vulgare Iran KF144907 KF144999 KF145041

A. phragmites CPC18900* Culms of 
Phragmites australis Italy KF144909 KF145001 KF145043

A. pseudoparen-
chymaticum

LC7234*
= CGMCC 3.18336 Leaf of bamboo China KY494743 KY705211 KY705139

LC8173 Leaf of bamboo China KY494753 KY705221 KY705149
LC8174 Leaf of bamboo China KY494754 KY705222 KY705150

A. pseudosinense CPC 21546* Leaf of bamboo The 
Netherlands KF144910 – KF145044

A. pseu-
dospegazzinii CBS 102052*

Macaranga hullettii 
stem colonised by 

ants
Malaysia KF144911 KF145002 KF145045

A. pterospermum CPC 20193*
Leaf lesion of 
Machaerina 

sinclairii
Australia KF144913 KF145004 KF145046
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Speices Strain numbers1 Hosts Countries
GenBank accessions

ITS TUB TEF

A. puccinioides CBS 549.86
Leaf of 

Lepidosperma 
gladiatum 

Germany AB220253 AB220300 –

A. rasikravindrii

CBS 337.61 Cissus sp. The 
Netherlands KF144914 – –

CPC 21602 Rice Thailand KF144915 – –

MFLUCC 15-0203 Dead bamboo 
culms Thailand KU940143 – –

MFLUCC 11-0616 Dead bamboo 
culms Thailand KU940144 – –

NFCCI 2144* Soil Svalbard JF326454 – –
LC5449 Soil in karst cave China KY494713 KY705182 KY705112
LC7115 Leaf of bamboo China KY494721 KY705189 KY705118
LC7117 Leaf of bamboo China KY494722 KY705190 KY705119
LC7119 Leaf of bamboo China KY494724 KY705192 KY705121
LC7120 Leaf of bamboo China KY494725 KY705193 KY705122
LC7126 Leaf of bamboo China KY494729 KY705197 KY705125
LC7129 Leaf of bamboo China KY494731 KY705199 KY705127
LC7135 Leaf of bamboo China KY494732 KY705200 KY705128
LC7139 Leaf of bamboo China KY494733 KY705201 KY705129
LC7141 Leaf of bamboo China KY494734 KY705202 KY705130
LC7142 Leaf of bamboo China KY494735 KY705203 KY705131
LC7251 Leaf of bamboo China KY494746 KY705214 KY705142
LC7254 Leaf of bamboo China KY494748 KY705216 KY705144
LC8179 Brassica capestris China KY494759 KY705227 KY705155
LC8180 Brassica capestris China KY494760 KY705228 KY705156

A. sacchari
CBS 212.30 Phragmites australis United 

Kingdom KF144916 KF145005 KF145047

CBS 301.49 Bamboo Indonesia KF144917 KF145006 KF145048

A. saccharicola

CBS 191.73 Air The 
Netherlands KF144920 KF145009 KF145051

CBS 334.86 Dead culms of 
Phragmites australis France AB220257 KF145010 KF145052

CBS 463.83 Dead culms of 
Phragmites australis

The 
Netherlands KF144921 KF145011 KF145053

A. serenense IMI 326869*

Food, 
pharmaceutical 

excipients, 
atmosphere and 

home dust

Spain AB220250 AB220297 –

A. subglobosum MFLUCC 11-0397* Dead bamboo 
culms Thailand KR069112 – –

A. subroseum 

LC7215 Leaf of bamboo China KY494740 KY705208 KY705136
LC7291 Leaf of bamboo China KY494751 KY705219 KY705147
LC7292*

=CGMCC3.18337 Leaf of bamboo China KY494752 KY705220 KY705148

A. thailandicum
MFLUCC 15-0202* Dead bamboo 

culms Thailand KU940145 – –

LC5630 Rotten wood China KY494714 KY806200 KY705113
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Speices Strain numbers1 Hosts Countries
GenBank accessions

ITS TUB TEF

A. xenocordella
CBS 478.86* Soil from roadway Zimbabwe KF144925 KF145013 KF145055

LC3486 Camellia sinensis China KY494687 KY705158 KY705086

A. yunnanum MFLUCC 15-0002* Decaying bamboo 
culms China KU940147 – –

N. gorlenkoana CBS 480.73 Vitis vinifera Kazakhstan KX986048 KY019456 KY019420
*= type strains, strains and sequences generated in this study are shown in bold.
1 CBS: Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CGMCC: China General Micro-
biological Culture Collection; CPC: Culture collection of Pedro Crous, housed at the Westerdijk Fungal 
Biodiversity Institute; DAOM: Canadian Collection of Fungal Cultures, Ottawa, Canada; DSM: Deutsche 
Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany; IMI: Culture collec-
tion of CABI Europe UK Centre, Egham, UK; IFO: Institute for Fermentation, Osaka; LC: Working collec-
tion of Lei Cai, housed at CAS, China; MFLUCC: Mae Fah Luang University Culture Collection, Chiang Rai, 
Thailand; MCC: Microbial Culture Collection of India; NFCCI: National Fungal Culture Collection of India.

Taxonomy

Arthrinium bambusae M. Wang & L. Cai, sp. nov.
MycoBank: MB824906
Figure 3

Type. CHINA, Guangdong Province, on bamboo leaves, 10 Jul. 2016, D.W. Xiao, 
(holotype: HMAS 247187; culture ex-type: CGMCC 3.18335 = LC7106).

Etymology. Named after the host of the holotype.
Description. Hyphae hyaline, branched, septate, 1.5–5.0 μm diam. Conidi-

ophores reduced to conidiogenous cells. Conidiogenous cells erect, aggregated in clus-
ters on hyphae, hyaline to pale brown, smooth, doliiform to ampulliform, or lageni-
form, 4.0–12.0 × 3.0–7.0 μm (x̄ = 6.6 ± 1.8 × 4.8 ± 0.9, n = 30). Conidia olivaceous 
to brown, smooth to finely roughened, subglobose to ellipsoid, 11.5–15.5 × 7.0–14.0 
μm (x̄ = 13.2 ± 0.8 × 11.4 ± 1.2, n = 50).

Culture characteristics. On PDA, colonies flat, spreading, margin circular, with 
abundant aerial mycelia, surface and reverse white to grey. On MEA, colonies flat, 
spreading, surface and reverse brown to black.

Additional specimens examined. CHINA, Jiangxi Province, on bamboo leaves, 
10 Jul. 2016, Q. Xiong, living culture LC7246; Guangdong Province, on bamboo 
leaves, 10 Jul. 2016, D.W. Xiao, living culture LC7107; ibid. living culture LC7113; 
ibid. living culture LC7124; ibid. living culture LC7125; ibid. living culture LC7128.

Notes. Seven strains representing A. bambusae clustered in a well-supported clade 
closely related to A. subroseum (98% sequence similarity in ITS; 92% in TUB2; 96% 
in TEF1). Arthrinium bambusae differs from A. subroseum in the morphology of conidi-
ophore (reduced to conidiogenous cells in A. bambusae vs. erect or ascending, clustered in 
groups in A. subroseum). Moreover, A. bambusae does not produce pigment on the PDA.
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Figure 3. Arthrinium bambusae (from ex-holotype strain CGMCC 3.18335) A–B 7 d old cultures on 
PDA C Colony on MEA producing conidia masses D–F Conidiogenous cells giving rise to conidia 
G Conidia. Scale bars = 10 μm.

Arthrinium camelliae-sinensis M. Wang, F. Liu & L. Cai, sp. nov.
MycoBank: MB824907
Figure 4

Type. CHINA, Jiangxi Province, on Camellia sinensis, 22 Apr. 2013, Q. Chen, (holo-
type: HMAS 247186; culture ex-type: CGMCC 3.18333 = LC5007).

Etymology. Named with the host plant of the type.
Description. Hyphae hyaline, branched, septate, 2.0–4.5 μm diam. Conidi-

ophores reduced to conidiogenous cells. Conidiogenous cells erect, aggregated in clus-
ters, hyaline to pale brown, smooth, doliiform to ampulliform, 4.0–9.5 × 3.0–6.0 μm 
(x̄ = 6.1 ± 1.4 × 4.4 ± 0.9, n = 30). Conidia brown to dark brown, smooth, globose to 
subglobose, 9.0–13.5 × 7.0–12.0 μm (x̄ = 11.1 ± 0.9 × 10.1 ± 1.0, n = 50).

Culture characteristics. On PDA, colonies flat, margin circular, initially white, 
becoming greyish on surface, reaching 9 cm in 7 days at 25 °C. On MEA, with sparse 
aerial mycelia, surface dirty white, reverse pale luteous.

Other specimens. CHINA, Hubei Province, on Brassica campestris, 31 Mar. 2016, 
Y.Z. Zhao, living culture LC8181 = LF1498.

Notes. Two strains representing A. camelliae-sinensis clustered in a well-supported 
clade and appeared closely related to A. jiangxiense (97% sequence similarity in ITS; 
94% in TUB2; 94% in TEF1) and A. obovatum (98% sequence similarity in ITS; 95% 
in TUB2; 93% in TEF1). While A. camelliae-sinensis is distinct from A. jiangxiense in 
its larger conidia (globose or subglobose, 9.0–13.5 × 7.0–12.0 μm in A. camelliae-sin-
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Figure 4. Arthrinium camelliae-sinensis (from ex-holotype strain CGMCC 3.18333) A–B 7 d old cultures 
on PDA C Colony on MEA with bamboo leaves producing conidia masses D–F Conidiogenous cells giv-
ing rise to conidia G Conidia. Scale bars = 10 μm.

ensis vs. surface view 7.5–10.0 μm diam, side view 4.5–7.0 μm diam in A. jiangxiense) 
and conidiogenous cell arrangement (aggregated irregularly on hyphae vs. scattered on 
hyphae in A. jiangxiense) and distinct from A. obovatum in the lack of obovoid conidia 
(see the note under A. obovatum).

Arthrinium dichotomanthi M. Wang & L. Cai, sp. nov.
MycoBank: MB824908
Figure 5

Type. CHINA, Chongqing, on Dichotomanthus tristaniaecarpa, 20 Dec. 2012, L. Cai, 
(holotype: HMAS 247185; culture ex-type: CGMCC 3.18332 = LC4950).

Etymology. Named after the host from which it was isolated.
Description. Hyphae hyaline, branched, septate, 1.5–5.0 μm diam. Conidi-

ophores reduced to conidiogenous cells. Conidiogenous cells erect, aggregated in clus-
ters on hyphae, hyaline to pale brown, smooth, doliiform to clavate or lageniform, 
5.5–11.0 × 3.0–5.0 μm (x̄ = 7.9 ± 1.4 × 4.0 ± 0.5, n = 30). Conidia brown to dark 
brown, smooth to finely roughened, globose, subglobose to lenticular, with a longitu-
dinal germ slit, 9.0–15.0 × 6.0–12.0 μm (x̄ = 12.0 ± 1.4 × 8.5 ± 1.1, n = 50).

Culture characteristics. On PDA, colonies umbonate, margin irregular, with sparse 
aerial mycelia. Colonies creamy-white to greyish without patches reverse, reaching 9 cm 
in 7 days at 25 °C. On MEA, colonies flat, spreading, surface and reverse pale luteous.
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Other specimens. CHINA, Chongqing, on Dichotomanthus tristaniaecarpa, 20 Dec. 
2012, L. Cai, living culture LC8175 = WM529; ibid. living culture LC8176 = WM 530.

Notes. Three strains representing A. dichotomanthi formed a distinct clade closely 
related to A. phaeospermum (Corda) M.B. Ellis (99% sequence similarity in ITS; 96% 
in TUB2; 96% in TEF1), A. serenense Larrondo & Calvo (99% sequence similarity 
in ITS; 95% in TUB2) and A. saccharicola F. Stevens (99% sequence similarity in 
ITS; 95% in TUB2; 97% in TEF1). Arthrinium dichotomanthi differs from A. phae-
ospermum and A. saccharicola in its larger conidia (globose or subglobose, 9.0–15.0 × 
6.0–12.0 μm in A. dichotomanthi vs. surface view (9–)10(–12) μm diam, side view 
6–7 μm diam in A. phaeospermum, surface view (7–)8–9(–10) μm diam, side view 
(4–)5(–6) μm diam in A. saccharicola) and from A. serenense by the absence of odour 
on the MEA colony (Larrondo 1990).

Arthrinium guizhouense M. Wang & L. Cai, sp. nov.
MycoBank: MB824909
Figure 6

Type. CHINA, Guizhou Province, from the air in karst cave, 23 Jul. 2014, Z.F. Zhang, 
(holotype: HMAS 247188; culture ex-type: CGMCC 3.18334 = LC5322).

Etymology. Named after the province where type was collected, Guizhou province.
Description. Hyphae hyaline, branched, septate, 1.5–5.0 μm diam. Conidiophores 

reduced to conidiogenous cells. Conidiogenous cells erect, aggregated in clusters on hy-

Figure 5. Arthrinium dichotomanthi (from ex-holotype strain CGMCC 3.18332) A–B 7 d old cultures 
on PDA C Colony on MEA producing conidia masses D–F Conidiogenous cells giving rise to conidia 
G Conidia. Scale bars = 10 μm.
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phae, pale brown, smooth, subglobose, ampulliform or doliiform, 3.5–8.0 × 3.0 – 4.5 μm 
(x̄ =5.1 ± 1.08 × 3.7 ± 0.49, n = 30). Conidia dark brown to black, smooth to finely 
roughened, globose or subglobose, occasionally elongated to ellipsoidal, with a longitu-
dinal, hyaline, thin, germ slit, 5.0–7.5 × 4.0–7.0 μm (x̄ = 6.1 ± 0.5 × 5.5 ± 0.6, n = 50).

Culture characteristics. On PDA, colonies flat, woolly, margin circular, with 
moderate aerial mycelia, surface initially white, becoming greyish and reverse with 
black patches, reaching 9 cm in 9 days at 25 °C. On MEA, surface dirty white with 
patches of olivaceous-grey and reverse greyish.

Other specimens examined. CHINA, Guizhou Province, from the air in karst 
cave, 23 Jul. 2014, Z.F. Zhang, living culture LC5318.

Notes. Arthrinium guizhouense is closely related to A. sacchari (Speg.) M.B. Ellis 
(99% sequence similarity in ITS; 99% in TUB2; 94% in TEF1). Morphologically, A. 
guizhouense and A. sacchari are very similar in conidial size, but A. guizhouensis pro-
duces relatively shorter conidiogenous cells (3.5–8.0 μm in A. guizhouense vs. 5–12 μm 
in A. sacchari).

Arthrinium jiangxiense M. Wang & L. Cai, sp. nov.
MycoBank: MB824910
Figure 7

Type. CHINA, Jiangxi Province, on Maesa sp., 05 Sept. 2013, Y.H. Gao, (holotype: 
HMAS 247183; culture ex-type: CGMCC3.18381 = LC4577).

Figure 6. Arthrinium guizhouense (from ex-holotype strain CGMCC 3.18334) A–B 6 d old cultures 
on PDA C Colony on MEA producing conidia masses D–H Conidiogenous cells giving rise to conidia 
I Conidia. Scale bars = 10 μm.
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Figure 7. Arthrinium jiangxiense (from ex-holotype strain CGMCC 3.18381) A–B 5 d old cultures 
on PDA C Colony on MEA producing conidia masses D–F Conidiogenous cells giving rise to conidia 
G Elongated conidia H Conidia. Scale bars = 10 μm.

Etymology. Named after the province where the most strains of this species were 
collected, Jiangxi.

Description. Hyphae hyaline, branched, septate, 1.5–5.0 μm diam. Conidiophores 
reduced to conidiogenous cells. Conidiogenous cells erect, scattered or aggregated in 
clusters on hyphae, hyaline to pale brown, smooth, ampulliform, 6.0–15.0 × 2.5–5.0 
μm (x̄ = 9.7 ± 2.6 × 3.7 ± 0.6, n = 30), apical neck 2.5–6.0 μm long, basal part 3.0–9.0 
μm long. Conidia brown, smooth to finely roughened, granular, globose to ellipsoid in 
surface view, 7.5–10.0 μm diam (x̄ = 8.7 ± 0.6, n = 50), lenticular in side view, with lon-
gitudinal, pale germ slit, 4.5–7.0 μm diam (x̄ = 5.8 ± 0.6, n = 50). Sterile cells forming 
on solitary loci on hyphae, brown, finely roughened, subcylindrical to clavate.

Culture characteristics. On PDA, colonies flat, woolly, margin circular, with sparse 
aerial mycelia, initially white, becoming greyish due to sporulation, reaching 9 cm in 
10 days at 25 °C, on MEA, sienna with patches of luteous, reverse luteous to sienna.

Other specimens examined. CHINA, Hunan Province, on bamboo, 22 Sept. 
2010, L. Cai, living culture LC2831; Jiangxi Province, on Phyllostachys sp., 05 Sept. 
2013, Y.H. Gao, living culture LC4494; on Phyllostachys sp., 22 Apr. 2013, Q. Chen, 
living culture LC4993; ibid. living culture LC4497; ibid. living culture LC5001; ibid. 
living culture LC5004; on Imperata cylindrical, 22 Apr. 2013, Q. Chen, living culture 
LC5015; on Maesa sp., 05 Sept. 2013, Y.H. Gao, living culture LC4541; on Machilus 
sp., 05 Sept. 2013, Y.H. Gao, living culture LC4547; on Camellia sinensis, 05 Sept. 
2013, Y.H. Gao, living culture LC4578; on bamboo, 01 Jul. 2016, J.E. Huang, living 
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culture LC7104; ibid. living culture LC7154; ibid. living culture LC7156; ibid. living 
culture LC7275.

Notes. Two strains representing Arthrinium jiangxiense clustered in a well-support-
ed clade and appeared closely related to A. camelliae-sinensis (97% sequence similar-
ity in ITS; 94% in TUB2; 94% in TEF1). While A. jiangxiensis is distinct from A. 
camelliae-sinensis in its smaller conidia (surface view 7.5–10.0 μm diam, side view 
4.5–7.0 μm diam in A. jiangxiensis vs. globose or subglobose, 9.0–13.5 × 7.0–12.0 μm 
in A. camelliae-sinensis) and conidiogenous cell arrangements (conidiogenous cells scat-
tered on hyphae vs. aggregated irregularly on hyphae in A. jiangxiense).

Arthrinium obovatum M. Wang & L. Cai, sp. nov.
MycoBank: MB824911
Figure 8

Type. CHINA, Chongqing, on Lithocarpus sp., 20 Dec. 2012, L. Cai, (holotype: 
HMAS 247184; culture ex-type: CGMCC 3.18331 = LC4940).

Etymology. Referring to the production of the large obovoid conidia.
Description. Hyphae hyaline to pale brown, branched, septate, 1.5–5.0 μm 

diam. Conidiophores reduced to conidiogenous cells. Conidiogenous cells erect, 
aggregated in clusters on hyphae, pale brown, smooth, subcylindrical or clavate, 
5.5–13.5 × 2.5–5.0 μm (x̄  = 8.7 ± 2.4 × 3.6 ± 0.6, n = 30). Conidia dark brown, 

Figure 8. Arthrinium obovatum (from ex-holotype strain CGMCC 3.18331) A–B 7 d old cultures 
on PDA C Colony on MEA producing conidia masses D–E Conidiogenous cells giving rise to conidia 
F Obovoid conidia G Globose to subglobose conidia. Scale bars = 10 μm.
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roughened, globose to subglobose, 11.0–16.5 μm (x̄ = 13.8 ± 1.5, n = 50) in diam.; 
obovoid, 16.0–31.0 × 9.0–16.0 μm (x̄ = 23.0 ± 2.7 × 12.7 ± 1.4, n = 50), occasion-
ally elongated to ellipsoidal.

Culture characteristics. On PDA, colonies flat, spreading, margin circular, ini-
tially white, becoming olivaceous-grey on surface, reverse smoke-grey with patches of 
olivaceous grey, reaching 9 cm in 7 days at 25 °C. On MEA, surface olivaceous grey in 
the central and luteous around, reverse with patches of olivaceous grey.

Other specimens examined. CHINA, Chongqing, on Lithocarpus sp., 20 Dec. 
2012, L. Cai, living culture LC8177; ibid. living culture LC8178.

Notes. Arthrinium obovatum is the only species that produces obovoid conidia 
(Figure. 8F) in this genus, a character distinctly different from other species (Ellis 
1965, 1976, Gjaerum 1967, Pollack and Benjamin 1969, Hudson et al. 1976, Calvo 
and Guarro 1980, Khan and Sullia 1980, Samuels et al. 1981, von Arx 1981, Koskela 
1983, Kirk 1986, Larrondo and Calvo 1990, 1992, Müller 1992, Bhat and Kendrick 
1993, Hyde et al. 1998, Jones et al. 2009, Singh et al. 2012, Crous et al. 2013, 2015, 
Sharma et al. 2014, Senanayake et al. 2015, Senanayake et al. 2015, Hyde et al. 2016, 
Dai et al. 2016a, b).

Arthrinium pseudoparenchymaticum M. Wang & L. Cai, sp. nov.
MycoBank: MB824912
Figure 9

Type. CHINA, Guangdong Province, on bamboo, Jul. 2016, D.W. Xiao, (holotype: 
HMAS 247189; culture ex-type: CGMCC 3.18336 = LC7234).

Etymology. Referring to the pseudoparenchymatous hyphae.
Description. Hyphae hyaline to pale brown, branched, septate, 1.5–5.0 μm 

diam., pseudoparenchymatous. Conidiophores aggregated in hyaline to light brown 
sporodochia, smooth, usually unbranched, up to 40 μm long, 3–6 μm width. Con-
idiogenous cells hyaline to pale yellow, smooth to finely roughened, subcylindrical to 
doliiform, 8.0–18.5 × 3.0–8.5μm (x̄ = 13.7 ± 3.2 × 5.4 ± 1.2, n = 30). Conidia pale to 
dark brown, smooth, finely guttulate, globose to subglobose, 13.5–27.0 × 12.0–23.5 
μm (x̄ = 20.2 ± 2.5 × 17.1 ± 2.4, n = 50). Sometimes lobed or dentate, polygonal or 
irregular in surface view.

Culture characteristics. On PDA, colonies flat, spreading, margin circular, with 
moderate aerial mycelia, initially white, becoming grey on surface, reverse smoke-grey 
without patches, reaching 9 cm in 8 days at 25 °C. On MEA, surface pale luteous to 
grey with abundant mycelia, reverse greyish without patches.

Other specimens examined. CHINA, Guangdong Province, on bamboo, Jul. 
2016, D.W. Xiao, living culture LC8173; ibid. living culture LC8174.

Notes. Arthrinium pseudoparenchymaticum is closely related to A. hyphopodii (94% se-
quence similarity in ITS), but differs in its much larger conidia (13.5–27.0 × 12.0–23.5 μm 
vs. 5–10 × 4–8 μm), the absence of hyphopodia and the presence of dentate conidia.
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Figure 9. Arthrinium pseudoparenchymaticum (from ex-holotype strain CGMCC 3.18336) A–B 8 d old 
cultures on PDA C Colony on MEA producing conidia masses D–E Conidiogenous cells giving rise to 
conidia F–G Dentate conidia H Globose conidia. Scale bars = 10 μm.

Arthrinium subroseum M. Wang & L. Cai, sp. nov.
MycoBank: MB824913
Figure 10

Type. CHINA, Jiangxi Province, on bamboo, 1 Jul. 2016, J.E. Huang, (holotype: 
HMAS 247190; culture ex-type: CGMCC3.18337 = LC7292).

Etymology. Named after the colour of colony on PDA, pinkish.
Description. Hyphae hyaline to pale brown, branched, septate, 1.5–6.0 μm diam. 

Conidiophores hyaline to pale brown, smooth, erect or ascending, simple, flexuous, 
subcylindrical, clustered in groups. Conidiophores aggregated in brown sporodochia, 
smooth, hyaline to brown, up to 20 μm long, 2–4.5 μm width. Conidiogenous cells 
pale brown, smooth, doliiform to subcylindrical, 3.0–6.5 × 2.0–5.0 μm (x̄ = 4.7 ± 1.2 
× 3.7 ± 0.9, n = 30). Conidia pale brown to dark brown, smooth, globose to subglo-
bose or ellipsoidal, 12.0–17.5 × 9.0–16.0 μm (x̄ = 14.9 ± 1.4 × 11.8 ± 1.8, n = 50).

Culture characteristics. On PDA, colonies flat, spreading, margin circular, with 
moderate aerial mycelia, initially white, becoming light pink on surface, reverse peach-
puff without patches, reaching 10 cm in 8 days at 25 °C. On MEA, surface blackish-
green with abundant mycelia, reverse with patches of greyish.

Other specimens. CHINA, Jiangxi Province, on bamboo, 1 Jul. 2016, J.E. Huang, 
living culture LC7215; ibid. living culture LC7291.

Notes. Three strains representing A. subroseum clustered in a well-supported clade, 
closely related to A. garethjonesii (94% sequence similarity in ITS) and A. bambusae 
(98% sequence similarity in ITS; 92% in TUB2; 96% in TEF1). However, A. subro-
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seum differs from A. bambusae in the morphology of conidiophores (erect or ascending, 
clustered in groups in A. subroseum vs. reduced to conidiogenous cells in A. bambusae). 
Arthrinium subroseum is not morphologically comparable to A. garethjonesii, whose 
asexual morph is undetermined (Dai et al. 2016b).

Discussion

Arthrinium, Cordella and Pteroconium share similar morphological characters, e.g. basaux-
ic conidiophores with terminal and intercalary polyblastic conidiogenous cells and brown, 
unicellular conidia with a pallid germ slit (Ellis 1971, Hyde et al. 1998). Crous et al. 
(2013) reduced both Cordella and Pteroconium as generic synonyms of Arthrinium based 
on molecular phylogenetic data and regarded traditionally applied morphological charac-
ters in distinguishing these genera as phylogenetically insignificant. This study added eight 
novel species and our data are in good accordance with that of Crous et al. (2013). For 
example, A. pseudoparenchymaticum is sporodochial and pseudoparenchymatous, which 
would be classified as Pteroconium in the traditional taxonomy. However, the multi-locus 
(ITS, TEF1 & TUB2) tree (Figure. 1) shows that A. pseudoparenchymaticum is phyloge-
netically distant from A. pterospermum (syn. P. pterospermum, the type of “Pteroconium”).

Currently there are 70 recognised species in Arthrinium (Index Fungorum), occurring 
on a wide variety of both living and decaying plant materials. It is noteworthy that Arthrin-
ium species showed distinct preference for growing on two graminaceous families, Poaceae 

Figure 10. Arthrinium subroseum (from ex-holotype strain CGMCC3.18337) A–B 10 d old cultures 
on PDA C Colony on MEA producing conidia masses D–E Conidiogenous cells giving rise to conidia 
F–G Conidia. Scale bars = 10 μm.
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and Cyperaceae, amongst which, Bambusa (Poaceae) and Carex (Cyperaceae) are two of 
the most common host genera for Arthrinium species. For example, seven species have 
been recorded from Carex spp., i.e. A. austriacum Petr. (1959), A. caricicola Kunze (1817), 
A. globosum Koskela (1983), A. kamtschaticum Tranzschel & Woron (1914), A. morthieri 
Fuckel (1870), A. muelleri Ellis (1976) and A. naviculare Rostr. (1886). Bamboo has been 
widely known as a favourable host for Arthrinium, e.g. A. hyphopodii, A. longistromum, A. 
subglobosum, A. thailandicum and A. yunnanum (Senanayake et al. 2015, Dai et al. 2016). 
In this study, three new species (A. bambusae, A. subroseum and A. pseudoparenchymaticum) 
were also isolated from bamboo. In addition, three species (A. arundinis, A. guizhouense, 
and A. rasikravindrii) were isolated from air and soil from karst caves, where have been 
shown to encompass a high fungal diversity (Jiang et al. 2017, Zhang et al. 2017).

In addition to the Arthrinium species from China, we also tried to resolve the phy-
logenetic status of Arthrinium mytilomorphum Bhat & W.B. Kendr. (Bhat and Kendrick 
1993) in the current study. DNA extraction from the type specimen of A. mytilomorphum 
(DAOM 214595) was prohibited but DAOM provided a DNA sample. Unfortunately, we 
only managed to obtain an ITS sequence from this DNA sample, while the amplifications 
of all other protein coding genes were unsuccessful. The ITS phylogenetic tree (not shown 
here) shows that A. mytilomorphum is closely related to A. subroseum (99 % sequence simi-
larity in ITS), while the morphology of these two species are very different from each other. 
Conidia of A. mytilomorphum are dark brown, fusiform or navicular, measuring 20–30 × 
6–8.5 μm, slightly bowed down and asymmetric (Figure 11), while those of A. subroseum 
are pale brown to dark brown, globose or subglobose, measuring 12–17.5 × 9–16 μm.

Figure 11. Arthrinium mytilomorphum (from holotype DAOM 214595) A–B Overview of the type 
specimen C–F Conidiogenous cells giving rise to conidia G Conidia. Scale bars = 10 μm.
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Teleomorph-typified genus Apiospora was treated as a synonym of anamorph-
typified genus Arthrinium on the basis that Arthrinium is older and more commonly 
used in literature (Crous et al. 2013). However, only three of the 58 recorded Api-
ospora species have been properly linked to their known Arthrinium counterparts, i.e. 
Arthrinium hysterinum (syn. Ap. bambusae) (Sivanesan 1983, Kirk 1986); Arthrinium 
arundinis (syn. Ap. montagnei) (Hyde 1998); Arthrinium sinense (syn. Ap. sinensis) 
(Réblová et al. 2016). In addition, molecular data of only four Apiospora species (Ap. 
bambusae, Ap. montagnei, Ap. setosa and Ap. sinensis) are available, in which only A. 
bambusae and A. sinensis have type-derived sequences. A comprehensive taxonomic 
revision of this taxonomic group awaits fresh collection and epitypification of many 
Apiospora species and, based on which, phylogenetic links with Arthrinium species 
could be established.
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Abstract
Architrypethelium murisporum Luangsuphabool, Lumbsch & Sangvichien is described for a crustose lichen 
occurring in dry evergreen forest in Thailand. It is characterised by a green to yellow-green corticated thal-
lus, perithecia fused in black pseudostromata with white rim surrounding the ostiole and small, hyaline 
and muriform ascospores. Currently, all species in the genus Architrypethelium have transversely septate 
ascospores, hence the discovery of this new species indicates that ascospore septation is variable within the 
genus, similar to numerous other groups of lichen-forming ascomycetes. Phylogenetic analyses of two loci 
(mtSSU and nuLSU) supported the position of the new species within Architrypethelium. This is the first 
report of the genus in Southeast Asia.
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Introduction

The genus Architrypethelium Aptroot (Ascomycota, Dothideomycetes, Trypetheli-
ales) includes crustose lichens with perithecioid ascomata growing on tree bark in the 
tropics (Aptroot 1991, Aptroot et al. 2008, Aptroot and Lücking 2016). The genus 
accommodates species with a corticate thallus, solitary or aggregate ascomata with 
apical or eccentric ostioles, a clear or inspersed hymenium and hyaline or brown, 3–5 
septate, transversely septate ascospores (Aptroot et al. 2008, Aptroot and Lücking 
2016). Although, Architrypethelium is morphologically similar to Astrothelium species, 
the two genera have been shown to be distantly related. The latter genus fell into two 
clades (Lücking et al. 2016) with one being a sister group to Architrypethelium. Phe-
notypically Architrypethelium differs from Astrothelium in having predominantly large 
ascospore without diamond-shaped lumina when mature (Aptroot 1991, Aptroot et 
al. 2008, Nelsen et al. 2014, Aptroot and Lücking 2016, Lücking et al. 2016b). An-
other genus with muriform ascospores is Aptrootia, which also shares an astrothelioid 
stage in the young ascospores (Lücking et al. 2016) and the genus formed a sister-
group to a clade including Architrypethelium and Astrothelium p.pt. further calling the 
generic delimitation in the family in question. Morphologically, Aptrootia differs from 
Astrothelium in having dark brown ascospores with a hard outer shell (Lücking et al. 
2016). While most genera in Trypetheliaceae, such as Astrothelium s.str., Bathelium, 
Polymeridium and Viridothelium include species with various ascospore types (Hyde 
et al. 2013, Nelsen et al. 2014, Aptroot and Lücking 2016, Lücking et al. 2016b), 
the species of Architrypethelium shared a similar ascospore morphology (Nelsen et al. 
2014, Lücking et al. 2016b).

Previously, three species were accepted in Architrypethelium (Aptroot 1991, Apt-
root et al. 2008). Recently, the numbers of species increased with the description of 
two new species and two combinations into the genus (Aptroot and Lücking 2016, 
Flakus et al. 2016, Lücking et al. 2016a). Currently, seven species are accepted in Ar-
chitrypethelium, viz. Architrypethelium columbianum (Nyl.) Aptroot & Lücking, Archit-
rypethelium grande (Kremp.) Aptroot & Lücking, Architrypethelium hyalinum Aptroot, 
Architrypethelium lauropaluanum Lücking, Nelsen & Marcelli, Architrypethelium nitens 
(Fée) Aptroot, Architrypethelium penuriixanthum Flakus & Aptroot, and Architrypethe-
lium uberinum (Fée) Aptroot (Aptroot 1991, Aptroot et al. 2008, Aptroot and Lücking 
2016, Flakus et al. 2016, Lücking et al. 2016a). All species are known from the Neo-
tropics, except A. uberinum, which is also known from Oceania (Aptroot and Lücking 
2016, Flakus et al. 2016, Lücking et al. 2016a), suggesting a pantropical distribution 
(Aptroot and Lücking 2016). Until now, the genus Architrypethelium has not been 
known from southeast Asia. Here we describe a new species from Thailand, which has 
a rich pyrenocarpous lichen flora (Buaruang et al. 2017), with muriform ascospores, 
confirming its presence in southeast Asia. Further, we provide phylogenetic evidence 
to support its placement in the genus Architrypethelium and hence demonstrating that 
the ascospore septation is also variable in this genus.
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Material and methods

Specimen collection and phenotypical studies

The material of the new species was found in a dry evergreen forest of the north-eastern 
region in Thailand. Morphology was studied using an Olympus SZ11 dissecting mi-
croscope and free hand sections were mounted in distilled water and studied using an 
Olympus BX53 compound microscope with differential interference contrast (DIC) 
(Olympus U-DICT), connected to a Canon EOS650 digital camera. Secondary me-
tabolites were studied using thin-layer chromatography (TLC) with standard solvent 
A (Orange et al. 2001, Lumbsch 2002).

Molecular data

Genomic DNA of the holotype was extracted from the dried lichen thallus using the 
CTAB method with chloroform precipitation (Cubero and Crespo 2002). DNA ampli-
fication was performed for mitochondrial small subunit ribosomal DNA (mtSSU) and 
nuclear large subunit ribosomal DNA (nuLSU) using primer pairs mrSSU1 (Zoller et al. 
1999) with MSU7 (Zhou and Stanosz 2001) and LR0R with LR3 (Vilgalys and Hester 
1990), respectively. PCR reaction mixture was prepared in a total volume of 50 μl, con-
sisting of 5 μl of 10× Pfu Buffer with MgSO4, 2mM of dNTP mix, 20 μM of each primer, 
1·25 U of Pfu DNA Polymerase (Thermo Fisher Scientific Inc.) and 5 μl of 1/10 dilution 
of DNA solution. PCR was performed using a thermal cycler Life ECO (Hangzhou 
Bioer Technology Co., China) as follows: initial denaturation for 1 min at 94 °C and 
38 cycles of 94 °C for 1 min, 52 °C for 45 s (LR0R/LR3) and 53 °C for 45 s (mrSSU1/
MSU7), followed by an extension at 72 °C for 1 min and a final extension at 72 °C for 5 
min. DNA purification and sequencing methods followed Luangsuphabool et al. (2016).

Phylogenetic analysis

The new sequences were aligned with other species of Architrypethelium and other Try-
petheliaceae from GenBank (Table 1). Aptrootia and Astrothelium s. lat. have been shown 
to be the sister groups to Architrypethelium (Lücking et al. 2016b) and two taxa of Bathe-
lium madreporiforme were used as the outgroup. The DNA datasets (mtSSU and nuLSU) 
were aligned separately using MUSCLE (Edgar 2004) and improved manually using 
MEGA v.7 (Kumar et al. 2016). The nucleotide substitution model for maximum likeli-
hood (ML) and Bayesian inference (BI) analyses was chosen using jModelTest v.2.1.4 
(Darriba et al. 2012) with the Akaike Information Criterion (AIC). The ML tree was per-
formed on the CIPRES supercomputer using the programme RAxML-HPC2 v.8.2.10 
on XSEDE (Miller et al. 2010) and bootstrap values were estimated with 1000 pseudo-
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Table 1. Species, location, voucher information and GenBank accession numbers for samples used in this 
study. Newly obtained sequences in bold and missing data are indicated by [–].

Species Isolate Country Voucher information
GenBank accession No.

mtSSU nuLSU
Aptrootia elatior MPN560B New Zealand Knight O61815 (OTA) KM453821 KM453754
A. robusta MPN235B Australia Lumbsch 20012 (F) KM453822 KM453755
A. terricola DNA1501 Costa Rica Lücking 17211 (F) DQ328995 KM453756
Architrypethelium 
lauropaluanum MPN48 Peru Nelsen Cit1P (F) KX215566 KX215605

A. nitens MPN257 Panama Lücking 27038 (F) KM453823 KM453757
A. uberinum MPN489 Brazil Nelsen s. n. (F) [–] KM453758
A. murisporum UBN215 Thailand Luangsuphabool 031332 (RAMK) LC361339 LC361340
Astrothelium 
endochryseum MPN436 Brazil Lücking 31088 (F) KM453837 KM453772

A. subendochryseum MPN202B El Salvador Lücking 28121 (F) [–] KX215659

A. scorizum MPN336 Brazil Lücking 29814 (F) KM453872 KM453808

A. obtectum MPN422 Brazil Lücking 31242 (F) KM453832 KM453767
A. laevithallinum MPN442 Brazil Lücking 31061 (F) KM453836 KM453771
A. subinterjectum MPN157 Brazil Nelsen B15 (F) KX215583 KX215660
Bathelium 
madreporiforme NAN95 Thailand Luangsuphabool 027903 (RAMK) LC128029 LC127414

B. madreporiforme UBN147 Thailand Luangsuphabool 027904 (RAMK) LC128028 LC127413

replicates. Bayesian inference analysis and posterior probabilities were calculated using 
MrBayes v.3.2.1 (Ronquist and Huelsenbeck 2003) with the Markov chain Monte Carlo 
(MCMC) algorithm. Four chains and two independent runs were carried out with 10 
million generations. Every 100th tree was saved into a file and aborting the analysis was 
set at the mean standard deviation < 0·01. Tree topology of both ML and BI analyses was 
illustrated using FigTree v.1.4.2 (http:// tree.bio.ed.ac.uk/software/figtree/).

Results and discussion

Two new DNA sequences of mtSSU and nuLSU were generated for this study (Table 1). 
The alignment matrix contained 609 unambiguously aligned nucleotide position charac-
ters, including 200 mtSSU and 409 nuLSU positions. The GTR+I+G model was chosen 
as the best-fit model for phylogenetic analyses. The topology of single locus analyses did 
not show any conflicts and hence the combined data set was used for the analysis. The 
posterior probabilities of the BI analysis together with the ML bootstrap values are both 
shown in the ML tree (Fig. 1).

The tree topology supported the fact that the new species is part of the genus Ar-
chitrypethelium with strong support values (Fig. 1). Although the morphological char-
acters of the new species would place it in the genus Astrothelium (Fig. 2), the shape of 
ascospore lumina is somewhat different from Astrothelium in having rounded-shaped 
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Figure 1. Phylogenetic relationships of Architrypethelium and sister genera based on a combined data set 
of two DNA loci (mtSSU and nuLSU rDNA). Bootstrap values ≥ 70% and posterior probabilities ≥ 0.95 
are shown at above and below branches.

lumina (Fig. 2C) (Aptroot and Lücking 2016). This new species seems to be closer re-
lated to species with hyaline ascospore (Architrypethelium lauropaluanum) than brown 
ascospores (A. nitens and A. uberinum) (Aptroot 1991, Aptroot et al. 2008, Lücking 
et al. 2016a). So far, all species in Architrypethelium had large, transversely septate as-
cospores (Aptroot and Lücking 2016). However, our new species has small, muriform 
ascospores (Fig. 2B–C). The ascospore ontogeny in the new species resembles that of 
Architrypethelium spp. (Sweetwood et al. 2012), but continues septation to form mu-
riform spores and the endospore is reduced when mature.

The variation of ascospore size and septation in Architrypethelium is not surprising 
given the variation of ascospores in other genera of Trypetheliaceae. This phenomenon 
is also commonly found in many genera in families of non-lichenised ascomycetes, 
viz. Lophiostomataceae and Melanommataceae (Mugambi and Huhndorf 2009) and 
lichenised families, such as Graphidaceae and Pyrenulaceae (Lücking 2009, Aptroot 
2012, Weerakoon et al. 2012, Aptroot and Lücking 2016, Gueidan et al. 2016), which 
supports the fact that ascospore characters are often poor predictors of phylogenetic 
relationships (Nelsen et al. 2014, Lücking et al. 2016b).
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Taxonomic treatment

Architrypethelium murisporum Luangsuphabool, Lumbsch & Sangvichien, sp. nov.
MycoBank: MB823970
Figure 2

Type. THAILAND. Ubon Ratchathani Province: Na Pho Klang, Khong Chiam Dis-
trict, 15°31'N, 105°35'E, ca. 130 m alt., dry evergreen forest, on tree bark, 27 Novem-
ber 2012, T. Luangsuphabool RAMK 031332 (holotype: RAMK).

Diagnosis. Characterised within the genus by having small, hyaline and muriform 
ascospores.

Etymology. The specific epithet refers to the muriform ascospore character of the 
new species.

Description. Thallus crustose, corticate, thick, green to yellow-green, smooth to un-
even, with cortex 40–125 μm thick, medulla 20–75 μm thick, prothallus black. Algae 
trentepohlioid, cells 18–65 μm wide. Ascomata perithecia, pyriform, black, 0.45–0.60 mm 
diam., erupent to prominent, fused into a pseudostroma, not covered by thallus. Ascoma 
wall carbonised, up to ca. 145 μm thick. Ostiole apical, black, not shared, with a white an-
nulus surrounding the ostiolar region. Pseudostroma forming raised black lines, irregular 
in shape or forming a partial network on the thallus. Hamathecium hyaline, not inspersed 
with droplets or granules, consisting of branched and anastomosing paraphyses, 1.5–2.5 
µm thick. Asci clavate to cylindrical, 150–200 × 32–50 µm. Ascospores 8 per ascus, hya-
line, muriform with 6–9 transverse and 1–2 longitudinal septa per tier near centre of spore 
in optical section, narrowly ellipsoid, 35–50 × 13–15.5 μm. Pycnidia not observed.

Secondary chemistry. Thallus UV–, K–, C–, KC–, PD– ; pseudostroma UV–, 
K–, C–, KC–, PD– . TLC: no substances detected.

Distribution and ecology. The new species was found in north-eastern Thailand, 
growing in a dry evergreen forest on tree bark. It is only known from the type locality.

Notes. Architrypethelium murisporum is morphologically similar to Astrothelium 
keralense (Upreti & Ajay Singh) Aptroot & Lücking and A. variatum (Nyl.) Aptroot 
& Lücking in having hyaline, small and muriform ascospores, but differs in having 
ascomata fused into a pseudostroma and not covered by the thallus (ascomata solitary, 
covered by the thallus in A. keralense and ascomata covered by thallus except ostiole 
regions in A. variatum), narrowly ellipsoid ascospores (fusiform in both Astrothelium 
spp.). Also the ascospore size (35–50 × 13–15.5 μm) differs from A. keralense (50–60 
x 15–20 μm) and A. variatum (24–35 x 11–13 μm). The placement of the new species 
in Architrypethelium is supported by molecular evidence (Fig 1), but it is unlikely to be 
confused with any of the currently accepted species in that genus due to the differences 
in ascospore size and septation (Aptroot et al. 2008, Aptroot and Lücking 2016, Flakus 
et al. 2016, Lücking et al. 2016a). The new taxon has muriform and relatively small 
ascospores (ca. 50 µm, long) (Fig 2), whereas other Architrypethelium species have trans-
versely septate ascospores (3–5 septate), that are longer than 90 µm (Aptroot 1991, Ap-
troot et al. 2008, Aptroot and Lücking 2016, Flakus et al. 2016, Lücking et al. 2016a).
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Figure 2. Morphological characters of Architrypethelium murisporum (holotype): A thallus and pseudos-
tromata with ascomata B ascus with ascospores and C ascospores. Scale bars: 1 mm (A); 10 μm (B–C).
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Abstract
The new species Pseudowrightoporia dominicana is described from the Dominican Republic based on mor-
phological and molecular data (nrITS and nrLSU sequence analyses). It is mainly characterised by pileate 
basidiomata with a bright pinkish context and a di-trimitic hyphal system. Phylogenetically, it is sister to 
the African species P. gillesii and to the Asiatic P. japonica.
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Introduction

The genus Wrightoporia Pouzar, typified with W. lenta (Overh. & J. Lowe) Pouzar 
(Pouzar 1966), is traditionally characterised by resupinate to pileate basidiomata, an-
nual to perennial habit, small to medium pores and cottony to hard texture. Hyphal 
system monomitic to di-trimitic, generative hyphae clamped or rarely with simple 
septa, skeletal hyphae dextrinoid, partially dextrinoid (only in the tubes) or not dextri-
noid. Basidiospores small, cylindrical to globose, smooth to finely asperulate, amyloid 
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(Ryvarden 1982, 2016; David and Raichenberg 1987, Stalpers 1996, Núñez and Ry-
varden 2001, Hattori 2008). To date, there are 52 species transferred to or described 
in the genus (Index Fungorum 2018). This genus belongs to the Hericiaceae, in the 
Russulales (Larsson and Larsson 2003, Chen et al. 2016).

Chen et al. (2016), on the basis of combined nrITS/nrLSU phylogenetic analyses 
and morphological data, indicated that the genus Wrightoporia, as currently circum-
scribed, is strongly polyphyletic and recognised six clades in Wrightoporia s.l. Con-
sequently, species previously treated in Wrightoporia were transferred to Amylonotus 
Ryvarden, Amylosporus Ryvarden and to the three new genera Larssoniporia Y.C. Dai, 
Jia J. Chen & B.K. Cui, Pseudowrightoporia Y.C. Dai, Jia J. Chen & B.K. Cui and 
Wrightoporiopsis Y.C. Dai, Jia J. Chen & B.K. Cui. In particular, the genus Pseudow-
rightoporia was established by Chen et al. (2016) to accommodate Wrightoporia cylin-
drospora Ryvarden (the generic type), W. japonica Núñez & Ryvarden, Pseudowrighto-
pora crassihypha Y.C. Dai, Jia J. Chen & B.K. Cui, P. hamata Y.C. Dai, Jia J. Chen & 
B.K. Cui and P. oblongispora Y.C. Dai, Jia J. Chen & B.K. Cui, species causing white 
rot and mostly characterised by soft corky to corky basidiomes, shining pores, dimitic 
hyphal structure with clamped generative hyphae and skeletal hyphae, ellipsoid, finely 
asperulate and amyloid basidiospores and a subtropical to tropical distribution. Based 
only on these morphological characteristics, the following species were transferred 
to Pseudowrightoporia: Wrightoporia africana Johans. & Ryvarden, W. aurantipora T. 
Hatt., W. gillesii A. David & Rajchenb., W. solomonensis (Corner) T. Hatt. and W. 
straminea T. Hatt.

During the species diversity study of wood-inhabiting macromycetes in the Do-
minican Republic, a pileate Pseudowrightoporia was discovered. The aim of this inves-
tigation was to identify and to analyse the Pseudowrightoporia specimens using both 
morphological and molecular techniques.

Materials and methods

Morphology

Photographs of fresh basidiomata were taken in situ by a Nikon Coolpix 8400 digital 
camera and then dried, while the photos of the microscopical structures were obtained 
through a Olympus BH-2 light microscope and a Nikon D7100 digital camera. For 
microscopical analysis, tiny fragments from dried material were mounted in Melzer’s 
anionic reagent for testing amyloid and dextrinoid reactions of spores and other mi-
croscopical elements. All microscopic measurements were carried out with a ×1000 
oil immersion objective. Basidiospores were measured from hymenophores of mature 
basidiomes, dimensions are given as: (minimum–) average minus standard deviation – 
average – average plus standard deviation (–maximum) of length × (minimum–) aver-
age minus standard deviation – average – average plus standard deviation (–maximum) 
of width; Q = (minimum–) average minus standard deviation – average – average plus 
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standard deviation (–maximum) of the length/width ratio. Spore statistics were pro-
duced using R version 3.4.4 (R Core Team 2018). Herbarium acronyms follow Thiers 
(2018, continuously updated) with the exception of ANGE that refers to the personal 
herbarium of C. Angelini.

DNA extraction, PCR amplification and DNA sequencing

Genomic DNA was isolated from 10 mg of a dried voucher specimen (JBSD 127410), 
using the DNeasy Plant Mini Kit (Qiagen, Milan) according to the manufacturer’s 
instructions. Primers LR0R/LR6 (Vilgalys and Hester 1990, Vilgalys lab. http://www.
botany.duke.edu/fungi/mycolab) were used for the nrLSU (28S) DNA amplification 
and universal primers ITS1F/ITS4 for the ITS region amplification (White et al. 1990, 
Gardes and Bruns 1993). Amplification reactions were performed in a PE9700 ther-
mal cycler (Perkin-Elmer, Applied Biosystems, Norwalk) in 25 ml reaction mixtures 
using the following final concentrations or total amounts: 5 ng DNA, 1 × PCR buffer 
(20 mM Tris/HCl pH 8.4, 50 mM KCl), 1 mM of each primer, 2.5 mM MgCl2, 
0.25 mM of each dNTP, 0.5 unit of Taq polymerase (Promega, Madison). The PCR 
programme was as follows: 3 min at 95 °C for 1 cycle; 30 s at 94 °C, 45 s at 50 °C, 2 
min at 72 °C for 35 cycles, 10 min at 72 °C for 1 cycle. PCR products were resolved on 
a 1% agarose gel and visualised by staining with ethidium bromide. The PCR products 
were purified with the AMPure XP kit (Beckman Coulter, Pasadena) and sequenced by 
MACROGEN (Seoul). The sequences were submitted to GenBank (http://www.ncbi.
nlm.nih.gov/genbank/) and their accession numbers are reported in Figs 1–2.

Sequence alignment, dataset assembly and phylogenetic analysis

Sequences were checked and assembled with Geneious 5.3 (Drummond et al. 2010) 
and compared to those available in the GenBank database (http://www.ncbi.nlm.
nih.gov/Genbank/) using the BLASTN algorithm (Altschul et al. 1990). Based on 
BLASTN results, sequences were selected according to the recent monographic work 
on Wrightoporia s.l. by Chen et al. (2016).

Two phylogenetic analyses were performed: the first, based on a combined nrITS 
and nrLSU sequences dataset, to focus on the phylogenetic position of the new spe-
cies in the Russulales (Russuloid clade); the second, based only on a nrITS dataset 
was restricted to the taxa closely related to P. dominicana according with the previous 
combined data analysis. Alignments were generated for each nrITS and nrLSU dataset 
using MAFFT (Katoh et al. 2002) with default conditions for gap openings and gap 
extension penalties. The two alignments were imported into MEGA 6 (Tamura et al. 
2013) for manual adjustment. The best-fit substitution model for each single align-
ment was estimated by both the Akaike information criterion (AIC) and the Bayesian 
information criterion (BIC) with jModelTest 2 (Darriba et al. 2012). The GTR + G 
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Figure 1. Bayesian phylogram obtained from the combined nrITS-nrLSU sequence alignment of Rus-
sulales taxa selected according to Chen et al. (2016). Sistotrema brinkmannii, S. coronilla, S. muscicola 
and S. sernanderi were used as outgroup taxa. Values for clades that are supported in either the Bayesian 
(posterior probabilities, BPP) and Maximum likelihood (ML bootstrap percentage, MLB) analyses are 
indicated. BPP values (in bold) above 0.70 and MLB values above 50% are given above/below branches. 
The newly sequenced collection is in bold.

model was chosen for both the nrITS and nrLSU alignments. The sequences of Sisto-
trema brinkmannii, S. coronilla, S. muscicola and S. sernanderi were used as outgroup 
taxa (Larsson and Larsson 2003, Chen et al. 2016) in the combined analysis; Dentipel-
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Figure 2. Bayesian phylogram obtained from the nrITS sequence alignment of Pseudowrightoporia and 
Wrightoporiopsis species. Dentipellis coniferarum, D. fragilis and Hericium alpestre were used as outgroup 
taxa. Values for clades that are supported in either the Bayesian (posterior probabilities, BPP) and maxi-
mum likelihood (ML bootstrap percentage, MLB) analyses are indicated. BPP values (in bold) above 0.70 
and MLB values above 50% are given above/below branches. The newly sequenced collection is in bold.

lis coniferarum, D. fragilis and Hericium alpestre were selected as outgroup taxa in the 
nrITS analysis. The ITS dataset was not partitioned into ITS1, 5.8S and ITS2 subsets. 
Phylogenetic hypotheses were constructed under Bayesian inference (BI) and Maxi-
mum likelihood (ML) criteria. The BI was performed with MrBayes 3.2.6 (Ronquist 
et al. 2012) with one cold and three incrementally heated simultaneous Monte Carlo 
Markov chains (MCMC) run for 10 million generations, under the selected evolution-
ary model. Two simultaneous runs were performed independently. Trees were sampled 
every 1,000 generations, resulting in overall sampling of 10,001 trees per single run; 
the first 2,500 trees (25%) were discarded as burn-in. For the remaining trees of the 
two independent runs, a majority rule consensus tree showing all compatible partitions 
was computed to obtain estimates for Bayesian posterior probabilities (BPP). ML esti-
mation was performed through RAxML 7.3.2 (Stamatakis 2006) with 1,000 bootstrap 
replicates using the GTRGAMMA algorithm to perform a tree inference and search 
for a good topology. Support values from bootstrapping runs (MLB) were mapped on 
the globally best tree using the “-f a” option of RAxML and “-x 12345” as a random 
seed to invoke the novel rapid bootstrapping algorithm. BI and ML analyses were run 
on the CIPRES Science Gateway web server (Miller et al. 2010). Only BPP and MLB 
values over 0.70 and 50%, respectively, are reported in the resulting trees (Figs 1–2). 
Branch lengths were estimated as mean values over the sampled trees.
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Results

The combined nrITS and nrLSU data matrix comprised 118 sequences (including 
117 from GenBank) and includes 2132 positions. The nrITS data matrix comprises 
a total of 25 sequences (including 24 from GenBank) and includes 687 positions. As 
both Bayesian and Maximum likelihood analyses produced comparable topologies, 
only the Bayesian trees with both BPP and MLB values are shown (Figs1–2). In the 
combined two-gene phylogeny of Russulales taxa (Fig. 1), the new species falls, as 
an independent phylogenetic branch, in the Hericiaceae within the Pseudowrighto-
poria cluster. Pseudowrightoporia dominicana is sister (BPP = 1.00, MLB = 95) to 
P. japonica. Pseudowrightoporia is shown to be sister (BPP = 1.00, MLB = 100) to 
a well-supported clade (BPP = 1.00, MLB = 80) consisting of Wrightoporiopsis and 
Dentipellicula, as previously highlighted by Chen et al. (2016). The small ITS analysis 
restricted to species of Pseudowrightoporia and Wrightoporiopsis (Fig. 2) supports P. 
dominicana as a new species and indicates P. gillesii and P. japonica as its phylogeneti-
cally closest species.

Taxonomy

Pseudowrightoporia dominicana Angelini, Losi & Vizzini, sp. nov.
MycoBank MB824844
Fig. 3

Holotype. Dominican Republic. La Vega (Province), Jarabacoa (Municipality), Mon-
taña (Locality), 19°06'39"N, 70°37'57"W, on an unidentified live trunk of a deciduous 
tree, in a mixed mountain forest with several broadleaved species and pines (Pinus oc-
cidentalis), 17 December 2016, Claudio Angelini, (JBSD 127410, isotype ANGE 789).

Etymology. The epithet refers to the country, The Dominican Republic, where 
this species was found.

Basidiomata annual, pileate, sessile, single or in small clusters, fibrous-tough 
(Fig. 3a and b). Pileus broadly attached to dimidiate, up to 25 mm wide and 15 mm 
deep, 5–10 mm thick; upper surface white to cream with pinkish tint, velutinate 
to glabrous, azonate, smooth; margin rounded, even or slightly lobed; pore surface 
concolorous with the pileus surface, pores round to angular, at first cupulate, 6–8 per 
mm, dissepiments thick and entire; tube layer 2–4 mm thick, whitish to cream; con-
text pinkish (Fig. 3c), homogenous, tough-fibrous, up to 6 mm thick. Hyphal sys-
tem di-trimitic; generative hyphae clamped, hyaline, thin-walled, 2.2–4.8 µm wide; 
skeletal hyphae thick-walled, rarely branched, 2.4–5.6 µm wide, dextrinoid especial-
ly in the trama (Fig. 3d); contextual binding hyphae thick-walled, short-branched, 
1.6–2.4 µm wide, weakly dextrinoid (Fig. 3e). Cystidia none. Basidia densely united, 
clavate, 4-sterigmate, 8–12 × 4–5 µm. Basidiospores (2.6–)2.98–3.2–3.43(–3.6) × 
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Figure 3. Pseudowrightoporia dominicana (JBSD 127410) a, b fresh basidiomes in situ c cut side of the 
basidiome d dextrinoid skeletal hyphae e binding hypha f amyloid spores. Microscopical elements ob-
served in Melzer’s anionic reagent. Scale bars: 10 mm (a–c); 10 μm (d–f).

(1.8–)1.96–2.2–2.44(–2.8 ) µm (n = 40), Q = (1.14–)1.28–1.44–1.6(–1.89), broad-
ly ellipsoid to ellipsoid, finely asperulate, thin- to slightly thick-walled, distinctly 
amyloid (Fig. 3f ).

Habit, habitat and distribution. Pileate, gregarious on a live trunk of deciduous 
tree, so far known only from the type locality.
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Discussion

All the phylogenetic analyses show P. dominicana to be a distinct lineage in the ge-
nus Pseudowrightoporia (Figs 1–2). The new species displays a unique combination of 
outstanding characters such as pileate basidiomes, pink context, very small spores and 
di-trimitic hyphal system (Fig. 3). In particular, the presence of binding hyphae (only 
in the context) is quite unusual in Pseudowrightoporia as well as in the other genera of 
Wrightoporia s.l. (Ryvarden 1982, 1987, 2000, 2016; David and Rajchenberg 1987, 
Dai 1995, Núñez and Ryvarden 2001, Dai and Cui 2006, Hattori 2008, Chen and 
Cui 2012, 2014; Chen and Yu 2012, Jang et al. 2013, Westphalen et al. 2014, Chen 
et al. 2016, Drechsler-Santos et al. 2016, Campi et al. 2017); binding hyphae have so 
far been reported only in P. aurantipora (Hattori 2008), W. brunneo-ochracea A. David 
& Rajchenb. (David and Rajchenberg 1985), W. trimitica (Corner) Stalpers (Corner 
1989, Stalpers 1996) and Larssoniporia tropicalis (Cooke) Y.C. Dai, Jia J. Chen & B.K. 
Cui, (Núñez and Ryvarden 2001).

Pseudowrightoporia gillesii and P. japonica are the species phylogenetically most 
closely related to P. dominicana (Figs 1–2). Pseudowrightoporia gillesii, originally de-
scribed from Africa (Gabon), is characterised by an effused-reflexed basidiome, chest-
nut ochraceous context, dimitic context, skeletal hyphae dextrinoid only in the pore 
mouths and presence of lageniform to mucronate cystidiola (David and Rajchenberg 
1987). Pseudowrightoporia japonica (= Wrightoporia luteola B.K. Cui & Y.C. Dai ac-
cording with Jang et al. 2013 and Chen et al. 2016) shows a basidiome shape ranging 
from pileate (and then with a zoned pileus) to resupinate, a pore surface cream to 
wood-coloured, a dimitic hyphal system and more elongated spores, up to 4 × 2.6 µm 
(Núñez and Ryvarden 1999, 2001; Jang et al. 2013).

Amongst the morphologically most similar species to P. dominicana, Wrightoporia 
dimidiata A. David & Rajchenb. from Asia (Singapore) is distinguished by a hyme-
nophore with 3–4 pores per mm, dimitic hyphal system, spores measuring 3.5–4 × 3 
µm and presence of cystidiola, gloeocystidia and gloeopleurous hyphae (David and Ra-
jchenberg 1987). From above, the new species may resemble the pileate basidiomes of 
Wrightoporia cremea Ryvarden from Brazil, but the latter has larger pores (3–4 per mm) 
and spores (subglobose, 3–4 µm in diam.), dimitic hyphal system, in addition to a cream 
to pale ochre context (Ryvarden 1987, 2017 and pers. comm.). Finally, P. aurantipora 
from Japan, W. brunneo-ochracea from Guadeloupe, W. trimitica from Malaya and the 
pantropical W. tropicalis share with P. dominicana the presence of binding hyphae, but 
P. aurantipora differs in having resupinate basidiomes with light orange to brown orange 
4–6/mm pores, context orange without pinkish hues, tramal skeletal hyphae strongly 
covered with granules near the tip and longer spores, 3–4.2 × 2–3 μm (Hattori 2008); W. 
brunneo-ochracea differs in having effused-reflexed basidiomes with ochraceous, irregular 
to angular pores, 3–4 per mm, a thin ochraceous context, non-dextrinoid skeletal hyphae 
and narrower spores, 3–3.5 × 2 μm (David and Rajchenberg 1985, Ryvarden 2016); W. 
trimitica has dimidiate basidiomes, with a short resupinate foot, ochraceous to wood-
coloured pores and up to 4 μm long spores (Corner 1989, Stalpers 1996); Larssoniporia 
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tropicalis has resupinate, applanate to pulvinate, widely effused, grey to black perennial 
and very woody basidiomes, grey to brown pore surface, thick-walled and heavily enr-
susted cystidia, blunt at the apex, presence of gloeocystidia and subglobose spores 3–4 
× 2–3 μm (Ryvarden and Johansen 1980, Núñez and Ryvarden 2001, Ryvarden 2016).
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Abstract
The monotypic genus Neoaquastroma (Parabambusicolaceae, Pleosporales) was introduced for a micro-
fungus isolated from a collection of dried stems of a dicotyledonous plant in Thailand. In this paper, we 
introduce two novel species, N. bauhiniae and N. krabiense, in this genus. Their asexual morphs com-
prise conidiomata with aseptate and hyaline conidia. Neoaquastroma bauhiniae has ascomata, asci and 
ascospores that are smaller than those of N. krabiense. Descriptions and illustrations of N. bauhiniae and 
N. krabiense are provided and the two species compared with the type species of the genus, N. guttulatum. 
Evidence for the introduction of the new taxa is also provided from phylogenetic analysis of a combined 
dataset of partial LSU, SSU, ITS and tef1 sequence data. The phylogenetic analysis revealed a distinct 
lineage for N. bauhiniae and N. krabiense within the family Parabambusicolaceae.
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Introduction

Thailand is a highly biodiverse country in the tropics with hot and humid climate 
(MacKinnon et al. 1986, Marod and Kutintara 2012). Although the fungal diversity 
in Thailand has been relatively well-studied (Rostrup 1902, Schumacher 1982, Hyde 
1989, Jones 2000, Jones et al. 2006, Suetrong et al. 2009), the number of species being 
discovered is steadily growing due to increasing activities in studying microfungi in a 
large variety of terrestrial and aquatic ecosystems (Mapook et al. 2016, Phukhamsakda 
et al. 2016, Dai et al. 2017, Doilom et al. 2017, Phukhamsakda et al. 2017).

The family Parabambusicolaceae was introduced for a distinct phylogenetic lineage 
in the suborder Massarineae (Pleosporales) (Tanaka et al. 2015). Species of Parabam-
busicolaceae are characterised by pseudothecioid ascomata with or without stromatic 
tissues, papillate to apapillate ostioles, clavate to fusiform asci and hyaline or brown 
phragmospores (Liu et al. 2015, Tanaka et al. 2015, Li et al. 2016, Wanasinghe et al. 
2017). The asexual morphs are sporodochial or Monodictys-like (Tanaka et al. 2015, 
Ariyawansa et al. 2015). Currently, there are seven known genera in this family; Aquas-
troma, Monodictys-like spp., Multilocularia, Multiseptospora, Neoaquastroma, Parabam-
busicola (with P. bambusina as generic type) and Pseudomonodictys (Tanaka and Harada 
2003, Wijayawardene et al. 2017, 2018). The genus Neoaquastroma Wanas., E.B.G. 
Jones & K.D. Hyde, has been introduced from a dead twig of a herbaceous plant 
collected in Northern Thailand and been typifed with N. guttulatum Wanas., E.B.G. 
Jones & K.D. Hyde (Wanasinghe et al. 2017). The genus is characterised by immersed, 
glabrous pseudothecia, short, papillate, fissitunicate, clavate asci and ellipsoidal to sub-
fusiform, multi-septate hyaline phragmospores, surrounded by a mucilaginous sheath 
(Wanasinghe et al. 2017). Molecular phylogenetic analysis using ribosomal DNA 
(LSU, SSU and ITS) and translation elongation factor 1-alpha (tef1) sequence data 
support it as a distinct genus in Parabambusicolaceae.

The purpose of this study is to describe two new species of Neoaquastroma from 
collections of dicotyledonous plants in Thailand. Phylogenetic analysis of combined of 
LSU, SSU, ITS and tef1 sequence data are provided.

Materials and methods

Sample collection, morphological study and isolation

Fresh specimens were collected from northern and southern part of Thailand during 
2015–2017. The specimens were packed into brown paper bags for transport to the lab-
oratory. Pure cultures were obtained from single ascospores on malt extract agar (MEA; 
62 g/l) in distilled water following the method of Chomnunti et al. (2014). Cultures 
were incubated at 25 °C for up to 8 weeks. Induction of asexual reproduction has been 
adapted from Tanaka and Harada (2003) by placing agar squares with mycelia on water 
agar placed with sterile rice straw pieces. The plates were incubated at room tempera-
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ture (25 °C) with the standard light cycles, 12 hrs in the light followed by 12 hrs in 
the dark for about eight weeks until the fructifications were produced. Type specimens 
are deposited in Mae Fah Luang University (MFLU) herbarium and isotypes are de-
posited at the Kunming Institute of Botany, Academia Sinica Herbarium (HKAS), 
China. Ex-type living cultures are deposited at the Mae Fah Luang Culture Collec-
tion (MFLUCC) and duplicates at the International Collection of Microorganisms 
and Plants (ICMP), New Zealand. Faces of fungi numbers (Jayasiri et al. 2015) and 
MycoBank number (http://www.MycoBank.org) are provided. Samples were examined 
under a Nikon ECLIPSE 80i compound microscope and photographed with a Canon 
600D digital camera fitted to the microscope. Measurements were made using Tarosoft 
(R) Image Frame Work programme and photo-plates were made by using Adobe Pho-
toshop CS6 Extended version 10.0 software (Adobe Systems, United States).

DNA extraction, amplification and sequencing

DNA was extracted from mycelium by using Biospin Fungus Genomic DNA Extrac-
tion Kit (BioFlux) (Hangzhou, P. R. China) and gene extraction kit (Bio Basic Inc., 
Canada). PCR amplification was carried out using primers LROR/LR5 for the nuclear 
ribosomal large subunit 28S rDNA gene (LSU), NS1/NS4 for the nuclear ribosomal 
small subunit 18S rDNA gene (SSU) and ITS5/ITS4 for internal transcribed spacer 
rDNA region (ITS1, 5.8S rDNA and ITS2); partial fragments of the translation elon-
gation factor 1-alpha (tef1) gene region was amplified using primers EF1-983F and 
EF1-2218R (Vilgalys and Hester 1990, White et al. 1990, Carbone and Kohn 1999). 
Primer sequences are available at the WASABI database at the AFTOL website (aftol.
org). Amplification reactions for LSU, SSU and ITS followed Phukhamsakda et al. 
(2016). The PCR thermal cycle programme for EF1-983F and EF1-2218R (Carbone 
and Kohn 1999) for translation elongation factor 1-alpha (tef1) was set for denatura-
tion at 96 °C for 2 min, followed by 40 cycles of denaturation at 96 °C for 45 sec, an-
nealing at 54 °C for 30 sec and extension at 72 °C for 1.30 min, with a final extension 
step at 72 °C for 5 min. Genomic DNA and PCR amplification products were checked 
on 1% agarose gel. PCR products were purified as described in Wendt et al. (2017), 
sequences were generated by Shanghai Sangon Biological Engineering Technology & 
Services Co. (Shanghai, P.R. China) and sequencing services at Helmholtz Centre For 
Infection Research (HZI, Braunschweig, Germany).

Sequence alignment and phylogenetic analysis

SeqMan v. 7.0.0 (DNASTAR, Madison, WI) was used to assemble consensus sequenc-
es. Sequences of closely related strains were retrieved using BLAST searches against 
GenBank (http://www.ncbi.nlm.nih.gov). We also included the strains from Wanasin-
ghe et al. (2017) and these are listed in Table 1. Sequences were aligned with MAFTT 
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Table 1. Taxa used in the phylogenetic analysis and their corresponding culture collections, and accession 
numbers used in this study.

Taxon
Culture 

accession 
number(s)1,2

GenBank accession numbers
References

LSU SSU ITS tef1

Aquastroma 
magniostiolata 

CBS 139680T 
= MAFF 
243824

AB807510 AB797220 LC014540 AB808486 Tanaka et al. 2015 

Aquilomyces 
patris CBS 135661T KP184041 KP184077 KP184002 – Knapp et al. 2015

Aquilomyces 
rebunensis CBS 139684T AB807542 AB797252 AB809630 AB808518 Tanaka et al. 2015 

Bambusicola 
massarinia

MFLUCC  
11-0389T JX442037 JX442041 NR_121548 – Dai et al. 2012

Clypeoloculus 
akitaensis CBS 139681T AB807543 AB797253 AB809631 AB808519 Tanaka et al. 2015 

Corynespora 
cassiicola CBS 100822T GU301808 GU296144 – GU349052 Schoch et al. 2009

Corynespora 
smithii CABI 5649b GU323201 – FJ852597 GU349018 Schoch et al. 2009

Falciformispora 
lignatilis BCC 21117 GU371826 GU371834 KF432942 GU371819 Schoch et al. 2009

Falciformispora 
senegalensis CBS 196.79T KF015631 KF015636 KF015673 KF015687 Ahmed et al. 2014 

Falciformispora 
tompkinsii CBS 200.79T KF015625 KF015639 NR_132041 KF015685 Ahmed et al. 2014 

Helicascus 
elaterascus

A22-5A = 
HKUCC 7769 AY787934 AF053727 – – Tanaka et al. 2015 

Massarina 
eburnea CBS 473.64 GU301840 GU296170 – GU349040 Zhang et al. 2009

Monodictys sp. KH 331 = 
MAFF 243826 AB807553 AB797263 – AB808529 Tanaka et al. 2015 

Monodictys sp. JO 10 = MAFF 
243825 AB807552 AB797262 – AB808528 Tanaka et al. 2015 

Morosphaeria 
ramunculicola BCC 18404 GQ925853 GQ925838 – – Suetrong et al. 

2009
Morosphaeria 
velatispora BCC 17059T GQ925852 GQ925841 – – Suetrong et al. 

2010
Multilocularia 
bambusae 

MFLUCC  
11-0180T KU693438 KU693442 KU693446 – Li et al. 2016 

Multiseptospora 
thailandica 

MFLUCC  
11-0183T KP744490 KP753955 KP744447 – Liu et al. 2015

Multiseptospora 
thailandica 

MFLUCC  
11-0204 KU693440 KU693444 KU693447 KU705659 Liu et al. 2015

Multiseptospora 
thailandica 

MFLUCC  
12-0006 KU693441 KU693445 KU693448 KU705660 Liu et al. 2015

Multiseptospora 
thysanolaenae

MFLUCC  
11-0238T KU693439 KU693443 – KU705658 Li et al. 2016 

Neoaquastroma 
bauhiniae

MFLUCC  
16-0398T MH023319 MH023315 MH025952 MH028247 This study
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Taxon
Culture 

accession 
number(s)1,2

GenBank accession numbers
References

LSU SSU ITS tef1

Neoaquastroma 
bauhiniae 

MFLUCC  
17-2205 MH023320 MH023316 MH025953 MH028248 This study

Neoaquastroma 
krabiense

MFLUCC  
16-0419T MH023321 MH023317 MH025954 MH028249 This study

Neoaquastroma 
guttulatum

MFLUCC  
14-0917T KX949740 KX949741 KX949739 KX949742 Wanasinghe et al. 

2017
Palmiascoma 
gregariascomum 

MFLUCC  
11-0175T KP744495 KP753958 KP744452 – Liu et al. 2015

Parabambusicola 
bambusina 

KH 139 = 
MAFF 243823 AB807537 AB797247 LC014579 AB808512 Tanaka et al. 2015 

Parabambusicola 
bambusina 

H 4321 = 
MAFF 239462 AB807536 AB797246 LC014578 AB808511 Tanaka et al. 2015 

Parabambusicola 
bambusina 

KT 2637 = 
MAFF 243822 AB807538 AB797248 LC014580 AB808513 Tanaka et al. 2015 

Pseudomonodictys 
tectonae

MFLUCC  
12-0552 KT285573 KT285574 – KT285571 Ariyawansa et al. 

2015
Stagonospora 
pseudocaricis CBS 135132 KF251762 – KF251259 – Quaedvlieg et al. 

2013 
Trematosphaeria 
pertusa CBS 122368ET FJ201990 FJ201991 NR_132040 KF015701 Zhang et al. 2008 

1 Abbreviations: BCC: BIOTEC Culture Collection, Bangkok, Thailand; CABI: Centre for Agriculture and 
Biosciences International, Egham, UK; CBS: CBS-KNAW Collections, Westerdijk Fungal Biodiversity In-
stitute, Utrecht, The Netherlands; CPC: Culture collection of Pedro Crous, housed at CBS; HKUCC: The 
University of Hong Kong Culture Collection; HHUF: Herbarium of Hirosaki University, Fungi; JCM: 
The Japan Collection of Microorganisms, Japan; JK: J. Kohlmeyer; JO: J. Onodera; KH: K. Hirayama; 
KT: K. Tanaka; MAFF: Ministry of Agriculture, Forestry and Fisheries, Japan; MFLU: Mae Fah Luang 
University herbarium, MFLUCC: Mae Fah Luang University Culture Collection, Chiang Rai, Thailand.
2 Status of the strains: (T) ex-type, (ET) ex-epitype. The strains generated in this study are given in bold.

version 7.220 (Katoh et al. 2013) online sequence alignment tools (mafft.cbrc.jp/
alignment/server), with minimal adjustment of the ambiguous nucleotides by visual 
examination and manually corrected in AliView programme (Larsson 2014). Leading 
or trailing gaps exceeding from primer binding site were trimmed from the alignments 
prior to tree building and alignment gaps were treated as missing data. The concatena-
tion of the multigene alignment was created in MEGA 6 (Tamura et al. 2013).

Maximum likelihood analyses (ML), including 1,000 bootstrap replicates, was 
performed using RAxML (Stamatakis 2014) as implemented in raxmlGUI version 
v.1.3.1 (Silvestro and Michalak 2011). The search strategy was set to rapid bootstrap-
ping. The analysis was carried out with the general time reversible (GTR) model for 
nucleotide substitution and a discrete gamma-distributed with four rate categories 
(O’Meara et al. 2006, Stamatakis et al. 2008). The bootstrap replicates were summa-
rised on to the best scoring tree.

The best fitting substitution model for each single gene partition and the concat-
enated data set was determined in MrModeltest 2.3 (Nylander 2004) for Bayesian 
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inference posterior probabilities (PP). In our analysis, GTR+I+G model was used for 
each partition. The Bayesian inference posterior probabilities (PP) distribution (Zhaxy-
bayeva and Gogarten 2002) was estimated by Markov Chain Monte Carlo sampling 
(MCMC) in MrBayes v. 3.2.2 (Huelsenbeck and Ronquist 2001). Six simultaneous 
Markov chains were run for 1,000,000 generations and trees were sampled every 100th 
generation, thus 10,000 trees were obtained. The suitable burn-in phases were deter-
mined by traces inspected in Tracer version 1.6 (Rambaut et al. 2014). Based on the 
tracer analysis, the first 1,000 trees representing 10% of burn-in phase of the analyses 
were discarded. While the remaining trees were used for calculating posterior probabil-
ities in the majority rule consensus tree (critical value for the topological convergence 
diagnostic set to 0.01).

Phylogenetic trees and data files were visualised in FigTree v. 1.4 (Rambaut and 
Drummond 2008). The phylogram with bootstrap values and/or posterior probabili-
ties on the branches are presented in Fig. 1 by using graphical options available in 
Adobe Illustrator CS v. 6. All sequences generated in this study were submitted to 
GenBank. The finalised alignment and tree were deposited in TreeBASE, submission 
ID: 22419 (http://www.treebase.org/). Maximum likelihood bootstrap values equal to 
or greater than 70% with Bayesian Posterior Probabilities (PP) equal or greater than 
0.90 are presented below or above each node (Fig. 1).

Results

Phylogenetic analyses

The phylogenetic tree included 32 taxa representing six families from the suborder Mas-
sarineae. The phylogenetic trees from each individual data sets were initially generated, 
these were not significantly different (data not shown) and therefore combined data 
sets were performed. The combined dataset consisting 3,554 nucleotide characters, of 
which 1,001 characters corresponded to LSU, 1,038 characters to SSU, 508 characters 
to ITS and 929 characters to tef1. Corynespora smithii (CABI 5649b) and C. cassiicola 
(CBS 100822) are used as outgroup taxa. An insertion in the SSU rDNA region of 
isolates Aquilomyces rebunensis Tanaka & K. Hiray. (CBS 139684), Clypeoloculus aki-
taensis Tanaka & K. Hiray. (CBS 139681) and Trematosphaeria pertusa Fuckel (CBS 
122368) were excluded from the analysis prior to tree building. The best scoring tree 
from maximum likelihood analysis was selected with a final likelihood value of – In: 
23014.934293 and the result is presented in Fig. 1. Phylogenetic trees obtained from 
maximum likelihood and Bayesian analyses yielded trees with similar overall topology 
as that of previous work (Tanaka et al. 2015, Liu et al. 2015, Wanasinghe et al. 2017).

In this study, the family Parabambusicolaceae received high support in the phylo-
genetic analysis. While within the family, the taxa are separated into three subclades 
(Fig. 1). Parabambusicola bambusina, the generic type, clustered with Multiseptospora 
with high support. However, M. thysanolaenae (MFLUCC 11-0202) formed a sister 
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Figure 1. The best scoring RAxML tree based on a combined partial LSU, SSU, ITS and tef1 gene datasets. 
Bootstrap values (BS) from maximum likelihood (ML, left) of more than 70% BS and Bayesian posterior 
probabilities (PP, right) greater than 0.90 are given above or below the nodes. The tree is rooted with 
Corynespora smithii (CABI 5649b) and C. cassiicola (CBS 100822) in Corynesporaceae. The species, deter-
mined in this study, are indicated in blue. The ex-type and references strains are indicated in bold. Hyphens 
(-) represent support values less than 70% BS/0.90 PP. Thick branches represent significant support values 
from all analyses (BS ≥ 70%/PP ≥ 0.95).

taxon with Parabambusicola bambusina (Clade A). Aquastroma magniostiolata (CBS 
139680) and Multilocularia bambusae (MFLUCC 11-0180) formed a clade with the 
hyphomycetes strains of Monodictys spp. and Pseudomonodictys tectonae (MFLUCC 
12-0552) with high support in all computational methods (Clade B). Neoaquastroma 
formed a basal clade (Clade C), with N. bauhiniae (MFLUCC 16-0398, 17-2205) and 
N. krabiense (MFLUCC 16-0423) clustered with the type species N. guttulatum, with 
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strong support (100% ML /1.00 PP). We describe the new taxa based on agreement in 
support for all computational methods (Jeewon and Hyde 2016). The new sequence 
data is deposited in GenBank (Table 1).

Taxonomy

Neoaquastroma bauhiniae C. Phukhams. & K.D. Hyde, sp. nov.
MycoBank: MB824673
Facesoffungi number: FoF04371
Figure 2

Etymology. Name refers the host from which this fungus was isolated.
Type material. THAILAND. Phrae Province: Song District, on dead twigs of 

Bauhinia variegata L. (Fabaceae), 25 July 2015, C. Phukhamsakda, S1-11, MFLU 17-
0002 (holotype), MFLUCC 16-0398 = ICMP 21572 (ex-type living culture).

Description. Saprobic on dead twigs of Bauhinia variegata L. Sexual morph. Asco-
mata 113–190 μm high × 170–307 μm diam. (x̄ = 160 × 260 μm, n = 10), semi-im-
mersed to immersed, solitary, scattered, subglobose to compressed, coriaceous, brown 
to dark brown, rough-walled, with short hyphae projecting from peridium, ostiolate. 
Ostiole 33 × 85 μm diam., centrally located, papillate, periphysoid. Peridium 8–25 μm 
wide (x̄ = 17, n = 30), with cells 3–8 μm wide, composed of 3 layers of reddish-brown to 
dark brown, cells of textura angularis, inner layer composed of hyaline gelatinous cells. 
Hamathecium composed of numerous, dense, long, 1–2.4 μm (x̄ = 1.7 μm, n = 50), 
narrow, filiform, transversely septate, branched, anastomosing, cellular psedoparaphy-
ses. Asci 53–116 × 26–43 μm (x̄ = 98 × 37 μm, n = 30), 8-spored, bitunicate, fissituni-
cate, oboviod to oblong, with furcate pedicel, with ocular chamber visible when imma-
ture. Ascospores 37–46 × 9–16 μm (x̄ = 43 × 13 μm, n = 50), bi-seriate or overlapping, 
broad fusiform, narrow towards the apex, initially hyaline, becoming brown to dark 
brown at maturity, 4–7-transversely euseptate, constricted at the septa, with cell above 
central septum wider, rough-walled, indentations present, surrounded by 7–12 μm 
wide, mucilaginous sheath. Asexual morph coelomycetous. Pycnidia produced on my-
celium in water agar. Conidiomata 33−49 μm high × 92–108 μm wide diam., pycnidial, 
dark brown to black, covered by dense vegetative hyphae, globose, in agar immersed to 
superficial, uniloculate, solitary to scattered, ostiolate. Conidiomatal wall thin, brown 
to black-walled with cells of textura angularis. Conidiophores reduced to conidiogenous 
cells. Conidiogenous cells 3−4 × 2−3.5 μm, enteroblastic, phialidic, integrated, oblong, 
hyaline, formed from the inner layer of pycnidium wall. Conidia 2–4 × 1.5–2 μm (x̄ = 
3 × 1.7 μm, n = 100), broad-oblong to oval, hyaline, aseptate, smooth-walled.

Culture characteristics. Colonies on MEA, reaching 50 mm diam. after 4 weeks 
at 25 °C. Culture dark olive-green with black centre, with dense mycelia, circular, flat, 
umbonate, rough surface, dull, fimbriate, radially furrowed, covered with white aerial 
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Figure 2. Neoaquastroma bauhiniae (MFLU 17-0002, holotype) a Appearance of ascomata on host 
surface b Close up of ascoma c Section of ascoma d Ostiolar canal e Section of partial peridium layer 
f Pseudoparaphyses g–j Development state of asci j Asci produced in culture k–p Development state of 
ascospores; (n, o Senescent spores m, p ascospores in 5% of KOH reagent); q Ascospores stained with 
India ink, sheath surrounding the entire ascospore r Germinated ascospore s, t Culture character on MEA 
u Conidiomata forming on agar on rice straw media after 8 weeks v Immature conidiomata w Conidi-
omatal wall x, y Conidiogenous cells and developing conidia z Conidia j, m Asci and ascospore in culture 
(on rice straw). Scale bars: 500 µm (b); 100 µm (c, v); 50 µm (d–j); 20 µm (k–r, w); 5 µm (x–z).
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mycelium; mycelium strongly radiating into agar, yellow pigment diffusing in the agar; 
reverse black with radiating brown mycelium. Sexual and asexual morphs formed in 
culture. Morphology of sexual phase similar to those on substrate.

Additional material examined. THAILAND, Phrae Province, Song District, on 
dead twigs of Bauhinia variegata L. (Fabaceae), 25 July 2015, C Phukhamsakda, S1-11 
(isotype in HKAS, under the code of HKAS 99513); ibid., on dead twigs of Bauhinia 
purpurea L. (Fabaceae), 5 May 2016, C Phukhamsakda, S1_03_16, ex-paratype living 
culture, MFLUCC 17-2205.

Distribution. Phrae Province, Thailand.
Notes. Neoaquastroma bauhiniae is similar to N. krabiense, but the ascomata, asci 

and ascospores are smaller and the species also has a thinner peridium with 4−7 septate 
hyaline ascospores. Thus, Neoaquastroma bauhiniae is introduced as a second species 
in Neoaquastroma based on its unique morphology coupled with high support values 
from the phylogenetic analysis (100% ML/1.00 PP, Fig. 1). Tanaka et al. (2015) only 
described the asexual morph in Parabambusicola to produce spermatia. We now ob-
tained a single spore isolate which produces both sexual and asexual morphs in culture. 
The asexual morph of Neoaquastroma bauhiniae produced pycnidial conidiomata with 
hyaline conidia (Fig. 2, u–z).

Neoaquastroma krabiense C. Phukhams. & K.D. Hyde, sp. nov.
MycoBank: MB824674
Facesoffungi number: FoF04372
Figure 3

Etymology. Name refers the location where this fungus was collected.
Type material. THAILAND, Krabi Province: Meuang district, on dead twigs 

of Barringtonia acutangula (Lecythidaceae), 16 December 2015, C. Phukhamsakda, 
Kr015, MFLU 17-0003 (holotype), MFLUCC 16-0419 = ICMP 21572 (ex-type 
living culture).

Description. Saprobic on dead twigs of Barringtonia acutangula (L.) Gaertn. Sexual 
morph. Ascomata 404–498 μm high × 290–319 μm diam. (x̄ = 426 × 300 μm, n = 10), 
immersed in bark, solitary, scattered or sometimes gregarious, compressed globose, with 
a flattened base, coriaceous, black to dark brown, smooth, papillate, ostiolate. Ostiole 
137–146 μm high × 117–154 μm diam. (x̄ = 143 × 137 μm, n = 10), centrally located, 
oblong, filled with hyaline periphysoid. Peridium 45–73 μm wide (x̄ = 56, n = 30), 
cell width 3–12 (x̄ = 8 μm, n = 40) composed of 6–10(–13 at base) layers of blackish-
brown to dark brown, with cells of textura angularis, outer layer heavily pigmented, 
inner layer composed of hyaline gelatinous cells. Hamathecium composed of numer-
ous, dense, long, 1.6–2.4 μm (x̄ = 2 μm, n = 50), broad, filiform, transversely septate, 
branched, anastomosing, cellular pseudoparaphyses. Asci 95–169 × 29–45 μm (x̄ = 135 
× 35 μm, n = 25), 8-spored, bitunicate, fisitunicate, oboviod to clavate, with furcate 
pedicel, ocular chamber clearly visible when immature. Ascospores 50–64 × 9–18 μm (x̄ 
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Figure 3. Neoaquastroma krabiense (MFLU 17-0003, holotype) a Barringtonia acutangula (L.) Gaertn 
specimens b Appearance of ascomata on host surface c Close up of ascomata d Ascomata forming on rice 
straw on WA after 8 weeks e, f Section of ascoma g Ostiolar canal h Section of partial peridium layer i Hyaline 
pseudoparaphyses j–m Asci n–s Hyaline ascospores with visible mucilaginous sheath q Ascospores stained in 
Indian ink to show sheath u Germinated ascospore v, w Culture characteristics on MEA x, y Conidiomata 
forming in culture after 8 weeks z Conidiomatal wall aa–ad Conidiogenous cells and developing conidia 
ae Conidia n–p Ascospores in 5% of KOH reagent m, r Asci and ascospore in culture (on rice straw). Scale 
bars: 500 µm (c–e); 200 µm (f, x); 50 µm (g–m, y), 20 µm (n–u, z); 5 µm (aa-af); 20 mm (v–w).
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= 57 × 13 μm, n = 50), bi-seriate or overlapping, fusiform, narrow towards the apex, 
hyaline, 5–8-transversely septate, constricted at the septa, cell above central septum 
slightly wider, rough-walled, indentations present when mature, granulate when stained 
with India ink, surrounded by 3–9 μm wide, mucilaginous sheath. Asexual morph coe-
lomycetous, formed on rice straw agar. Conidiomata 84−90 μm high × 73–89 μm wide., 
pycnidial, uniloculate, confluent or scattered, superficial, covered with dense vegetative 
hyphae, globose, dark brown to black. Conidiomatal wall thin, brown to black-walled 
cells of textura angularis. Conidiophores reduced to conidiogenous cells. Conidiogenous 
cells 3−5 × 1.5−4 μm, enteroblastic, phialidic, integrated, broad-cylindrical to oblong, 
hyaline, formed from the inner layer of pycnidium wall. Conidia 2–4 × 1.5–2.5 μm 
(x̄ = 3 × 2 μm, n = 60), ellipsoidal to oblong, hyaline, aseptate, smooth-walled.

Culture characteristics. Colonies on MEA, reaching 50 mm diam. after four 
weeks at 25 °C. Culture grey, becoming dark-olive brown after four weeks, of dense 
mycelia, colonies circular, flat, umbonate, raised from the agar in the centre, surface 
rough, dull, covered with aerial mycelium, white mycelium radiating into the agar, 
pale orange pigment diffusing in the agar; reverse black, dense, circular, with irregular, 
fimbriate margin. Sexual and asexual morphs formed in culture. Morphology of sexual 
phase similar to those on the substrates.

Additional material examined. THAILAND, Krabi Province, Meuang district, 
on dead twigs of Barringtonia acutangula (Lecythidaceae), 16 December 2015, C. 
Phukhamsakda, Kr015, (isotype in HKAS, under the code of HKAS 99512).

Distribution. Krabi Province, Thailand
Notes. Neoaquastroma krabiense was collected in the southern part of Thailand 

on dead twigs of Barringtonia acutangula. It is placed in Neoaquastroma based on its 
morphology of both sexual and asexual morph and close phylogenetic affinity to other 
species of Neoaquastroma. Neoaquastroma krabiense is distinct in that it has a flattened 
ascomata base and larger and more slender asci and ascospores than N. guttulatum and 
N. bauhiniae. The species formed an asexual morph in culture (Fig. 3, m) as pycnidial 
conidiomata with hyaline conidia (Fig. 3, x-ae).

Discussion

In the present study, we introduce two new species of Neoaquastroma, as N. bauhiniae 
and N. krabiense. The descriptions were made from fungi isolated from dicotyledonous 
plants in Thailand. The new species are introduced based on multi-locus phylogeny 
coupled with morphology that support their placement within Parabambusicolaceae.

Parabambusicolaceae is typified with Parabambusicola Tanaka & K. Hiray. The 
type of the genus was described originally as Massarina bambusina Teng (Teng, 1936) 
from bamboo. The family is characterised by ascomata surrounded by stromatic tis-
sues and multiseptate, clavate to fusiform and hyaline ascospores (Tanaka and Harada 
2003, Tanaka et al. 2015). The asexual morph in Parabambusicolaceae can be coelomy-
cetous or hyphomycetous. Sporodochia or pycnidia with hyaline conidia are formed in 
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Parabambusicola and Neoaquastroma (Tanaka et al. 2015, this study), while hyphomy-
ceteous structures are known from Pseudomonodictys and Monodictys spp. (Ariyawansa 
et al. 2015, Tanaka et al. 2015).

Neoaquastroma was introduced as a distinct genus in Parabambusicolaceae, with N. 
guttulatum as the type species (Wanasinghe et al. 2017). The genus resembles Parabam-
busicola and Multiseptospora, but form distinct lineages in phylogenetic studies (Liu et 
al. 2015, Tanaka et al. 2015, Wanasinghe et al. 2017). Parabambusicola and Neoaq-
uastroma are similar in their morphology. The differentiation between Multiseptospora, 
Neoaquastroma and Parabambusicola is predominantly based on the morphology of 
ascospores, particularly with the size and number of septa.

In the phylogenetic analyses of Wanasinghe et al. (2017), Parabambusicolaceae clus-
tered into three clades, where Neoaquastroma guttulatum (MFLUCC 14-0917) clustered 
with Aquastroma magniostiolata (KT 2485), Multilocularia bambusae (MFLUCC 11-
0180), Monodictys sp. (JO 10, KH 331) and Pseudomonodictys tectonae (MFLUCC 12-
0552) with high statistical support. In this study, Neoaquastroma forms a separate clade, sis-
ter to Multiseptospora and Parabambusicola. This is probably due to limited taxon sampling.
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Abstract
Three new Fusarium species, F. convolutans, F. fredkrugeri, and F. transvaalense (Ascomycota, Hypocreales, 
Nectriaceae) are described from soils collected in a catena landscape on a research supersite in the Kruger 
National Park, South Africa. The new taxa, isolated from the rhizosphere of three African herbaceous 
plants, Kyphocarpa angustifolia, Melhania acuminata, and Sida cordifolia, are described and illustrated by 
means of morphological and multilocus molecular analyses based on sequences from five DNA loci (CAL, 
EF-1 α, RPB1, RPB2 and TUB). According to phylogenetic inference based on Maximum-likelihood and 
Bayesian approaches, the newly discovered species are distributed in the Fusarium buharicum, F. fujikuroi, 
and F. sambucinum species complexes.

Keywords
Natural parks, phylogeny, fungi, multigene, morphology, diversity

Introduction

Fungi are common colonisers of the plant rhizobiome and endosphere, where they 
play a key role in modulating the interactions between plant roots and soil (Zachow 
et al. 2009; Visioli et al. 2014). The direct and indirect interaction between fungal 
growth in the rhizosphere and its effect on plant growth and health is well docu-
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mented (Havlicek and Mitchell 2014; Hargreaves et al. 2015; Lareen et al. 2016). 
Such effects include either a positive feedback by producing plant growth promoting 
factors, solubilising and stimulating nutrient uptake by plant roots or by inhibiting 
the growth of concomitant pathogenic organisms (Schippers et al. 1987; Mommer et 
al. 2016). Conversely, deleterious effects have also been observed, either related to the 
presence of pathogenic fungal species or caused by fungal-induced modifications of 
plant root functions, impeding root growth or negatively altering nutrient availability 
(Schippers et al. 1987; Mommer et al. 2016). Likewise, plants can select and harbour 
a particular fungal community on its roots via root exudates (Lareen et al. 2016; Sasse 
et al. 2018), while abiotic influences including water availability, climate and season, 
soil type, grazers and other animals, orchestrate the development of a unique fungal 
diversity (Philippot et al. 2013; Havlicek and Mitchell 2014; Hargreaves et al. 2015; 
Lareen et al. 2016).

The genus Fusarium Link (Hypocreales, Nectriaceae) includes a vast number of 
species, commonly recovered from a variety of substrates including soil, air, water 
and decaying plant materials; being also able to colonise living tissues of plants and 
animals, including humans; acting as endophytes, secondary invaders or becoming 
devastating plant pathogens (Nelson et al. 1994). In addition to their ability to colo-
nise a multiplicity of habitats, Fusarium is a cosmopolitan genus, present in almost 
any ecosystem in the world, including human-made settings such as air and dust in 
the indoor environment or even in hospitals (Perlroth et al. 2007; Aydogdu and Asan 
2008; Pinheiro et al. 2011).

Being common inhabitants of plant root ecosystems, fusaria and, particularly 
Fusarium graminearum Schwabe, F. proliferatum (Matsush.) Nirenberg ex Gerlach 
& Nirenberg, F. verticillioides (Sacc.) Nirenberg (Syn. F. moniliforme J. Sheld.), F. 
oxysporum Schltdl., as well as species recently segregated from Fusarium, includ-
ing Neocosmospora phaseoli (Burkh.) L. Lombard & Crous (Syn. Fusarium phaseoli 
Burkh.) and N. virguliforme (O’Donnell & T. Aoki) L. Lombard & Crous (Syn. F. 
virguliforme O’Donnell & T. Aoki), have been regularly studied for their interac-
tions with the rhizobiome, motivated mainly by the importance of these organisms 
as soil-borne plant pathogens and the need to develop effective control mechanisms 
(Larkin et al. 1993; Hassan Dar et al. 1997; Pal et al. 2001; Fravel et al. 2003; Idris 
et al. 2006; Díaz Arias et al. 2013). Similarly, abundant data is available regard-
ing the ecology and distribution of plant-associated fusaria, particularly related to 
pathogenic species or commonly isolated endophytes (Leslie and Summerell 2006). 
Little attention has however been given to the occurrence of non-pathogenic fungal 
species, including Fusarium spp. in root microbial communities (Zakaria and Ning 
2013; Jumpponen et al. 2017; LeBlanc et al. 2017), while comprehensive DNA 
sequence-based surveys have been directed mostly to the study of highly relevant 
and abundant rhizosphere fungal genera such as Trichoderma Pers., Verticillium Nees 
or mycorrhizal fungi (Zachow et al. 2009; Bent et al. 2011; Ruano-Rosa et al. 2016; 
Saravanakumar et al. 2016).
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The Kruger National Park (KNP) in South Africa is one of the largest natural 
reserves in Africa, encompassing a number of non-manipulated landscapes, with 
almost no human alteration (Carruthers 2017). Recently, four research “supersites” 
have been identified and established in KNP, each of these supersites representing 
unique geological, ecological and climatic features of the park (Smit et al. 2013). 
A multidisciplinary study was conducted in KNP aimed to determine functioning 
and interaction between abiotic and biotic components, as well as soil properties, 
hydrology and other processes that determine the structure, biodiversity and hetero-
geneity of a catena or hill slope ecosystem on one of these “supersites”, located deep 
inside the KNP (data not published). In order to assess the microbial soil popu-
lation and community dynamics, mainly focused on bacteria, several rhizosphere 
samples were obtained from diverse African plants on one of these exceptional pro-
tected savannah landscapes. From these collections, interesting fusaria were isolated 
from the root ecosystem of three native African herbaceous plants i.e. Kyphocarpa 
angustifolia (Moq.) Lopr. (Amaranthaceae), Melhania acuminata Mast. (Malvaceae) 
and Sida cordifolia Linn. (Malvaceae). According to their unique morphological 
traits and clear phylogenetic delimitations, these isolates are described here as three 
new Fusarium species.

Methods

Study site and sampling

During March 2015, rhizosphere soil from three herbaceous plants was collected 
in the Southern Granites “supersite” catena (Stevenson-Hamilton supersite) in the 
KNP, between 25°06'28.6S, 31°34'41.9E and 25°06'25.7S, 31°34'33.7E (Fig. 1). A 
catena consists of different soil types observed from a crest to a valley bottom with 
a wetland or drainage exhibiting different water retention capabilities due to the 
slope or aspect (topography) and the depth of underlying geological rocks (Brown 
et al. 2004, Van Zijl and Le Roux 2014). The main characteristics of the Stevenson-
Hamilton supersite are described in detail by Smit et al. (2013). Briefly, in this 
site, a single catena landscape covers approximately 1 km from top to bottom and 
consists of a hill slope, a sodic site (or grazing lawn), a riparian and floodplain area 
and a dry drainage line. Three species of plants were selected for sampling occurring 
at the two extremes of the catena. Two of these species (Kyphocarpa angustifolia and 
Sida cordifolia) occurred at both top and bottom sites while Melhania acuminata 
only occurred at the top site. The soil (100 mm depth) at the top of the slope is 
Clovelly with a high percentage of sand (90%) and a low cation exchange capacity 
(CEC) (mean sodium concentration of 1062 mg/kg) and pH (mean 5.85). The soil 
at the bottom of the slope is of the Sterkspruit type, with higher clay content thus 
higher CEC (mean sodium concentration of 3802 mg/kg) and higher pH (mean 
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Figure 1. Map of the Kruger National Park (KNP) in South Africa. The arrows indicate the location of 
the four research “supersites” (adapted from Smit et al. 2013). Sampling site is indicated with a black star. 
The inset shows the location of the KNP within South Africa, indicated by a grey box.

6.4). Rhizosphere soil of 10 plants of the same species occurring at each top or 
bottom site was sampled using a core soil sampler. A total of 50 samples consisting 
of ca. 200 g of soil from the roots of each plant were taken, deposited in zip-lock 
plastic bags and kept on ice in a cool bag at approximately 5 °C until analysed in 
the laboratory.

Isolation of Fusarium strains

Soil samples were mixed thoroughly and sieved to remove large elements. Fine soil 
particles were uniformly spread and distributed over the surface of pentachloroni-
trobenzene agar (PCNB; also known as the Nash-Snyder medium, recipe in Leslie 
and Summerell 2006) supplemented with streptomycin (0.3 g/l) and neomycin 
sulphate (0.12 g/l) and malt-extract agar (MEA; recipes on Crous et al. 2009) on 9 
mm Petri dishes and incubated at 24 °C for 10 d under a natural day/night photo-
period. Each soil sample was processed in duplicate. Fungal growth was evaluated 
daily and growing colonies were transferred to fresh Potato Dextrose Agar (PDA; 
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recipe in Crous et al. 2009). Colonies were evaluated for their macro- and micro-
scopic characteristics and a total of 19 fungal cultures showing features typical of 
Fusarium were subjected to single spore isolation as described previously (Sandoval-
Denis et al. 2018). Single spore isolates were finally transferred and maintained in 
Oatmeal Agar plates and slants (OA; recipe in Crous et al. 2009). Fungal strains 
isolated in this study were deposited in the collection of the Westerdijk Fungal 
Biodiversity Institute (CBS; Utrecht, the Netherlands), the working collection of 
Pedro W. Crous (CPC), held at CBS (Table 1); and voucher specimens were depos-
ited in The South African National Collection of Fungi (NCF) (Mycology Unit, 
Biosystematics Division, Plant Protection Institute, Agricultural Research Council, 
Pretoria, South Africa).

Morphological characterisation

Fusarium isolates were characterised morphologically according to procedures de-
scribed elsewhere (Aoki et al. 2013; Leslie and Summerell 2006, Sandoval-Denis et 
al. 2018). Colonial growth rates and production of diffusible pigments were evalu-
ated on PDA, colony features were also recorded on corn-meal agar (CMA; recipe 
in Crous et al. 2009) and OA. Colour notations followed those of Rayner (1970). 
For the study of micro-morphological features, cultures were grown for 7–10 d at 
24 °C, using a 12 h light/dark cycle with near UV and white fluorescent light. Aerial 
and sporodochial conidiophores and conidia and formation of chlamydospores were 
evaluated on Synthetic Nutrient-poor Agar (SNA; Nirenberg 1976) and on Carna-
tion Leaf Agar (CLA; Fisher et al. 1982). Measurements and photomicrographs were 
recorded from a minimum of 30 elements for each structure, using sterile water as 
mounting medium and a Nikon Eclipse 80i microscope with Differential Interference 
Contrast (DIC) optics and a Nikon AZ100 dissecting microscope, both equipped 
with a Nikon DS-Ri2 high definition colour digital camera and the Nikon software 
NIS-elements D software v. 4.30.

DNA isolation, amplification and sequencing

Isolates were grown for 7 d on MEA at 24 °C using the photoperiod described above. 
Fresh mycelium was scraped from the colony surface and subjected to total DNA 
extraction using the Wizard® Genomic DNA purification Kit (Promega Corporation, 
Madison, WI, USA), according to the manufacturer’s instructions. Fragments of five 
DNA loci were amplified using primers and PCR conditions described by O’Donnell 
et al. (2009) for calmodulin (CAL), O’Donnell et al. (2010) for the RNA polymerase 
largest subunit (RPB1) and second largest subunit (RPB2), O’Donnell et al. (1998) for 
the translation elongation factor 1-alpha (EF-1α) and Woudenberg et al. (2009) for 
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beta-tubulin (TUB). Sequencing was made in both strand directions using the same 
primer pairs as for PCR amplification on an Applied Biosystems, Hitachi 3730xl DNA 
analyser (Applied Biosystems Inc., Foster City, California, USA). Consensus sequences 
were assembled using Seqman Pro v. 10.0.1 (DNASTAR, Madison, WI, USA). All 
DNA sequences generated in this study were lodged in GenBank and the European 
Nucleotide Archive (ENA) (Table 1).

Molecular identification and phylogenetic analyses

A first analysis was based on pairwise alignments and blastn searches on the Fusarium 
MLST (http://www.westerdijkinstitute.nl/fusarium/) and NCBI (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) databases, respectively, using EF-1α and RPB2 sequences in 
order to resolve the position of the KNP isolates amongst the different species com-
plexes recognised in Fusarium (O’Donnell et al. 2013). Sequences from individual 
loci were aligned using MAFFT (Katoh and Standley 2013), on the web server of the 
European Bioinformatics Institute (EMBL–EBI; http://www.ebi.ac.uk/Tools/msa/
mafft/) (Li et al. 2015).

Phylogenetic analyses were based on Maximum-likelihood (ML) and Bayesian 
(B) analyses, both algorithms run on the CIPRES Science Gateway portal (Miller et 
al. 2012). Evolutionary models were calculated using MrModelTest v. 2.3 using the 
Akaike information criterion (Nylander 2004; Posada and Crandall 1998). For ML, 
RAxML-HPC2 v. 8.2.10 on XSEDE was used (Stamatakis 2014), clade stability was 
tested with a bootstrap analysis (BS) using the rapid bootstrapping algorithm with 
default parameters. The B analyses were run using MrBayes v. 3.2.6 on XSEDE (Ron-
quist and Huelsenbeck 2003) using four incrementally heated MCMC chains for 5M 
generations, with the stop-rule option on and sampling every 1000 trees. After conver-
gence of the runs (average standard deviation of split frequencies below 0.01) the first 
25% of samples were discarded as the burn-in fraction and 50% consensus trees and 
posterior probabilities (PP) were calculated from the remaining trees.

Phylogenies were first made individually for each locus dataset and visually com-
pared for topological incongruence amongst statistically supported nodes (ML-BS ≥ 
70% and B-PP ≥ 0.95) (Mason-Gamer and Kellogg 1996, Wiens 1998), before being 
concatenated for multi-locus analyses using different locus combinations according 
to strains and DNA sequences currently available in public databases, in addition to 
previously published phylogenies (O’Donnell et al. 2000, 2013; Herron et al. 2015; 
Lupien et al. 2017; Moussa et al. 2017, Sandoval-Denis et al. 2018). A further 232 
sequences representing 72 taxa were retrieved from GenBank and included in the phy-
logenetic analyses, while an additional 58 DNA sequences were obtained from 24 fun-
gal strains requested from the CBS and NRRL (Agricultural Research Service, Peoria, 
IL, USA) culture collections (Table 1). All alignments and trees generated in this study 
were uploaded to TreeBASE (https://treebase.org).



New Fusarium species from the Kruger National Park, South Africa 73

Results

Phylogenetic analyses

Pairwise DNA alignments and BLAST searches using EF-1α and RPB2 sequences 
showed that the 19 isolates from KNP belonged to three different species complexes 
of the genus Fusarium i.e. the F. buharicum Jacz. ex Babajan & Teterevn.-Babajan 
species complex (FBSC; two isolates), the F. fujikuroi Nirenberg species complex 
(FFSC; two isolates) and the F. sambucinum Fuckel species complex (FSAMSC; 15 
isolates). According to these results, sequences of related taxa and lineages were re-
trieved from GenBank and incorporated into individual phylogenetic analyses for 
each species complex.

Multi-locus analyses were carried out in order to further delimit the KNP Fusar-
ium isolates amongst the known diversity in their respective species complexes. With 
the exception of the FFSC, the topologies observed from ML and B analyses of single 
and multi-locus datasets were highly congruent, with only minor differences affect-
ing unsupported nodes on the trees (all trees available in TreeBASE). The character-
istics of the different alignments and tree statistics for all the species complexes are 
shown in Table 2.

The analysis of the FBSC included sequences of EF-1α, RPB1 and RPB2 loci from 
18 isolates representing 10 taxa, including members of the Fusarium torreyae T. Aoki, 
J.A. Sm., L.L. Mount, Geiser & O’Donnell species complex (FTYSC) and Fusarium 
lateritium Nees species complex (FLSC) as outgroup (Fig. 2). The four ingroup taxa 
resolved with high statistical support. Two KNP isolates from K. angustifolia obtained 
from the bottom site of the catena (CBS 144207 and 144208) clustered in a sister 
relationship with the clade representing Fusarium sublunatum Reinking, but were ge-
netically clearly delimited.

The phylogeny of the FFSC included sequences of CAL, EF-1α, RPB1, RPB2 and 
TUB loci from 48 strains and 44 taxa, including two outgroups (F. oxysporum CBS 
716.74 and 744.97) (Fig. 3). The phylogeny showed a clear delimitation between 
the biogeographic clades recognised in this species complex (African, American and 
Asian clades sensu O’Donnell et al. 1998). Both American and Asian clades where 
shown as monophyletic with high ML-BS and B-PP support; in contrast, the African 
clade was resolved as polyphyletic, comprising two distinct and highly supported 
lineages. A terminal, speciose clade (African A) encompassing 17 taxa and a basal 
clade (African B), close to the American clade which included the ex-type of Fusar-
ium dlaminii Marasas, P.E. Nelson & Toussoun (CBS 119860) and a sister terminal 
clade (ML-BS=100, B-PP=1) comprising two KNP isolates from M. acuminata (CBS 
144209 and 144495) and two unidentified African Fusarium isolates (CBS 144210 
and NRRL 26152). From the loci used here, only TUB resolved both African clades 
as sister groups; however, its monophyly was not supported by clade stability meas-
urements (data not shown). Conversely, individual CAL, EF-1α and RPB2 phylog-
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Table 2. Characteristics of the different datasets and statistics of phylogenetic analyses used in this study.

Analysis† Locus‡ Number of Sites§ Evolu-
tionary 
model|

Number 
of trees 
sampled 

in B

Maximum-likelihood 
statistics

Total Con-
served

Phyloge-
netically 

informative

B unique 
patterns

Best tree 
optimised 
likelihood

Tree 
length

Fusarium 
buharicum 
SC

EF-1α 495 300 119 198 GTR+G 414 -11313.23702 0.598675

RPB1 930 682 203 211 SYM+G

RPB2 1663 1251 330 310 GTR+I+G

Fusarium 
fujikuroi SC

CAL 545 423 67 167 SYM+G 282 -20603.30043 0.567054

EF-1α 677 428 127 295 GTR+I+G

RPB1 1534 1219 185 137 SYM+I+G

RPB2 1551 1211 227 315 GTR+I+G

TUB 488 351 66 336 SYM+G

Fusarium 
sambucinum 
SC

RPB1 854 594 201 213 SYM+I+G 241 -9871.793718 0.740271

RPB2 1580 1128 346 396 GTR+G

† SC: Species complex.
‡ CAL: Calmodulin. EF-1α: Translation elongation factor 1-alpha. RPB1: RNA polymerase largest sub-
unit. RPB2: RNA polymerase second largest subunit. TUB: Tubulin.
§ B: Bayesian inference.
| G: Gamma distributed rate variation among sites. GTR: Generalised time-reversible. I: Proportion of 
invariable sites. SYM: Symmetrical model.
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Figure 2. Maximum-likelihood (ML) phylogram obtained from combined EF-1α, RPB1 and RPB2 se-
quences of 18 strains belonging to the Fusarium buharicum (FBSC), Fusarium tricinctum (FTSC) and 
Fusarium lateritium (FLSC) species complexes. Numbers on the nodes are ML bootstrap values above 70% 
and Bayesian posterior probability values above 0.95. Branch lengths are proportional to distance. Ex-type 
strains are indicated with T. Strains corresponding to new species described here are shown in bold.
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enies resolved African B as basal to the ingroup, while RPB1 allocated this clade as 
basal to the American clade. Nonetheless, all the individual phylogenies, in addition 
to the combined dataset, clearly demonstrated genealogical uniqueness of the termi-
nal clade encompassing KNP isolates.
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Figure 3. Maximum-likelihood (ML) phylogram obtained from combined CAL, EF-1α, RPB1, RPB2 
and TUB sequences of 48 strains belonging to the Fusarium fujikuroi (FFSC) and Fusarium oxysporum 
(FOSC) species complexes. Numbers on the nodes are ML bootstrap values above 70% and Bayesian 
posterior probability values above 0.95. Branch lengths are proportional to distance. Ex-type, ex-neotype 
and ex-paratype strains are indicated with T, NT and PT, respectively. Strains corresponding to new species 
described here are shown in bold.
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The FSAMSC was studied using combined RPB1 and RPB2 sequences. The 
phylogeny included 35 isolates from 20 taxa, including the two outgroups Fusar-
ium circinatum Nirenberg & O’Donnell (CBS 405.97) and Fusarium fujikuroi 
Nirenberg (NRRL 13566) (Fig. 4). Fifteen KPN Fusarium isolates from the three 
sampled plant species (three isolates from K. angustifolia, four isolates from M. 
acuminata and eight isolates from S. cordifolia), all obtained from the top site of 
the catena, clustered with an unidentified Fusarium isolate (NRRL 31008) in a 
distinct clade (ML-BS=100, B-PP=1), close to Fusarium brachygibbosum Padwick 
(strain NRRL 13829).
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Figure 4. Maximum-likelihood (ML) phylogram obtained from combined RPB1 and RPB2 sequences 
of 35 strains belonging to the Fusarium sambucinum (FSAMSC) and Fusarium fujikuroi (FFSC) species 
complexes. Numbers on the nodes are ML bootstrap values above 70% and Bayesian posterior probability 
values above 0.95. Branch lengths are proportional to distance. Ex-type strains are indicated with T. Strains 
corresponding to new species described here are shown in bold.
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The clades including KNP isolates and corresponding to previously undisclosed 
lineages of Fusarium are described in the taxonomy section as the three novel species, 
F. convolutans, F. fredkrugeri and F. transvaalense.

Taxonomy

Fusarium convolutans Sandoval-Denis, Crous & W.J. Swart, sp. nov.
MycoBank: MB825102
Fig. 5

Diagnosis. Different from F. circinatum, F. pseudocircinatum O’Donnell & Nirenberg 
and F. sterilihyphosum Britz, Marasas & M.J. Wingf. by the absence of aerial conidia 
(microconidia) and the presence of chlamydospores. Different from F. buharicum Jacz. 
ex Babajan & Teterevn.-Babajan and F. sublunatum by its shorter, less septate and less 
curved conidia and by the presence of sterile hyphal coils.

Type. South Africa, Kruger National Park, Skukuza, Granite Supersite, 
25°06'33.9"S, 31°34'40.9E, from rhizosphere soil of Kyphocarpa angustifolia, 23 Mar 
2015, W.J. Swart, holotype CBS H-23495, dried culture on OA, ex-holotype strain 
CBS 144207 = CPC 33733.

Description. Colonies on PDA growing in the dark with an average radial 
growth rate of 2.1–4.8 mm/d, 4.4–5.8 mm/d and 4.6–6.3 mm/d at 24, 27 and 30 
°C, respectively; reaching 11–28 mm diam. in 7 d at 24 °C and a maximum of 23–37 
mm diam. in 7 d at 30 °C. Minimum temperature for growth 12 °C, maximum 36 °C, 
optimal 27–33 °C. Colony surface white to cream coloured, flat and highly irregular 
in shape, velvety to felty, with scant and short aerial mycelium; colony margins highly 
irregular to rhizoid, with abundant white to grey submerged mycelium. Reverse white, 
straw to yellow diffusible pigment produced between 21–33 °C, scarcely produced and 
turning luteous to orange at 36 °C. Colonies on CMA and OA incubated in the dark 
reaching 40–48 mm diam. in 7 d at 24 °C. Colony surface white to cream coloured, 
flat or slightly elevated at the centre, velvety to dusty; aerial mycelium abundant, short 
and dense, concentrated on the colony centre; margins membranous and regular, buff 
to honey coloured, without aerial mycelium. Reverse ochreous without diffusible 
pigments. Sporulation scant from conidiophores formed on the aerial mycelium, 
sporodochia not formed. Conidiophores on the aerial mycelium straight or flexuous, 
smooth- and thin-walled, simple, mostly reduced to conidiogenous cells borne laterally 
on hyphae or up to 50 μm tall, bearing terminal single or paired monophialides; 
phialides subulate to subcylindrical, smooth- and thin-walled, 15.5–22 μm long, (3.5–
)4–5 μm at the widest point, with inconspicuous periclinal thickening and a short- 
flared collarette; conidia clustering in discrete false heads at the tip of monophialides, 
lunate to falcate, curved or somewhat straight, tapering gently toward the basal part, 
robust; apical cell often equal in length or slightly shorter than the adjacent cell, blunt 
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Figure 5. Fusarium convolutans sp. nov. A–D Colonies on PDA, SNA, OA and CMA, respectively, after 
7 d at 24 °C in the dark E–I Conidiophores, phialides and conidia J–M Chlamydospores N–P Sterile 
hyphal projections Q Conidia. Scale bars: 20 μm (E, F); 5 μm (G–I); 10 μm (J–Q).
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to conical; basal cell papillate to distinctly notched, (1–2–)3-septate, hyaline, thin- and 
smooth-walled. One-septate conidia: 24 × 4.5 μm; two-septate conidia: 24.5 × 6 μm; 
three-septate conidia: (25.5–)29–36.5(–38.5) × (4–)5–6.5(–7.5) μm. Chlamydospores 
abundantly formed, globose to subglobose, smooth- and thick-walled, (9.5–)11–
13.5(–14) μm diam.; terminal or intercalary in the hyphae or conidia, often borne 
laterally at the tip of elongated, cylindrical, stalk-like projections, solitary or in small 
clusters. Sterile, coiled, sometimes branched hyphal projections abundantly formed 
laterally from the substrate and aerial mycelium.

Distribution. South Africa.
Etymology. From Latin, “convolutans”, participle of convolutare, coiling, in refer-

ence to the abundant sterile, coiled lateral hyphal projections.
Additional isolate examined. South Africa, Kruger National Park, Skukuza, 

Granite Supersite, 25°06'33.9"S, 31°34'40.9E, from rhizosphere soil of Kyphocarpa 
angustifolia, 23 Mar 2015, W.J. Swart, CBS 144208 = CPC 33732.

Notes. The main morphological feature of F. convolutans, namely the production 
of sterile, coiled hyphal projections, grossly resembles other Fusarium species produc-
ing similar structures i.e. F. circinatum, F. pseudocircinatum and F. sterilihyphosum. The 
three latter species, however, are genetically unrelated to F. convolutans, being allocated 
in the FFSC; and are also easily differentiable by the characteristics of the aerial co-
nidia (typical Fusarium microconidia are absent in the new species) and the lack of 
chlamydospores (present in the new species) (Leslie and Summerell 2006). Fusarium 
convolutans can be easily differentiated morphologically from their phylogenetically 
closely related species, F. buharicum and F. sublunatum. It has relative simple conidi-
ophores and shorter, less septate and markedly less curved conidia (up to 38.5 μm long 
and 1–3-septate vs. up to 87 and 81 μm long, 0–8-septate in F. buharicum and F. 
sublunatum, respectively) (Gerlach and Nirenberg 1982). Fusarium buharicum and F. 
sublunatum also lack sterile hyphal coils.

Fusarium fredkrugeri Sandoval-Denis, Crous & W.J. Swart, sp. nov.
MycoBank: MB825103
Fig. 6

Diagnosis. Differs from Fusarium dlaminii Marasas, P.E. Nelson & Toussoun by pro-
ducing only one type of aerial conidia, shorter sporodochial conidia and the absence 
of chlamydospores.

Type. South Africa, Kruger National Park, Skukuza, Granite Supersite,  
25°06'48.6"S, 31°34'36.5"E, from rhizosphere soil of Melhania acuminata, 23 Mar 
2015, W.J. Swart, holotype CBS H-23496, dried culture on OA, culture ex-holotype 
CBS 144209 = CPC 33747.

Description. Colonies on PDA growing in the dark with an average radial growth 
rate of 4.7–5.8 mm/d and reaching 22–35 mm diam. in 7 d at 24 °C, filling an entire 
9 cm Petri dish in 7 d at 27 and 30 °C. Minimum temperature for growth 12 °C, maxi-
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Figure 6. Fusarium fredkrugeri sp. nov. A–D Colonies on PDA, SNA, OA and CMA, respectively, 
after 7 d at 24 °C in the dark E–G Sporodochia formed on the surface of carnation leaves H–N Aerial 
conidiophores, phialides and conidia O, P Aerial conidia Q Sporodochial conidiophores and phialides 
R Sporodochial conidia. Scale bars: 100 μm (E–G); 10 μm (H–R).
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mum 36 °C, optimal 27–30 °C. Colony surface at first white to cream coloured, later 
turning bay to chestnut with pale luteous to luteous periphery; flat, felty to cottony 
with abundant erect- aerial mycelium forming white patches; colony margins regular 
and filiform with abundant submerged mycelium. Reverse pale luteous, a blood sepia 
to chestnut coloured diffusible pigment is scarcely produced at 24 °C, pigment pro-
duction is markedly enhanced at 27–30 °C, becoming greyish-sepia at 33 °C. Colonies 
on CMA and OA incubated at 24 °C in the dark reaching 65–67 mm diam. or occu-
pying an entire 9 cm Petri dish in 7 d, respectively. Colony surface pale bay coloured, 
flat, felty to velvety, aerial mycelium scant, forming white to cream patches; margins 
regular. Reverse pale bay to pale vinaceous. Sporulation abundant from conidiophores 
formed on the substrate and aerial mycelium and from sporodochia. Conidiophores on 
the aerial mycelium straight or flexuous, erect or prostrate, septate, smooth- and thin-
walled, often appearing rough by accumulation of extracellular material, commonly 
simple or reduced to conidiogenous cells borne laterally on hyphae or up to 200 μm tall 
and irregularly branched at various levels, branches bearing lateral and terminal mono-
phialides borne mostly single or in pairs; phialides subulate, ampulliform, lageniform 
to subcylindrical, smooth- and thin-walled, (8.5–)9.5–17.5(–24.5) μm long, 2–3(–
3.5) μm at the widest point, without periclinal thickening, collarets inconspicuous; co-
nidia formed on aerial conidiophores, hyaline, obovoid, ellipsoidal to slightly reniform 
or allantoid, smooth- and thin-walled, 0-septate, (4.5–)5–8.5(–12.5) × (1.5–)2–3.5(–
6) μm, clustering in discrete false heads at the tip of monophialides. Sporodochia pale 
orange to pink coloured, often somewhat translucent, formed abundantly on the sur-
face of carnation leaves and on the agar surface. Conidiophores in sporodochia 26–46 
μm tall, densely aggregated, irregularly and verticillately branched up to three times, 
with terminal branches bearing 2–3 monophialides; sporodochial phialides doliiform 
to subcylindrical, (9–)11.5–15.5(–18.5) × (2.5–)3–4(–4.5) μm, smooth- and thin-
walled, with periclinal thickening and an inconspicuous apical collarette. Sporodochial 
conidia falcate, tapering toward the basal part, robust, moderately curved and slender; 
apical cell more or less equally sized than the adjacent cell, blunt to slightly papillate; 
basal cell papillate to distinctly notched, (1–)3–4-septate, hyaline, thin- and smooth-
walled. One-septate conidia: 13–17(–18) × (2.5–)3–4 μm; two-septate conidia: 15 × 
4.5 μm; three-septate conidia: (16–)28.5–39(–45) × (3–)4–5(–5.5) μm; four-septate 
conidia: 39.5–40(–41) × 4.5–5 μm; overall (13–)27.5–39.5(–45) × (3–)3.5–5.5 μm. 
Chlamydospores absent.

Distribution. Madagascar, Niger and South Africa.
Etymology. In honour and memory of Dr. Frederick J. Kruger, pioneer of forest 

hydrology, fynbos ecology and invasive species and fundamental for the collections 
included in this study.

Additional isolates examined. Madagascar, from Striga hermonthica, unknown 
date, A.A. Abbasher, CBS 144210 = NRRL 26061 = BBA 70127. South Africa, Kruger 
National Park, Skukuza, Granite Supersite,25°06'48.6"S, 31°34'36.5"E, from rhizos-
phere soil of Melhania acuminata, 23 Mar 2015, W.J. Swart, CBS 144495 = CPC 33746.

Notes. This species is genetically closely related to F. dlaminii, both species having 
similar colonial morphology, optimal growth conditions and biogeography. Moreo-
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ver, both species exhibit relatively short aerial phialides producing conidia in heads, 
somewhat resembling those produced by F. oxysporum rather than most members of 
the FFSC (Leslie and Summerell 2006; Marasas et al. 1985). However, besides exhibit-
ing much faster growth rates, F. fredkrugeri presents clearly distinctive morphological 
features such as the production of only one type of aerial conidia (vs. two types in 
F. dlaminii: allantoid to fusiform and 0-septate; and napiform 0–1-septate); orange 
to pink sporodochia, produced on carnation leaves but also abundantly on the agar 
surface (vs. orange sporodochia, produced only on the surface of carnation leaves in 
F. dlaminii) (Leslie and Summerell 2006). Additionally, F. fredkrugeri produces shorter 
and less septate sporodochial conidia ((1–)3–4-septate and up to 45 μm long in the lat-
ter species vs. mostly 5-septate and up to 54 μm long in F. dlaminii) while chlamydo-
spores are not produced. The latter feature, coupled with the somewhat more complex 
conidiophores also clearly differentiates F. fredkrugeri from F. oxysporum.

Fusarium transvaalense Sandoval-Denis, Crous & W.J. Swart, sp. nov.
MycoBank: MB825104
Fig. 7

Diagnosis. Different from most species in FSAMSC by its slender sporodochial co-
nidia with tapered and somewhat rounded apex; its smooth- to tuberculate, often pig-
mented chlamydospores and the formation of large mycelial tufts on OA.

Type. South Africa, Kruger National Park, Skukuza, Granite Supersite, 
25°06'45.5"S, 31°34'35.0"E, from rhizosphere soil of Sida cordifolia, 23 Mar 2015, 
W.J. Swart, holotype CBS H-23497, dried culture on SNA, culture ex-holotype CBS 
144211 = CPC 30923.

Description. Colonies on PDA growing in the dark with an average radial growth 
rate of 8.5–9.3 mm/d, reaching 34–37 mm diam. in 7 d at 24 °C, filling an entire 9 
cm Petri dish in 7 d at 27–33 °C. Minimum temperature for growth 12 °C, maximum 
36 °C, optimal 27–30 °C. Colony surface at first white, turning coral to dark vina-
ceous with white periphery and abundant yellow hyphae at the centre; flat, velvety to 
woolly, with abundant aerial mycelium and erect hyphal strings reaching several mm 
tall; colony margins regular and filiform. Reverse with yellow, coral or dark vinaceous 
patches, coral diffusible pigments strongly produced between 15–30 °C, turning scar-
let to orange at 33–36 °C. Colonies on CMA and OA incubated at 24 °C in the dark 
occupying an entire 9 cm Petri dish in 7 d. Colony surface coral, rust to chestnut col-
oured in irregular patches, flat, felty to woolly, aerial mycelium scarce on CMA, mostly 
as radially dispersed white patches, on OA aerial mycelium abundant, especially on the 
periphery of the colony, forming dense, pustule-like, white mycelial tufts, formed by 
abundant intermingled hyphae and chlamydospores, 1–1.5 cm tall, with flesh to coral 
coloured stipes; margins on CMA and OA regular. Reverse pale luteous with red to 
coral periphery. Sporulation abundant from conidiophores formed on the aerial my-
celium, at the agar level and from sporodochia. Conidiophores on the aerial mycelium 
straight or flexuous, septate, smooth- and thin-walled, up to 150 μm tall, sometimes 
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Figure 7. Fusarium transvaalense sp. nov. A–D Colonies on PDA, SNA, OA and CMA, respectively, after 7 d 
at 24 °C in the dark E Pustule-like growth on OA F, G Sporodochia formed on the surface of carnation leaves 
H–L Aerial conidiophores phialides and conidia M Aerial conidia N, O Chlamydospores P Sporodochial con-
idiophores and phialides Q Sporodochial conidia. Scale bars: 2 mm (E); 20 μm (F–J); 5 μm (K); 10 μm (L–Q).
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emerging from irregular, swollen, pigmented and rough-walled cells on the hyphae; 
simple or sparingly and irregularly branched, branches bearing terminal, rarely lateral 
monophialides or reduced to conidiogenous cells borne laterally on hyphae; phialides 
on the aerial conidiophores short ampulliform, subulate to subcylindrical, smooth- 
and thin-walled, (7–)9–14(–15) μm long, (3–)4–5 μm at the widest point, without 
periclinal thickening and with a minute, inconspicuous collarette; conidia formed on 
aerial conidiophores of two types: a) hyaline, obovoid, ellipsoidal to clavate, smooth- 
and thin-walled, 0–1-septate, 2–14 × 2–4 μm; b) lunate to short falcate with a pointed 
apex and a somewhat flattened base, smooth- and thin-walled, 3–5-septate. Three-sep-
tate conidia: (16–)18–27(–29) × 5–6 μm; four-septate conidia: 21–24(–25) × 5–6 μm; 
five-septate conidia: (25–)27–33 × 5–6 μm. Sporodochia cream to orange coloured, 
formed abundantly on the surface of carnation leaves and rarely on the agar surface, at 
first very small and sparse later becoming aggregated. Conidiophores in sporodochia 22–
31 μm tall, irregularly branched, bearing clusters of 3–6 monophialides; sporodochial 
phialides doliiform to ampulliform, (5–)9–14(–18) × (3–)4–5 μm, smooth- and thin-
walled, with periclinal thickening and a short apical collarette. Sporodochial conidia 
falcate, wedge-shaped, tapering towards both ends, markedly curved and robust; apical 
cell longer than the adjacent cell, pointed; basal cell distinctly notched, sometimes 
somewhat extended (1–)3–5(–6)-septate, hyaline, smooth- and thick-walled. One-
septate conidia: 19 × 4 μm; three-septate conidia: 20–27(–28) × 5–7 μm; four-septate 
conidia: (29–)30–32 × 5–7 μm; five-septate conidia: (26–)29–41(–53) × 4–5(–6) μm; 
six-septate conidia: 36 × 7 μm; overall (19–)25.9–40(–53) × (3.5–)4–6(–7) μm. Chla-
mydospores abundant, hyaline or pigmented, smooth- to rough-walled or tuberculate, 
7–8 μm diam., terminal or intercalary, solitary, in chains or in clusters.

Distribution. Australia and South Africa
Etymology. After Transvaal, the name of a former colony and Republic located 

between the Limpopo and Vaal rivers, currently a province of South Africa and where 
this species was found. From Latin trans meaning “on the other side of” and Vaal a 
South African river.

Additional isolates examined. South Africa, Kruger National Park, Skukuza, 
Granite Supersite, 25°06'48.6"S, 31°34'36.5"E, from rhizosphere soil of Melhania 
acuminata, 23 Mar 2015, W.J. Swart, CBS 144224 = CPC 30928, CBS 144212 = 
CPC 30929); 25°06'45.6"S, 31°34'37.7"E, CBS 144496 = CPC 33750, CBS 144213 
= CPC 33751; 25°06'48.8"S, 031°34'36.6"E, from rhizosphere soil of Sida cordifolia, 
23 Mar 2015, W.J. Swart, CBS 144214 = CPC 30946; 25°06'45.7"S, 31°34'35.1"E, 
CBS 144215 = CPC 33723; 25°06'45.5"S, 31°34'35.0"E, CBS 144216 = CPC 30918, 
CBS 144217 = CPC 30919, CBS 144218 = CPC 30922, , CBS 144219 = CPC 
30926, CBS 144220 = CPC 30927); 25°06'51.4"S, 31°34'37.5"E, from rhizosphere 
soil of Kyphocarpa angustifolia, 23 Mar 2015, W.J. Swart, CBS 144221 = CPC 33740; 
25°06'51.8"S, 31°34'38.1"E, CBS 144222 = CPC 30939, CBS 144223 = CPC 30941.

Notes. Fusarium transvaalense exhibits a sporodochial conidial morphology typi-
cal of members of FSAMSC with marked dorsiventral curvature and tapered ends. 
Several species in FSAMSC form comparable conidia in culture i.e. F. crookwellense 
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L.W. Burgess, P.E. Nelson & Toussoun, F. sambucinum, F. sporotrichioides Sherb., F. 
venenatum Nirenberg and F. culmorum (Wm.G. Sm.) Sacc. However, with the excep-
tion of F. sporotrichioides, the conidia of most species above-mentioned, differ by being 
more robust and often more pointed apically. Fusarium transvaalense differs from F. 
sporotrichioides by the absence of pyriform aerial conidia.

Two strains NRRL 13829 and NRRL 31008, previously identified as F. brachygib-
bosum Padwick showed different degrees of genetic similitude with the new species. 
While NRRL 31008 clustered within F. transvaalense, NRRL 13829 formed a clearly 
delimited sister linage. Morphologically, F. transvaalense exhibits significant differences 
allowing its separation from F. brachygibbosum. Both species produce sporodochial co-
nidia with similar septation and sizes; however, F. brachygibbosum commonly exhibits a 
bulge in the middle portion of the conidia (Padwick 1945), a feature not present in F. 
transvaalense. In addition, the latter species produces comparatively larger sporodochial 
conidia, when elements with the same degree of septation are compared; its chlamydo-
spores are smaller, smooth-walled to markedly tuberculate and pigmented (7–8 μm vs. 
10.7–15.3 μm, smooth-walled and hyaline in F. brachygibbosum) and has a distinctive 
colonial growth on OA, forming large, pustule-like hyphal tufts, a feature not reported 
for F. brachygibbosum (Padwick 1945).

Discussion

In this study, three new Fusarium spp. were introduced, isolated from rhizosphere soils 
of three native African shrubs in a protected savannah ecosystem deep inside the Kru-
ger National Park, South Africa.

Some remarkable differences were noted regarding the distribution of the novel 
fungal species and their respective hosts on this particular site. For instance, F. trans-
vaalense, which exhibited the greatest relative abundance, was found in high quanti-
ties from the rhizospheres of the three hosts sampled, showing a considerable genetic 
diversity. Interestingly, this species was only on the top of the catena, even when two of 
its hosts, K. angustifolia and S. cordifolia, were found and sampled either at the top and 
bottom sites. Similarly, F. fredkrugeri was recovered only from soils under M. acumi-
nata, a host species which occurred only at the top location. In contrast, F. convolutans 
was found in the rhizosphere of K. angustifolia, occurring only at the bottom of the 
catena, while none of the three fungal species was found associated with S. cordifolia at 
the bottom of the site. Nevertheless, not being an objective of this work, it was not pos-
sible to categorically assign these new species to specific hosts or locations. Likely, these 
fungi could be in low abundance and thus not detectable using the current methods. 
However, plant species composition varies considerably through a catena ecosystem, in 
relation to the different soil characteristics, pH gradient and water availability, which 
also greatly influence microbial and animal biodiversity (Lareen et al. 2016; Moham-
madi et al. 2017). However, the full patterns of variation between locations on this 
particular catena still need to be systematically assessed and compared. As evidenced 
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here, certain differences do exist between the soils at the upper and bottom locations 
of the Stevenson-Hamilton supersite, which might explain the fungal diversity vari-
ation observed here. The cation exchange capacity (CEC; capacity of a soil to hold 
exchangeable cations) varies considerably between sampling sites, basically depending 
on the proportion of sand versus clay content of each soil type (Ketterings et al. 2007; 
Van Zijl and Le Roux 2014). It is known that CEC greatly impacts the soil’s ability to 
retain essential nutrients and prevents soil acidification (Ketterings et al. 2007). Nutri-
ent content also increased from the top to the bottom of the slope which is consistent 
with the increase in CEC. Nutrient poor soils are also a driver of biological diversity 
and most likely influenced fungal diversity in these particular locations (Havlicek and 
Mitchell 2014, Mapelli et al. 2017).

The three Fusarium species, described here, were not associated with any visible 
symptomatology on their hosts. However, they cannot be ruled out as pathogens since 
they were not assessed for pathogenicity against the sampled plants nor any other pu-
tative host species at the same locations. Likewise, it is unknown if these fungi exert 
any beneficial or deleterious effect on their ecosystems. These are important unsolved 
questions that need further evaluation. However, as shown by phylogenetic analyses, 
each of the three new species was in close genetic proximity with well-known plant 
pathogenic Fusarium spp. on their respective species complexes, which could suggest 
a potential pathogenic role. Fusarium convolutans clustered within the FBSC, together 
with three known plant pathogenic Fusarium spp. i.e. F. buharicum, a pathogen of 
Hibiscus cannabinus L. and Gossypium L.; F. sublunatum, known to affect banana and 
Theobroma cacao L. in Central America (Gerlach and Nirenberg 1982, Leslie and Sum-
merell 2006) and a newly discovered although unnamed phylogenetic species causing 
wilt, crown and root rot of Hibiscus moscheutos L. (Lupien et al. 2017). Fusarium trans-
vaalense belonged to the FSAMSC, a genetically diverse group common in temperate 
and subtropical zones (Leslie and Summerell 2006). Fusarium sambucinum, the con-
served type species of the genus (Gams et al. 1997) being an aggressive plant pathogen 
and one of the most important agents of potato dry rot (Peters et al. 2008); while the 
latter species and several others in the complex have been reported causing disease on 
diverse crops, including many cereals and fruits (Leslie and Summerell 2006).

Fusarium fredkrugeri is here recognised and formally proposed as a new species. 
Although the clade representing this taxon had already been identified as a distinct un-
named phylogenetic species by O’Donnell et al. (2000), it had not been given a formal 
description pending the collection of additional isolates. Two other African isolates 
previously determined to belong to this clade i.e. CBS 144210 from Striga hermonthica 
(Del.) Benth. in Madagascar and NRRL 26152 from an unknown substrate in Niger, 
were incorporated into the analyses, although the latter strain is not viable anymore 
(NRRL, pers. comm.), thus not available for morphological assessment. Strain CBS 
144210, however, is known as a pathogen of the ‘purple witchweed’, a parasite plant 
common to sub-Saharan Africa and known to devastate Sorghum bicolor (L.) Moench 
and Oryza sativa L. plantations (O’Donnell et al. 2000; Yoshida et al. 2010). As previ-
ously demonstrated by O’Donnell et al. (2000), our phylogenetic results showed that 
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the clade comprising F. fredkrugeri and its sister species F. dlaminii does not cluster 
within the main African core of species in the FFSC. Thus, despite the African origin 
of our isolates, the predicted biogeographic patterns did not match the observed phy-
logeny. It has been hypothesised that this should not be the result of genetic markers 
tracing different phylogenies, but the consequence of losing the phylogenetic signal 
due to saturated sites and introns (O’Donnell et al. 2000). However, the inclusion in 
our analysis of additional, highly informative and slowly evolving loci such as RPB1 
and RPB2 yielded similar results, which points out the need to re-evaluate the phylo-
geographic arrangement of this important species complex including the vast new data 
generated during the last 20 years that challenges the established assumptions (Kvas et 
al. 2009; Walsh et al. 2010; O’Donnell et al. 2013; Laurence et al. 2015). Neverthe-
less, although rather unlikely, alternative factors such as anthropogenic dispersion of 
F. fredkrugeri, its host or additional invasive alternative hosts, cannot be rejected as an 
explanation for the discordance between biogeography and phylogenetic results. How-
ever, these scenarios are difficult to imagine given the characteristics of the sampled 
site, not being an agroecosystem but a protected, isolated zone, with minimal human 
intervention (Smit et al. 2013).

This study is a new example of how easily new Fusarium spp. can be found when 
mycological studies are directed to neglected natural ecosystems of minimal anthro-
pogenic disturbance (Phan et al. 2004; Leslie and Summerell 2011; Summerell et al. 
2011; Burgess 2014, Laurence et al. 2015). Although irrelevant for some researchers, 
finding and properly describing new species, regardless of whether they have little or 
no pathogenic or mycotoxigenic potential, is of utmost importance to improve our 
understanding on the diversity, biogeographic and phylogeographic patterns of such 
a complex and heterogeneous genus as Fusarium. In addition, this study remarks on 
the significance and need to further stimulate the exploration of conserved, non-ma-
nipulated natural environments (supersites) and their potential impact on biodiversity 
research on the fungal kingdom.
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