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Abstract Biatriospora (Ascomycota: Pleosporales, Biatriosporaceae) is a genus with unexplored diversity and
poorly known ecology. This work expands the Biatriospora
taxonomic and ecological concept by describing four new
species found as endophytes of woody plants in temperate
forests of the Czech Republic and in tropical regions,
including Amazonia. Ribosomal DNA sequences, together
with protein-coding genes (RPB2, EF1a), growth rates and
morphology, were used for species delimitation and
description. Ecological data gathered by this and previous
studies and the inclusion of sequences deposited in public
databases show that Biatriospora contains species that are
endophytes of angiosperms in temperate and tropical

regions as well as species that live in marine or estuarine
environments. These findings show that this genus is more
diverse and has more host associations than has been
described previously. The possible adaptations enabling the
broad ecological range of these fungi are discussed. Due to
the importance that Biatriospora species have in bioprospecting natural products, we suggest that the species
introduced here warrant further investigation.
Keywords Antibiotics  Biatriosporaceae  Cryptic
species  Halotolerance  Multigene phylogeny

Introduction
Handling editor: S. W. Peterson.

Electronic supplementary material The online version of this
article (doi:10.1007/s00606-016-1350-2) contains supplementary
material, which is available to authorized users.
& Miroslav Kolařı́k
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Endophytic fungi live asymptomatically in plant tissues
(Hyde and Soytong 2008). They can influence the physiology and biochemistry of plants (Arnold and Engelbrecht
2007; Rodriguez et al. 2009; Khan et al. 2015), and many
species have been shown to be useful in agriculture or drug
discovery (Dreyfuss and Chapela 1994; Schulz et al. 2002;
Higginbotham et al. 2013). Obligate endophytes such as
Epichloë are not known to have other ecological roles, but
in most other taxa, the endophytic stage represents only a
part of their lifecycle. Non-obligate endophytes have the
ability to switch from endophytic and asymptomatic to
saprotrophic or parasitic on the same or different plant host
(Hyde and Soytong 2008). Endophytic fungi of terrestrial
plants have been also found in marine or estuarine habitats,
where they can be found on submerged plant material such
as mangrove plants or drifting wood (Sakayaroj et al.
2012). These fungi are classified as facultative or secondary marine fungi, meaning that they have originated in
terrestrial habitat but have the ability to grow (and possibly
to reproduce) in marine environments. This ecology
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contrasts with obligate marine fungi, which grow and
reproduce exclusively in marine or estuarine habitats
(Kohlmeyer 1981; Jones et al. 2009).
Many fungal species with a marine-associated ecology
have been shown to be a rich source of structurally unique
and biologically active secondary metabolites (Bugni and
Ireland 2004; Santos et al. 2004; Rateb and Ebel 2011;
Navarri et al. 2016). The same is true for endophytes
(Schulz et al. 2002; Higginbotham et al. 2013; Chagas et al.
2015; Spakowicz and Strobel 2015), and thus, fungal
groups that present lineages associated with both ecologies
(e.g., endophytes of marine plants) are considered favorites
for bioprospecting projects (Smith et al. 2008; Debbab
et al. 2012). Biatriospora represents one of these lineages,
as it contains species that have been isolated as endophytes
of terrestrial and marine-associated plants. Until this study,
only two species of Biatriospora were known: B. marina, a
species consistently found inhabiting tropical mangrove
wood in Southeast Asia (Hyde and Borse 1986; Chinnaraj
1993; Jones et al. 2006) and B. mackinnonii (syn. Pyrenochaeta mackinnonii, Nigrogana mackinnonii) a species
reported to produce human mycetoma (Borelli 1976; de
Gruyter et al. 2013; Ahmed et al. 2014). Additionally,
unidentified Biatriospora spp. have been reported from elm
trees (Stodůlková et al. 2015) and marine sponges (Passarini et al. 2013).
Biatriospora is known to produce an extraordinary
diverse set of metabolites, including potent antibiotics
(Shaw et al. 2015; Stodůlková et al. 2015). Despite the
demonstrated importance in drug discovery and in human
health, relatively little is known about the diversity, ecology, biogeography and bioprospecting potential of Biatriosporaceae. The aim of this study was to expand the
taxonomic and ecological diversity of Biatriosporaceae by
describing new species and novel host associations, mining
public sequence databases recording host and habitat collection data, revising the genus taxonomy and systematics
using a multigene phylogenetic approach, and summarizing
the knowledge regarding the natural history of this taxa and
their secondary metabolite production capabilities.

Materials and methods
Source of isolates and culturing
Nine isolates were used in this study. Biatriospora mackinnonii type strain CBS 674.75 was obtained from the
Centraalbureau voor Schimmelcultures (CBS) culture collection. The other isolates were obtained as part of other
studies targeting the endophytic diversity of diverse tree
species distributed in the Czech Republic (Pažoutová et al.
2010, 2012; Koukol et al. 2015), Ecuador (Rundell et al.
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2015) and Peru (Gazis and Chaverri 2015; Table 1). The
material (cryopreserved cultures) from Ecuador is deposited in the Yale University Herbarium (YU) in the Peabody
Museum of Natural History. Dried type specimens of other
species are deposited in the National Museum in Prague
(PRM) and respective ex-type cultures in the Culture
Collection of Fungi in Prague (CCF). Isolates were cultured in three types of media: malt extract agar [MEA; malt
extract (Oxoid) 20 g, glucose 20 g, peptone (Difco) 1 g,
agar 15 g, 1000 ml distilled water, pH 5.0–6.0], potato
dextrose agar (PDA; HiMedia, pH 5.7) and oatmeal agar
(OA, Difco, pH 6.0). To promote sporulation, we increased
salinity of MEA medium (see below), added autoclaved
lupine stems to the culturing media, prolonged the incubation period (up to 1 year) and exposed the cultures to
desiccation, UV light periods (254, 365 nm, 7d) and temperature shocks (5 and 10 °C for 14 days). Growth rates
were measured after 7 and 14 days of incubation at 24 °C
on MEA, PDA and OA. Color codes were determined
according to Kelly and Judd (1976).
Tolerance to salinity
The effect of NaCl on the growth of five selected Biatriospora strains was determined by measuring colony
diameter on MEA (Online Resource 1). Within the selected
strains were representatives of B. antibiotica, B. carollii, B.
peruviensis and B. mackinnonii. Nutrient media was amended with four NaCl concentrations: 0.02 M (1.2 g NaCl/l),
0.2 M (12 g NaCl/l), 0.5 M (29 g NaCl/l), 2.5 M (146 g
NaCl/l) and 5 M (303 g NaCl/l), based on the scale
described by Kushner (1978). According to this scale, nonhalophiles have the growth optimum below the concentration of 0.2 M. Seawater has an average NaCl concentration
of 0.5 M. The triplicate plates were inoculated with mycelial
plugs, incubated at 24 °C and measured after 7 and 14 days
(Online Resource 1). The ability to grow at the simulated sea
water conditions was tested in Petri dishes with sea water
agar as recommended in Kjer et al. (2010). Growth medium
(pH 6.0) was prepared using malt extract (Oxoid) 20 g,
glucose 20 g, peptone (Difco) 1 g, agar 15 g, 1000 ml of
artificial sea water (CaCl2.2H2O [1.36 g L-1], MgCl2.6H2O
[9.68 g L-1], KCl [0.61 g L-1], NaCl [30.0 g L-1], Na2HPO4 [0.014 mg L-1], Na2SO4 [3.47 g L-1], NaHCO3
[0.17 g L-1], KBr [0.10 g L-1], SrCl2.6H2O [0.04 g L-1]
and H3BO3 [0.03 g L-1]). An agar plug (5 mm Ø) of a test
fungus, grown previously on respective agar medium, was
used for inoculation in all growing tests.
DNA analyses and phylogenetic reconstruction
Genomic DNA was isolated by using the ArchivePure
DNA Yeast & Gram-?Kit (5 PRIME, Hamburg). The
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–
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The strains analyzed for the taxonomic assessment using morphology, physiology and multigene sequencing are printed in bold. The sequences codes beginning with ‘‘LN’’ and ‘‘LT’’ were
obtained during this study

Hordeum vulgare

Platanus sp.

Tabernaemontana
columbiensis,
endophyte

Erythrina velutina,
branch endophyte

Guazuma ulmifolia, stem
endophyte

Malvaviscus concinnus,
endophyte

Mycetoma, human

Wood of living Acer
pseudoplatanus

Isolation source
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Species

Table 1 List of strains studied in this study
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nuclear ribosomal genes ITS (internal transcribed spacer),
LSU (large subunit) and SSU (small subunit), and the
protein-coding genes EF1a (elongation factor alpha) and
RPB2 (RNA polymerase II gene) were amplified and
sequenced using the primer sets listed in Table 2. The
reaction mixtures and amplification protocols are described
in Kolařı́k and Jankowiak (2013). PCR product purification
and sequencing was performed at Macrogen Inc. (Seoul,
South Korea). The EMBL accession numbers are listed in
Table 1. Three datasets were assembled and used in the
phylogenetic analyses. The first dataset was comprised of
LSU sequences generated from our isolates and curated
sequences representing the main lineages within the
Pleosporales. This dataset was used to place our isolates in
the broader context of Pleosporales and was generated
based on an alignment published by de Gruyter et al.
(2013) and deposited in the TreeBASE (www.treebase.org)
under the code M14603 and complemented with other
representative Pleosporales sequences gathered from NCBI
nucleotide database (Fig. 1).
The second dataset was comprised of ITS sequences
generated from our isolates and sequences obtained
through the mining of NCBI nucleotide database. This
dataset was used to explore the geographical and ecological
range of the targeted taxa. Sequences were obtained by
blasting our sequences to the NCBI database or by
querying ‘‘Biatriospora.’’ The ‘‘distance tree of results’’
option on the BLAST results page was used to determine
limits of Biatriosporaceae. Sequences that were at least
93 % similar ([90 % coverage) to our query sequences
were attributable to Biatriosporaceae and were downloaded

Fig. 1 Bayesian phylogenetic tree based on LSU rDNA sequences c
showing the relatedness of Biatriospora within main lineages of
Pleosporales. The dataset was generated based on an alignment
published by de Gruyter et al. (2013) and complemented with close
relatives gathered from NCBI nucleotide database (taxa with
GenBank accession numbers). The tree is rooted with Sporormiella
minima. Assignment to the families is according to de Gruyter et al.
(2013) and Liu et al. (2014). Bayesian PP followed by Maximum
likelihood BS supports are indicated. Branches with PP C 0.99 and
BS C 95 are shown in bold

and added to the ITS dataset. Maximum likelihood phylogenetic analysis (ML) was performed to identify
sequences localized outside of the Biatriosporaceae family.
Such distant sequences, except for the two most related
outgroup species, Medicopsis romeroi and Trematosphaeria pertusa, were removed from the final ITS
dataset. From the two previously described species, B.
marina and B. mackinnonii, only the sequence of the type
strain from the latter was available (KF015654) (Fig. 2,
Online Resource 2).
Finally, the third dataset was comprised of a multigene
alignment (ITS, LSU, RPB2, EF1a) which was used to
infer phylogenetic species boundaries. Topologies of single
gene ML phylogenetic trees were assessed visually for
congruence of species-rank clades. Mutually exclusive,
strongly supported clades (Bootstrap support, BS, C60 %)
were considered indicative of significant topological
incongruence, and because there were no such conflicts, the
alignments were concatenated.
All sequence alignments were done in MAFFT 6 using
the G-INS-i strategy (Katoh et al. 2009). ML phylogenetic

Table 2 Primers used for PCR and sequencing
Locus
Nuclear ITS rDNA

Primer

Primer sequence 50 to 30

Reference

ITS1F

CTTGGTCATTTAGAGGAAGTAA

Gardes and Bruns (1993)

ITS4

TCCTCCGCTTATTGATATGC

White et al. (1990)

Nuclear LSU rDNA

NL1

GCATATCAATAAGCGGAGGAAAAG

O’Donnell (1993)

Nuclear SSU rDNA

NL4
NS1

GGTCCGTGTTTCAAGACGG
GTAGTCATATGCTTGTCTC

O’Donnell (1993)
White et al. (1990)

Translation elongation factor-1a

RNA polymerase II second largest subunit
b-Tubulin
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NS4

CTTCCGTCAATTCCTTTAAG

White et al. (1990)

NS5

AACTTAAAGGAATTGACGGAA

White et al. (1990)

NS24

AAACCTTGTTACGACTTTTA

White et al. (1990)

EF1-983F

GCYCCYGGHCAYCGTGAYTTYAT

Rehner and Buckley (2005)

EF1-2218R

ATGACACCRACRGCRACRGTYTG

Rehner and Buckley (2005)

EF1-728F

CATCGAGAAGTTCGAGAAGG

Carbone and Kohn (1999)

fRPB2-5F

GAYGAYMGWGATCAYTTYGG

Liu et al. (1999)

fRPB2-7cR

CCCATRGCTTGYTTRCCCAT

Liu et al. (1999)

T1

AACATGCGTGAGATTGTAAGT

O’Donnell and Cigelnik (1997)

T10

ACGATAGGTTCACCTCCAGAC

O’Donnell and Cigelnik (1997)

Bt2b

ACCCTCAGTGTAGTGACCCTTGGC

Glass and Donaldson (1995)
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Massarinaceae

Neottiosporina paspali CBS 331.37

Paraphaeosphaeria michotii CBS 652.86
Paraconiothyrium minitans CBS 122788

0.67/*

Montagnulaceae
Trematosphaeriaceae

Paraconiothyrium fuckelii CBS 797.95
Medicopsis romeroi CBS 252.6
Pleospora chenopodii CBS 206.8
Pleospora halimiones CBS 432.77

Pleosporaceae

Pleospora calvescens CBS 246.79
Pleospora betae CBS 523.66
Pyrenophora tritici-repentis OSC100066
Pleospora herbarum CBS 191.86
Cochliobolus sativus DAOM226212
Pleospora typhicola CBS 132.69
Setomelanomma holmii CBS 110217 GQ387633
Setomelanomma holmii CBS 110217

0.71/88

Phaeosphaeriaceae

Paraphoma chrysanthemicola CBS 172.70 GQ387583

0.56/*

Paraphoma chrysanthemicola CBS 522.66 GQ387582
Paraphoma radicina CBS 102875

0.95/*

Paraphoma radicina CBS 111.79
Chaetosphaeronema hispidulum CBS 216.75
0.55/0
0.86/75

Setophoma terrestris CBS 335.29
Phaeosphaeria nodorum CBS 110109

0.53/*

Phaeosphaeria oryzae CBS 110110

0.70/90

Neosetophoma samarorum CBS 138.96

Coniothyrium telephii CBS 101636
Plenodomus visci CBS 122783

Leptosphaeriaceae (B)

Coniothyrium palmarum CBS 400.71
0.50
/87

Leptosphaeria conoidea CBS 616.75
Leptosphaeria slovacica CBS 389.8
0.86Leptosphaeria doliolum CBS 505.75
Plenodomus chrysanthemi CBS 539.63

Plenodomus tracheiphilus CBS 551.93
Plenodomus lingam CBS 275.63
Neophaeosphaeria filamentosa CBS 102202
0.66/86
0.53/47
Plenodomus biglobosa CBS 119951
Coniothyrium dolichi CBS 124140
Coniothyrium glycines CBS 124455
Coniothyrium carteri CBS 105.91
Heterospora chenopodii CBS 448.68

0.51/64

1.00/
93

Coniothyriaceae
Leptosphaeriaceae (A)

Heterospora dimorphospora CBS 165.78
Subplenodomus drobnjacensis CBS 269.92
Pyrenochaeta lycopersici CBS 267.59

Cucurbitariaceae

Pyrenochaetopsis pratorum CBS 445.81
Pyrenochaetopsis leptospora CBS 101635

0.64/*

Pyrenochaeta nobilis CBS 407.76
Pyrenochaeta cava CBS 257.68
0.70/50

Cucurbitaria berberidis CBS 363.93
Phoma paspali CBS 560.81
Phoma lycopersici CBS 378.67

1.00/92

Corynespora smithii CABI 5649b GU323201
Versicolorisporium triseptatum AB330081
Roussoella pustulans AB524623

0.88/85

B. yasuniana YU.101026
0.52/0
B. peruviensis CCF 4885
0.65/90
B. antibiotica CCF 4378
B. carollii CCF 4884

Didymellaceae

Stogonosporopsis cucurbitacearum CBS 133.96
Phoma herbarum CBS 615.75
Didymella exigua CBS 183.55

Corynesporascaceae
insertae sedis
Roussoellaceae
Biatriosporaceae
Biatriospora

B. marina CY 1228 GQ925848
Biatriospora sp. YU.101025
1.00/86
Biatriospora sp. YU.101028
B. mackinnonii YU.101027

0.64/42

B. mackinnonii CBS 674.75
B. mackinnonii YU.100463
Massarina rubi CBS 691.95 FJ795453
Sporormiella minima 524 5

Lophiotremataceae
Sporormiaceae
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KF015669 Trematosphaeria pertusa CBS 122371
KF366447 Medicopsis romeroi CBS 122784
KT004565 bark Eur
KC339248 Eur

B. antibiotica

HQ871973 Eur
FR852578 Eur

JX570932 CCF 4378 Eur T
LT221894 CCF 4998 Eur
LN626658 CCF 4885 SAm T

JQ889692 SEAs
KP263070 CAm

0.68/85

DQ914703 litter Eur
FJ571453 Eur

B. peruviensis

Biatriospora sp.

HQ117845 YU.101025 Eur

0.51/67

KP143700 CAm
KP306957 CAm

KF015653 mycetoma CAm
KF015654 CBS 674.75 T mycetoma SAm
LN626660 E6231a SAm

KC506228 SAm

B. mackinnonii

JN545759 YU.101027 SAm
JX264157.2 YU.100463 SAm

1.00/90

EU002909 Hawaii
HQ012969 SAm
JN417232 SAm
JQ388932 CAm
JQ388931 CAm

0.59/*

B. marina clade

JQ388933 CAm

0.92/
88

HQ012970 SAm

0.89/
82

HQ012965 SAm
GU054058 air CAm
JN116685 SEAs
KC507196 SEAs
AB558289 sandstone SEAs
KF019262 SEAs

LN626659 YU.101028 SAm

Biatriospora sp.

KC288117 mycetoma CAm
GU595030 SEAs
KP890523 n.d.
JX974742 EAs
HQ914897 EAs
KF019265 SEAs
LN626657 CCF 4884 SAm T

B. carollii

JQ070595 Eur
HE998709 wood Eur
HQ207026 SAm
1.00/78

HQ207062 SAm
HM116750 wood NZ
EU977267 SAm

KR014352 Eur

plant endophyte

KT699127 Eur

0.83/79

0.82/61

KT715719 Eur
KT581688 litter CAm

0.89/82 KC339242 Eur
KP306956 CAm
JN116669 SEAs
FJ375933 bark SAm
HQ108005 YU.101026 SAm T

data about natural
products

B. yasuniana

Fig. 2 Bayesian phylogenetic tree based on ITS rDNA sequences
showing the relatedness of studied Biatriospora isolates and the most
similar sequences from NCBI database. The branch leading to the
outgroup (Medicopsis romeroi and Trematosphaeria pertusa) has
been five times shortened. The isolates printed in bold were analyzed
as part of this study. For the full details see Online Resource 1.
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marine/estuarine

Bayesian PP followed by Maximum likelihood BS supports are
indicated. Branches with PP C 0.99 and BS C 95 are shown in bold.
Region of sequence origin is indicated. CAm Central America and
Caribbean, EAs Eastern Asia, Eur Europe, NAm Northern America,
SAm Southern America, SEAs Southeast Asia, NZ New Zealand
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analyses were done in PhyML 3.1. (Guindon et al. 2010)
using 500 bootstrap replicates. Bayesian phylogenetic
(MB) analyses were performed using MrBayes v3.1.2
(Ronquist and Huelsenbeck 2003). A metropolis-coupled
Markov chain Monte Carlo search algorithm with
2,000,000 generations was used. Trees were sampled every
1000 generations. Chain convergence was determined with
Tracer 1.4 (http://tree.bio.ed.ac.uk/software/tracer), and the
first 20 % trees were discarded as burn-in. Evolutionary
models (K2 ? G model for ITS and LSU, TN93 ? G
model for multigene dataset) were determined for all
datasets using MEGA 6.06 (Tamura et al. 2013). In MB
analysis of multigene dataset, the eight data partitions were
recognized which include ITS, LSU and splitting of each
codon position to separate partitions in RPB2 and EF1a.
The LSU alignment had 34 sequences and 3818 characters, from which 477 were variable and 272 were parsimony informative. The ITS alignment had 58 sequences
and 548 characters, from which 69 were variable and 39
were parsimony informative. The multigene dataset had 13
sequences and 2777 characters from which 92 were variable and 82 were parsimony informative.

Results
Phylogeny and species delimitation
Phylogenetic analysis of the LSU rDNA dataset containing
representative members of the families within Pleosporales
showed that our strains can be placed in a phylogenetically
well-defined clade. This lineage is sister to Masarina rubi,
Roussoella pustulans and Versicolorisporium triseptatum
(Fig. 1). Phylogenetically, the sequences can be placed in
the genus Biatriospora, within the monotypic family Biatriosporaceae. The ITS region did not have enough informative characters to resolve relationships among species
within Biatriospora. A total of nine distinct lineages were
recovered, which included clades containing sequences
form culture collections, as well as GenBank sequences
(Fig. 2, Online Resource 2). However, four lineages were
represented by only one sequence. Two of them consisted
of the single strains CCF 4884 and YU.101026 studied
during this study. Among the well-supported clades comprised by several sequences, the largest contained the type
strain of B. mackinnonii. ITS sequence from B. marina was
not available, but other data suggested its close relativity
with B. mackinnonii (see below) and the whole clade could
be termed as ‘‘Biatriospora marina’’ clade. In this clade,
the type strain of B. mackinnonii, isolates YU.101027,
E6231a and YU.100463 formed well-supported lineage,
whereas strains YU.101025, YU.101028 and sequences
gathered from GenBank formed eight independent

lineages. The Biatriospora marina clade is resolved as
sister to the clades represented by the strains CCF 4378 and
CCF 4885.
A multigene dataset of representative strains was further
analyzed to delimit phylogenetic species boundaries and to
resolve the relationships among the main lineages (Fig. 3).
Phylogenetic reconstruction revealed four well-supported
and genetically distant lineages outside the B. marina
clade, which we describe as new species: Biatriospora
antibiotica (CCF 4378T), B. carollii (CCF 4884T), B.
yasuniana (YU.101026T) and B. peruviensis (CCF 4885T).
Biatriospora antibiotica and B. carollii were resolved as
sister clades with Bayesian posterior probability (PP) 0.92,
but the relationships among the other two novel Biatriospora taxa were not clear due to low statistical support
(PP \ 80; Fig. 3). The rest of isolates, together with B.
mackinnonii and B. marina, formed a well-defined clade
with apparently low genetic variability, as suggested by the
relatively short branch length (B. marina clade, Fig. 3). In
this clade, B. mackinnonii type strain CBS 674.75 and
isolates YU.101027 and YU.100463 formed a monophyletic group (PP: 1.00). Two additional strains within the
B. marina clade, YU.101028 and YU.101025, represented
separate lineages with unique haplotypes in all genes
studied (except of SSU rDNA) with similarity of 98.7 and
99.5 % in ITS rDNA with the B. mackinnonii type strain.
The other lineage is represented by the strain CBS 110022,
which was not available for this study. This strain, together
with two strains from the B. mackinnonii lineage (CBS

0.05

B. anbioca CCF 4378 T

0.92/87

B. carollii CCF 4884 T

0.75/33

B. yasuniana YU.101026 T

0.73/*

B. peruviensis CCF 4885 T
Biatriospora sp. YU.101028
B. mackinnonii CBS 674.75 T
B. mackinnonii YU.101027

0.66/80

B. mackinnonii YU.100463
0.59/*

B. marina clade

B. marina CY 1228
Biatriospora sp. YU.101025

0.57/*

Biatriospora sp. CBS 110022
Medicopsis romeroi CBS 122784
Trematosphaeria pertusa CBS 122371

Fig. 3 Bayesian phylogenetic tree based on concatenated ITS, LSU,
RPB2, EF1a sequences showing the relationships among the lineages
within the genus Biatriospora. The branch leading to the outgroup
(Medicopsis romeroi and Trematosphaeria pertusa) has been six
times shortened. Bayesian PP followed by Maximum likelihood BS
supports are indicated. Branches with PP C 0.99 and BS C 95 are
shown in bold
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674.75, YU.100463), was characterized by the presence of
a 334 bp insert in the SSU rDNA sequence (Fig. 3). A
homologous insert having sequence similarity of 86 % or
lower was found in Flavomyces fulophazii KP184081,
Neosetophoma samarorum GQ387519 and several other
genera from the related families within Pleosporales.
All the strains in our study remained sterile, forming
smooth, hyaline, 4.5–5.0 lm wide mycelium that was
sparsely branched and sometimes fragmented. The rapid
growth on three types of media visually distinguished B.
peruviensis (strain CCF 4885T) and B. yasuniana (strain
YU.101026T) from the other strains; the other strains
showed relatively similar growth rates (Online Resource
3). Biatriospora antibiotica and B. carollii produced a
soluble red or brown pigment on agar media, whereas the
other strains did not. Inside the B. marina clade, all strains
studied had slow growth on MEA (Online Resource 3).
Colonies on MEA were plane, floccose to lanose, dark gray
to olive gray, without soluble pigment and with the reverse
moderate olive to olive black in the colony center. Colonies
on PDA were floccose, slightly wrinkled radially with a
heaped cottony center, olive brown, without soluble pigment and with the reverse side a dark grayish olive color.
Colonies on OA were plane to slightly wrinkled, floccose,
olive gray to dark olive gray within a colony center, with
the reverse olive gray.
Ecology and biogeography based on database
mining
The mining of ITS sequences from the NCBI nucleotide
database resulted in a total of 66 sequences that were
identified as Biatriospora through phylogenetic analyses
(Fig. 2, Online Resource 2). The majority of sequences
were from Americas (25 sequences, Ecuador, French
Guiana, Mexico, Panama, Peru, USA, Venezuela) or
tropical parts of Asia (10 sequences, China, Cambodia,
Hawaii, Thailand). Ten sequences, from which five were
attributable to B. antibiotica, were from Europe (Czech
R., Germany, Italy, Germany, Mediterranean sea, Poland)
and one from New Zealand. Most of the sequences
originated from terrestrial habitats (33), four from estuarine (e.g., mangrove soil and plants) and 21 from marine
habitats (sea sediment, marine sponges, corals, seagrass).
Based on their habitats of origin, 24 sequences were
isolated as plant endophytes, 10 sequences from marine
sponges or algae, nine from dead organic matter (wood,
plant litter), five from roots and soil, two from a human
mycetoma and three from other sources (water, air,
stone). From the 37 sequences associated with plants, 28
originated from terrestrial plants and nine from estuarine
plants or algae. Taxonomically, all of the host plants were
angiosperms.
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Tolerance to salinity
All five selected Biatriospora strains were able to grow in
salinity concentrations of 0.5 M NaCl and in the sea water
agar, although their growth optima were in lower salt
concentrations (Online Resource 2). Notable was the
stimulation of soluble pigment production by B. antibiotica
and B. carollii on sea water agar.

Discussion
Identification and species delimitation
The family Biatriosporaceae was recovered as a distinct
clade (1/100) within the larger clade (0.88/0.85) containing
the families Lophiotremataceae, Roussoellaceae and Versicolorisporium triseptatum (Fig. 1), as previously shown
by Hyde et al. (2013) and Liu et al. (2014). In this study,
we introduce four new species: B. antibiotica, B. carollii,
B. peruviensis and B. yasuniana. The species can be
unambiguously delimited based on their phylogenetic distinctiveness and partially on their differential growth rates
and pigment production. In addition, we identified several
well-supported lineages within the B. marina clade that are
morphologically undistinguishable.
Cultures of Biatriospora are sterile and lack complex
morphological structures, which complicates their taxonomic assignment and the delimitation of species boundaries. The production of fertile pycnidia was observed in
the ex-type strain of B. mackinnonii, CBS 674.75 (de
Gruyter et al. 2013). Nevertheless, studies performed later
on the same strain by us and Ahmed et al. (2014) did not
observe such structures. The absence of reproductive
structures in the anamorph was also reported in B. mackinnonii E5202 h (=YU.100463 from this study) (Shaw
et al. 2015), B. antibiotica (Shushni et al. 2009, 2011) and
Biatriospora sp. IBWF77-89A (Opatz et al. 2008). The
whole genus seems to reproduce mainly vegetatively and
seems to produce conidia only under specific conditions. A
sexual state was observed only in the filed collections of B.
marina (Hyde and Borse 1986) and Biatriospora sp.
IBWF77-89A (Opatz et al. 2008). The faster growth rates
of B. peruviensis and B. yasuniana on the three tested
nutrient media set them apart from the rest of Biatriospora
species. The rest of the strains have relatively similar
growth rates, and thus, this character has limited taxonomic
utility (Online Resource 3). Another potential diagnostic
character is the production of a red pigment, which has
been previously characterized as mix of pleorubrines
(Stodůlková et al. 2015). This character is present only in
B. antibiotica and B. carollii, reaffirming their evolutionary
relatedness as suggested by multi-loci analyses (Fig. 3).
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The B. mackinnonii clade was distinct from the B.
marina CY 1228 (Fig. 3), which was used by Suetrong
et al. (2009) to represent this species. The same strain was
used by Ahmed et al. (2014), together with CBS 110022
and B. mackinnonii type strain CBS 674.75, concluding
that both species cannot be unambiguously separated, even
by using five genes. Our analysis conducted on the larger
set of sequences suggests both species to be genetically
distinct. Additional strains, including the B. marina type
specimen, and potentially additional markers, are necessary
for resolving the taxonomy in this lineage.
An SSU rDNA insert was found in strains within the B.
marina clade. The presence of an insert in the SSU rDNA,
mostly identified as group I introns, is widespread in fungi,
and their sporadic distribution among closely related fungi
suggests that the inserts can be gained and lost relatively
rapidly (Nikoh and Fukatsu 2001; Haugen et al. 2005).
Based on the inconsistency of its presence among Biatriospora species, we believe that this insert has no taxonomic value.
This study expands the concept of Biatriospora by
reporting a diversity that was previously unknown. By
analyzing our fungal collections and mining ITS databases,
we have uncovered at least 20 lineages that potentially
represent taxa at the species level (Fig. 2). Given our
findings, we believe there is yet more diversity to be discovered in Biatriospora.
Ecology and biogeography of Biatriospora
Biogeographically, species from Biatriospora are primarily
inhabitants of tropical regions worldwide, with an apparent
higher diversity in the Americas, where some species [B.
mackinnonii, Biatriospora sp. CBS 110022 (Ahmed et al.
2014) and Biatriospora sp. L3396 (Santos et al. 2004)]
have been isolated as human pathogens. Our results show
that Biatriospora contains species that can live as endophytes of plants in terrestrial ecosystems (in both tropical
and temperate forests) and also as species associated with
plant material found in marine habitats. A large proportion
of the sequences obtained through the ITS mining originated from fully marine environments (e.g., sea sediments
and sponges) and were isolated using sea water agar (Paz
et al. 2010; Xing and Guo 2011; Panno et al. 2013; Passarini et al. 2013; Supaphon et al. 2014; Bolaños et al.
2015) (Online Resources 1). The isolation methods suggest
that these fungi were actively growing in the marine habitat
where they were found and indeed the isolates grew on
media containing 0.5 M NaCl and sea water and can be
considered halotolerant (Zak and Wildman 2004) This
pattern has also been reported for other terrestrial fungi
(e.g., Acremonium, Aspergillus, Cladosporium, Fusarium,
Penicillium, Trichoderma) that are frequently isolated from

marine sponges, corals and deep sea sediments habitats
using media based on sea water agar (Paz et al. 2010;
Panno et al. 2013; Passarini et al. 2013; Zhang et al. 2014;
Bolaños et al. 2015; Navarri et al. 2016; Xu et al. 2016).
Most of the terrestrial ascomycetes tolerate NaCl concentrations that are similar to sea water conditions (Tresner
and Hayes 1971), but the possibility that some species can
actively live in both terrestrial and marine environments
has been under debate (Kohlmeyer and Volkmann-Kohlmeyer 2003). However, the studies on the model species
Aspergillus flavus (Ramı́rez-Camejo et al. 2012) and A.
sydowi (Rypien et al. 2008) suggested that true marine
populations (e.g., parasites of corals) are undistinguishable
from terrestrial populations. As a result, the facultative
marine fungi such as Aspergillus, Fusarium or Penicillium
are considered terrestrial, but adapted to marine environments (Damare et al. 2012). These results are consistent
with Biatriospora as primarily terrestrial genus that is also
compatible with marine habitats. The halotolerance of
these fungi could be linked to their pathogenic potential, as
has been previously suggested by De Hoog et al. (2005).
Biotechnological potential
Marine-derived and endophytic fungi have been shown to
be a rich source of structurally unique and biologically
active secondary metabolites (Bugni and Ireland 2004;
Chagas et al. 2015). Factors suggested to have contributed
to the high number of diverse and unique secondary
metabolite gene clusters present in marine and endophyte
fungi include the need to interact and evade their host’s
immune system (e.g., plant, sea sponge, corals) (Ravindran
et al. 2012a), to deter herbivores and other microbes
(Kusari et al. 2012) or to cope with abiotic stresses posed
by their environment (Debbab et al. 2012). Consequently,
these habitats are usually occupied by diverse assemblages
of fungi but are dominated by a limited group of genera
(e.g., Acremonium, Aspergillus, Fusarium, Penicillium,
Trichoderma). These taxa have been called the ‘‘creative
fungi’’ (Dreyfuss and Chapela 1994) from which the
majority of novel compounds have been described (Debbab
et al. 2012). These ‘‘creative fungi’’ typically have
numerous and diverse secondary metabolite gene clusters
in their genomes. For example, F. avenaceum has 24
polyketide synthase (PKS) clusters, which is the largest
number among all known Fusarium species (Hansen et al.
2015), and the model organism, A. nidulans, has 29 PKS
clusters (Ahuja et al. 2012). Biatriospora mackinnonii,
with 32 PKS clusters, exceeds the number of PKS clusters
of any known Fusarium or Aspergillus isolate (Shaw et al.
2015). Furthermore, many of these gene clusters encode
previously unknown and unique secondary metabolites.
Biatriospora antibiotica, is known to produce 20 different
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secondary metabolites, of which 12 were first described in
this fungus (Opatz et al. 2008; Shushni 2009; Shushni et al.
2009, 2011) (Online Resource 2). The structural diversity
of the produced secondary metabolites is vast and includes
a macrolide (balticolid) (Shushni et al. 2011), naphthalenes
(balticols), a benzopyrane (altechromone A) (Shushni et al.
2009), an azaanthraquinone (6-deoxybostrycoidine)
(Shushni 2009; Stodůlková et al. 2015) and various naphthoquinones, including a rich set of pyranonaphthoquinone
antibiotics (Stodůlková et al. 2015). The biological activities of B. antibiotica metabolites include antiviral (balticolid, balticols) (Shushni et al. 2009, 2011), antibacterial
(6-deoxybostrycoidine, herbarin) (Schuffler et al. 2009;
Shushni 2009), antifungal (ascomycone A, B, herbarin)
(Opatz et al. 2008; Schuffler et al. 2009), anti-inflammatory
(Balticol D) and cytotoxic against animal cells (6-deoxybostrycoidine, pleorubrin B, herbarin) (Gu 2009; Heimberger et al. 2015; Stodůlková et al. 2015). Potentially
positive effectors of the plant–endophyte symbiosis include
altechromone A, which promotes plant root growth
(Kimura et al. 1992). Other identified products such as
balticofuran and herbarin have antioxidant properties
(Shushni 2009; Heimberger et al. 2015), reducing oxidative
stress that can arise as a result of salinity stress affecting
the fungi itself or its plant host (Ravindran et al. 2012a, b).
Other secondary metabolites with potential industrial
applications include the odd chain polyene produced by B.
mackinnonii, which has a suggested application as a biofuel
(Shaw et al. 2015) and the heptaketides-ascomycone A-C
produced by Biatriospora sp. IBWF77-89A, which has
antifungal activities (Fig. 2, Online Resource 2). The latter
demonstrates the diversity of secondary metabolites produced by Biatriospora, and it prompts the hypothesis that
this broad activity of chemical production is involved in
enabling this fungus to live as plant endophyte as well as
facultative marine fungus. In summary, this is the first
study to map the biogeography, ecology and diversity of
Biatriospora. These mostly tropical fungi have a broad
ecology, spanning from plant endophytes to facultative
marine fungi. Our study describes four new species of
Biatriospora and provides a framework for further taxonomic evaluations of this important genus with significant
medical and biotechnological potential.

Taxonomic treatment
Biatriospora antibiotica M.Kolařı́k & Kubátová, sp. nov.
—TYPE: Czech republic, Velký Osek, Libický luh forest,
50°50 52.500 N, 15°100 5.900 W, 190 m a. s. l., from phloem of
living Ulmus laevis (Ulmaceae), May 2008, A. Kubátová,
K. Prášil and M. Kolařı́k AK165/08 (holotype: PRM
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933240, dried ex-type culture CCF 4378T; isotype: PRM
933241). [MycoBank # MB 815910] (Fig. 4).
Diagnosis: Dark gray colonies on MEA, 14 mm in
diameter (24 °C, 14 days), producing soluble reddish pigment on MEA and dark brown pigment on PDA, mycelium
sterile and gray colored.
Description: Colonies on MEA after 14 days at 24 °C
reaching a diameter of 14 mm, dark gray (ISCC-NBS No.
266), plane to slightly furrowed with heaped central part,
effuse with slightly ruffled margin, soluble moderate reddish brown (No. 43) pigment, reverse dark grayish reddish
brown (No. 47) to dark reddish brown (No. 44). Colonies
on PDA reaching a diameter of 20.5 mm more light colored and with dark brown (No. 59) soluble pigment.
Colonies on OA at 24 °C, 14 days reaching a diameter of
24.5 mm, plane, floccose, grayish olive (No. 110) to dark
gray (No. 266) in colony center, no soluble pigment,
reverse grayish olive. Mycelium sterile, gray colored,
smooth, 2.3–3.9 lm wide, sparsely branched, often fragmenting. Teleomorph unknown.
The above description is based on the ex-type culture
and corresponds with the other strain, CCF 4998 which has
an identical ITS–LSU sequence.
Etymology: From the Latin adjective ‘‘antibiotica’’
(fem.), antibiotic, intended to mean producing antibiotic.
Habitat and distribution: Ulmus, Fraxinus and Vitis
phloem and wood, Phragmites roots, isolated from various
marine habitats in the Europe (Czech Republic, Italy, and
Germany) and the USA (California).
Additional material examined: Czech Republic, Prague,
Kinského zahrada, 50°040 46.600 N, 014°230 54.200 W, 220 m
a. s. l., from wood of living Acer pseudoplatanus, 8 Oct
2014, I. Kelnarová, culture CCF 4998.
Notes: The distinctive pigment production on PDA is
shared with B. carollii, which also has similarly slow
growth rates. These two species differed by pigment
production on MEA and can be reliably separated by
molecular data (sequence similarity: ITS: 95.7 %, LSU:
99.5 %). The holotype was isolated at the frequency of
0.002 % from all isolates obtained from Ulmus laevis
wood and phloem during 2005–2008. The morphologically identical strain CCF 4998 was isolated from single
wood/phloem drill core out of 112 cores taken from Acer
pseudoplanus stems. Its ITS rDNA sequence is identical
with GenBank entries KT004565, KC339248, HQ871973
and FR852578, which were isolated from necrotic lesion
on a Fraxinus excelsior stem in Poland (Kowalski et al.
2016), from a Posidonia oceanica root mat in Italy
(Panno et al. 2013), roots of an littoral plant Phragmites
australis plant in Italy (Angelini et al. 2012) and from a
drifting wood from the Baltic, Germany (Shushni et al.
2009). The unpublished GenBank entry KR909174 (1 bp
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Fig. 4 Morphology of Biatriospora antibiotica CCF 4378T. Colony
grown on OA (a), PDA (b) and MEA (c) after 14 days in 25 °C;
micromorphology on MEA after 14 days (d, e); crystals produced on

MEA medium (f). Morphology of B. carollii CCF 4884T. Colony
grown on OA (g), PDA (h) and MEA (i) after 14 days in 25 °C;
micromorphology on MEA after 14 days (j, k). Bar 10 lm

difference in ITS rDNA), isolated from the wood of Vitis
vinifera in California, shows that the fungus occurs also
outside of Europe. Twenty different natural products have

been identified from this species (Shushni et al.
2009, 2011, 2013; Stodůlková et al. 2015) (Online
Resources 2).
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Biatriospora carollii M.Kolařı́k & R.Gazis, sp. nov. —
TYPE: Peru, Loreto, Napo, Amazon Conservatory of
Tropical Studies (ACTS) biological station, 3°140 52.300 S,
72°540 53.800 W, *100 m a. s. l., endophytic on living
sapwood of wild Hevea brasiliensis (Euphorbiaceae), Jun
2009, R. Gazis IQ89 (holotype: PRM 933239, dried extype culture CCF 4884T). [MycoBank # MB 815911]
(Fig. 4).
Diagnosis: Dark gray colonies on MEA, 16.25 mm in
diameter (24 °C, 14 days), producing dark brown soluble
pigment on PDA, but not on MEA, mycelium sterile and
gray colored.
Description: Colonies on MEA after 14 days at 24 °C,
reaching a diameter of 16.25 mm, plane, floccose with
heaped central part, medium gray (ISCC-NBS No. 265) to
dark gray (No. 266) with paler margin, no soluble pigment,
reverse dark grayish brown (No. 62). Colonies on PDA
reaching a diameter of 16 mm, plane, effuse, light gray
(No. 264) and with strong brown (No. 55) soluble pigment,
reverse brownish black (No. 65). Colonies on OA at 24 °C,
14 days reaching a diameter of 21 mm, plane, sparse
mycelium, deep yellowish brown (No. 75), no soluble
pigment and reverse deep yellowish brown. Mycelium
sterile, hyaline to light gray, smooth, 1.6–3.3 lm wide,
often fragmenting. Teleomorph unknown.
Etymology: Named in honor of George C. Carroll for his
significant contribution to endophyte research.
Habitat and distribution: Endophyte of Hevea
brasiliensis in Peru.
Notes: See B. antibiotica for distinguishing characters.
The description of this species is only based on the holotype, which was isolated in a frequency of 0.5 % from a
total of *200 isolates, collected from 15 individual trees
during a survey of phloem and leaf endophytes of Hevea
brasiliensis trees in Peru in 2009.
Biatriospora peruviensis M.Kolařı́k & R.Gazis, sp. nov.
—TYPE: Peru, Loreto, Napo, Amazon Conservatory of
Tropical Studies (ACTS) biological station, 3°140 56.7800 S,
72°540 32.8400 W, *100 m a. s. l., endophytic on living
sapwood of wild Virola sp., Jun 2010, D. Skaltsas PNB-305-6A (holotype: PRM 933263, dried ex-type culture CCF
4885T). [MycoBank # MB 815913] (Fig. 5).
Diagnosis: Dark gray colonies on MEA, 34.75 mm in
diameter (24 °C, 14 days), without soluble pigment,
mycelium sterile and gray colored.
Description: Colonies on MEA after 14 days at 24 °C
reaching a diameter of 34.75 mm, plane, floccose with
slightly heaped colony center, dark gray (ISCC-NBS No.
266) with blackish green (No. 152) colony center, no soluble pigment, reverse brownish black (No. 65). Colonies
on PDA reaching a diameter of 39.4 mm, plane, floccose to
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lanose, dark greenish gray (No. 156) with paler margin, no
soluble pigment, reverse greenish black (No. 157). Colonies on OA at 24 °C, 14 days reaching a diameter of
34.75 mm, plane, floccose, dark grayish yellowish brown
(No. 81), no soluble pigment, dark grayish yellowish
brown. Mycelium sterile, smooth to granulose, 2.1–3.2 lm
wide, brownish gray colored, producing mycelial tufts,
sparsely branched. Teleomorph unknown.
Etymology: The epithet ‘‘peruviensis’’ refers to the Peru
(Peruvia in Latin) where the holotype was collected.
Habitat and distribution: Endophyte of Virola sp. (Peru)
and Melia toosendan (China), mangrove soil (China) and
four species of marine sponges (Pacific and Caribbean
Panama).
Notes: It resembles B. yasuniana by the fast growth rate.
The sequence similarity with B. yasuniana was of 94.9 % in
ITS and 96.7 % in LSU rDNA. The description of this species is only based on the holotype, which was isolated in a
frequency of 0.25 % from a total of *400 isolates, collected
from 50 individual trees during a survey of phloem and leaf
endophytes of woody plants in Peru in 2010.
The ITS rDNA of the strain CCF 4885T is identical to
GenBank entry HF12700 (unpublished) isolated from the
mangrove soil in China. It also clustered with several
sequences (e.g., KP322773, KP143700, JN903539)
obtained from marine sponges in the Caribbean and Pacific
side of Panama (Bolaños et al. 2015) and Brazil (Passarini
et al. 2013) and sequence KF881748 isolated as endophyte
of Melia toosendan in China (unpublished) (Fig. 2, Online
Resource 2). The isolates from the marine sponges were
isolated using the agar medium with artificial sea water and
were considered to be actively growing in the seawater
environment (Bolaños et al. 2015, Passarini et al. 2013).
Biatriospora yasuniana M.Kolařı́k & D.Spakowicz, sp.
nov.—TYPE: Ecuador, Orellana, Yasuni National Park, La
Selva Lodge, 0°490 0000 S, 76°370 0000 W, 241 m a. s. l.,
endophyte on Conceveiba guianensis (Euphorbiaceae), 10
Mar 2010, Carolina E. Portero E8604b (holotype:
YU.101026T). [MycoBank # MB 815914] (Fig. 5).
Diagnosis: Dark gray colonies on MEA, 35.5 mm in
diameter (24 °C, 14 days), without soluble pigment,
mycelium sterile and gray colored.
Description: Colonies on MEA after 14 days at 24 °C
reaching a diameter of 35.5 mm, plane, floccose to
funiculose with heaped and lanose colony center, dark gray
(ISCC-NBS No. 266) to olive gray (No. 113), no soluble
pigment, reverse dark grayish brown (No. 62). Colonies on
PDA at 24 °C, 14 days reaching a diameter of 38 mm,
slight radially wrinkled, light brownish gray (No. 63) to
olive gray (No. 113) in some parts, no soluble pigment,
reverse olive black (No. 114). Colonies on OA at 24 °C,
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Fig. 5 Morphology of Biatriospora peruviensis CCF 4885T. Colony
grown on OA (a), PDA (b) and MEA (c) after 14 days in 25 °C;
micromorphology on MEA after 14 days (d, e). Morphology of B.

yasuniana YU.101026T. Colony grown on OA (f), PDA (g) and MEA
(h) after 14 days in 25 °C; micromorphology on MEA after 14 days
(i, j). Bar 10 lm

14 days reaching a diameter of 52.5 mm, plane, floccose,
grayish gray (No. 155) with paler 2 mm margin and dark
gray (No. 266) colony center, no soluble pigment, reverse

grayish green (No. 150). Mycelium sterile, hyaline,
smooth, 2.0–2.5 lm wide, fully filled with granules, often
fragmenting. Teleomorph unknown.
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Etymology: Referring to area of origin, Yasuni National
Park.
Notes: For distinguishing characters see B. peruviensis
description. The description of this species is only based on
the holotype, which was isolated at the frequency of
0.07 % from all isolates during the survey of phloem and
wood endophytes of 640 woody plants in Ecuador from
2008 to 2014.
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University) for help with collecting and isolating of B. antibiotica.
The endophytes isolated from Ecuador were obtained with a collecting and research permit provided to SAS by the Ministerio del
Ambiente of Ecuador, and the ones collected in Peru were obtained
under the collecting permit 0035-2011-AG-DJFFS-DGEFFS provided
to RG by the Ministerio de Agricultura of Peru. The authors would
like to thank Percy Vargas Nunez for his help with collection and
identification of the Ecuadorian host plants and Durga Thakral, Shan
Kuang, Samantha Lee and Rahul Dalal for isolating the Ecuadorian
endophytes used in this study. This work was supported by the Czech
Science Foundation Project No. 13-16565S, LD-COST CZ project
LD13039, COST action FA1103: Endophytes in Biotechnology and
Agriculture, and BIOCEV (CZ.1.05/1.1.00/02.0109)—Biotechnology
and Biomedicine Centre of the Academy of Sciences and Charles
University from the European Regional Development Fund. IK was
supported by the project GAUK 420214. DJS was supported by the
NIH T15 LM007056-29. Fungi associated with Hevea and Virola
were collected under a project funded by NSF grants DEB-925672
and DEB-1019972 to P. Chaverri (University of Maryland, USA).
Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.

Information on Electronic supplementary material
Online Resource 1. Growth response to increasing NaCl concentration and growth on sea water agar in five isolates of Biatriospora.
Online Resource 2. List of ITS rDNA sequences used in phylogenetic comparisons (Fig. 2). Source of origin, geographical location
and data about secondary metabolite production is provided.
Online Resource 3. Growth of Biatriospora spp. on three different
media.

References
Ahmed S, Van De Sande W, Stevens D, Fahal A, van Diepeningen A,
Menken S, de Hoog G (2014) Revision of agents of black-grain
eumycetoma in the order Pleosporales. Persoonia 33:141–154.
doi:10.3767/003158514X684744
Ahuja M, Chiang Y-M, Chang S-L, Praseuth MB, Entwistle R,
Sanchez JF, Lo H-C, Yeh H-H, Oakley BR, Wang CCC (2012)
Illuminating the diversity of aromatic polyketide synthases in
Aspergillus nidulans. J Amer Chem Soc 134:8212–8221. doi:10.
1021/ja3016395
Angelini P, Rubini A, Gigante D, Reale L, Pagiotti R, Venanzoni R
(2012) The endophytic fungal communities associated with the
leaves and roots of the common reed Phragmites australis in
Lake Trasimeno (Perugia, Italy) in declining and healthy stands.
Fungal Ecol 5:683–693

123

Arnold AE, Engelbrecht BMJ (2007) Fungal endophytes double
minimum leaf conductance in seedlings of a tropical tree. J Trop
Ecol 23:369–372. doi:10.1016/j.funeco.2012.03.001
Bolaños J, León LF, Ochoa E, Darias J, Raja HA, Shearer CA, Miller
AN, Vanderheyden P, Porras-Alfaro A, Caballero-George C
(2015) Phylogenetic diversity of sponge-associated fungi from
the Caribbean and the Pacific of Panama and their in vitro effect
on angiotensin and endothelin receptors. Mar Biotechnol
17:533–564. doi:10.1007/s10126-015-9634-z
Borelli D (1976) Pyrenochaeta mackinnonii nova species agente de
micetoma. Castellania 4:227–234
Bugni TS, Ireland CM (2004) Marine-derived fungi: a chemically and
biologically diverse group of microorganisms. Nat Prod Rep
21:143–163. doi:10.1039/b301926h
Carbone I, Kohn LM (1999) A method for designing primer sets for
speciation studies in filamentous ascomycetes. Mycologia
91:553–556. doi:10.2307/3761358
Chagas FO, Caraballo-Rodriguez AM, Pupo MT (2015) Endophytic
fungi as a source of novel metabolites. In: Zeilinger S, Martin
J-F, Garcia-Estrada C (eds) Biosynthesis and molecular genetics
of fungal secondary metabolites, vol 2. Springer, New York,
pp 123–176. doi:10.1007/978-1-4939-2531-5_8
Chinnaraj S (1993) Higher marine fungi from mangroves of Andaman
and Nicobar Islands. Sydowia 45:109–115
Damare S, Singh P, Raghukumar S (2012) Biotechnology of marine
fungi. In: Raghukumar C (ed) Biology of marine fungi.
Springer, Heidelberg, pp 277–297. doi:10.1007/978-3-64223342-5_14
de Gruyter J, Woudenberg JHC, Aveskamp MM, Verkley GJM,
Groenewald JZ, Crous PW (2013) Redisposition of phoma-like
anamorphs in Pleosporales. Stud Mycol 75:1–36. doi:10.3114/
sim0004
de Hoog GS, Zalar P, Van Den Ende BG, Gunde-Cimerman N (2005)
Relation of halotolerance to human-pathogenicity in the fungal
tree of live: an overview of ecology and evolution under stress.
In: Gunde-Cimerman N, Oren A, Plemenitas A (eds) Adaptations to life at high salt concentrations in Archaea, Bacteria and
Eukarya. Springer, New York, pp 185–200. doi:10.1007/1-40203633-7
Debbab A, Aly A, Proksch P (2012) Endophytes and associated
marine derived fungi-ecological and chemical perspectives.
Fungal Diversity 57:45–83. doi:10.1007/s13225-012-0191-8
Dreyfuss MM, Chapela IH (1994) Potential of fungi in the discovery
of novel, low-molecular weight pharmaceuticals. In: Gullo VP
(ed) Discovery of novel natural products with therapeutic
potential. Newnes, Boston, pp 49–80
Gardes M, Bruns D (1993) ITS primers with enhanced specificity for
basidiomycetes: application to the identification of mycorrhizae
and rusts. Molec Ecol 2:113–118. doi:10.1111/j.1365-294X.
1993.tb00005.x
Gazis R, Chaverri P (2015) Wild trees in the Amazon basin harbor a
great diversity of beneficial endosymbiotic fungi: Is this
evidence of protective mutualism? Fungal Ecol 17:18–29.
doi:10.1016/j.funeco.2015.04.001
Glass NL, Donaldson GC (1995) Development of primer sets
designed for use with the PCR to amplify conserved genes from
filamentous
ascomycetes.
Appl
Environm
Microbiol
61:1323–1330
Gu W (2009) Bioactive metabolites from Alternaria brassicicola MLP08, an endophytic fungus residing in Malus halliana. World J
Microbiol Biotechnol 25:1677–1683. doi:10.1007/s11274-0090062-y
Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W,
Gascuel O (2010) New algorithms and methods to estimate
maximum-likelihood phylogenies: assessing the performance of
PhyML 3.0. Syst Biol 59:307–321. doi:10.1093/sysbio/syq010

Taxonony and ecology of Biatriospora
Hansen FT, Gardiner DM, Lysøe E, Fuertes PR, Tudzynski B,
Wiemann P, Sondergaard TE, Giese H, Brodersen DE, Sørensen
JL (2015) An update to polyketide synthase and non-ribosomal
synthetase genes and nomenclature in Fusarium. Fungal Genet
Biol 75:20–29. doi:10.1016/j.fgb.2014.12.004
Haugen P, Simon DM, Bhattacharya D (2005) The natural history of
group I introns. Trends Genet 21:111–119. doi:10.1016/j.tig.
2004.12.007
Heimberger J, Cade HC, Padgett J, Sittaramane V, Shaikh A (2015) Total
synthesis of Herbarin A and B, determination of their antioxidant
properties and toxicity in zebrafish embryo model. Bioorg Med
Chem Lett 25:1192–1195. doi:10.1016/j.bmcl.2015.01.065
Higginbotham SJ, Arnold AE, Ibañez A, Spadafora C, Coley PD,
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Diversity of xylariaceous symbionts in Xiphydria woodwasps:
role of vector and a host tree. Fungal Ecol 3:392–401. doi:10.
1371/journal.pone.0143566

123
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