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A B S T R A C T
This mini‐review is dedicated to the summary of results of the EU‐funded Project “Golden Mycological
Triangle” (acronym GoMyTri), which was carried out in collaboration of three research infrastructures in
Germany, the Netherlands and Thailand during the years 2014–2018. The cooperation explored the mycological and microbiological biodiversity of Europe and Southeast Asia with regard to the search for the badly
needed new antibiotics and other biologically active secondary metabolites. The project was conducted to foster international collaboration networks, know‐how exchange and interdisciplinary training of young scientists. The ﬁrst two years of the project were mainly dedicated to ﬁeld work, and several hundreds of fungal
cultures have been isolated from material mostly collected in Thailand. These fungal strains were characterized
by morphological and molecular phylogenetic methods and several new taxa were discovered. The cultures
underwent screening for antimicrobial and nematicidal metabolites and a number of bioactive metabolites
have already been found, isolated and characterized. Several large phylogenetic studies have already been published that resulted from the project work. The results were also brought to the attention of the scientiﬁc community as well as the general public through various dissemination events. Based on the tremendous success of
this project, a follow‐up project application including additional partners from Africa and further European
countries has recently been ﬁled and approved, and the international, interdisciplinary collaboration will
now continue in the new RISE‐MSCA‐Project (acronym “Mycobiomics”2).
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further below.
Another group of fungi herein taken into account was the hypocrealean fungi (Ascomycetes, Hypocreales; Fig. 2). With regard to practical applications, the most well‐known species of this order are the
ancient traditional Chinese medicine, Ophiocordyceps sinensis and the
producer of the immunosuppressant blockbuster drug, Tolypocladium
inﬂatum. Both of these organisms are now known to be frequently associated with invertebrates and, even though T. inﬂatum has been frequently isolated from soil.
While the most species‐rich and common Hypocreales like Fusarium
and Trichoderma also belong to the most frequently isolated and
reported saprobes in soil and organic debris, other members of the
order appear to be exclusively associated with other organisms in various ranges of interactions. This concerns endophytes and parasites of
many plants, fungi as well as invertebrates, which include both Arachnida and Insecta (Chaverri and Vilchez, 2006). Among them, those
who act as pathogens of invertebrates are known to be proliﬁc producers of structurally diverse molecules with a broad array of biological
activities (Zhang et al., 2020; Isaka et al., 2005).
Secondary metabolites have long been known to act as virulence
factors in entomopathogenesis. The cyclic peptide toxins, destruxins,
produced by Metarhizium anisopliae are good examples of such metabolites (Kershaw et al., 1999). During infection, destruxins are employed
to cause paralysis and subsequent death in insect hosts (Samuels et al.,
1988). As this species has a very broad host range including several
insect pests, it is widely used to replace chemical pesticides in agriculture for decades (Lacey et al., 2015). Other examples for secondary
metabolites from these fungi are beauvericin and beauverolides from
Beauveria bassiana. Beauvericin is known to display insecticidal activity while beauverolides signiﬁcantly reduce phagocytosis by the insect
host immune cells (Cito et al., 2016). In fact, these secondary metabolites do not only directly affect the insect host defense. It is believed
that the fungi employ an array of secondary metabolites to cope with
their competing microorganisms. This explains why many of their secondary metabolites have capacities to inhibit the growth of a wide
variety of microorganisms (Zhang et al., 2020; Isaka et al., 2005).
Notably, the majority of Hypocrealean invertebrate‐associated fungi
has not been studied at all for secondary metabolite production and
many new species remain to be discovered in tropical areas like
Thailand.

1. Introduction
Fungi are widely recognized as key resource for exploiting bioactive substances as they represent incredibly proliﬁc producers of natural products with a broad range of biological properties (Newman and
Cragg, 2020). Among these fungal secondary metabolites, penicillins
and cephalosporins are the best known examples, which had massive
impact on the treatment of bacterial diseases and were among the ﬁrst
antibiotic chemotherapeutics (Bills et al., 2017; Wright, 2017). A
recent, large review paper on beneﬁcial applications for fungi (Hyde
et al., 2019) also contains several chapters on fungal secondary
metabolites that have been the basis for the development of drugs
and agrochemicals. For instance, retapamulin, a semi‐synthetic derivative of the terpenoid antibiotic pleuromutilin from the basidiomycete
Clitopilus passeckerianus, was approved by the FDA in 2007 as a topical
antibiotic, and recently Lefamulin was approved as the ﬁrst systemic
antibiotic of this compound class (Zhanel et al., 2020). Another example approved for use in humans is the echinocandins – a class of antifungal lipopeptides, which are biosynthesized by different
ascomycetes (Denning, 2003; Emri et al., 2013). While several clinically relevant Candida species have already become resistant to
echinocandins (Arendrup and Perlin, 2014; Coste et al., 2020; Fraser
et al., 2020); enfumafungins may serve as alternatives. They were initially discovered from an endophytic Hormonema sp., and their
semisynthetic derivative ibrexafungerp will probably soon be
launched to the market (Colombo and Vazquez, 2021). The biosynthesis genes for enfumafungin have also recently been elucidated
(Kuhnert et al., 2018). Aside from the classical antibiotics, inhibitors
of bioﬁlm formation have recently been proposed to represent an alternative strategy to combat human infections, since bioﬁlms are known
to play a relevant role in the pathogenesis of infectious diseases
(Estrela and Abraham, 2016). Recently, some fungal metabolites,
including coprinuslactone from Coprinus comatus (de Carvalho et al.,
2016); roussoellenic acid from a Roussoella sp. (Phukhamsakda et al.,
2018) and microporenic acid A from Sanghuangporus sp. (Chepkirui
et al., 2018) were found to act against bioﬁlms of Pseudomonas aeruginosa; Staphylococcus aureus and Candida albicans, respectively.
As recently demonstrated in a case study, Thailand constitutes one
of the absolute hotspots of mycological diversity and up to 97% of the
taxa that were discovered in the past decade during intensive ﬁeld
work in the northern part of the country actually turned out to be
new (Hyde et al., 2018). In the course of extensive taxonomic work,
combined with the search for new anti‐infectives and other biologically active substances, modern molecular phylogenetic and chemotaxonomic techniques were employed along with classical
microbiology. The rationale was that biological diversity is correlated
with the capability of new fungal species to produce a variety of
unknown compounds, while genera that were already studied intensively are less likely to produce novel molecules. Aside from taxonomy, we also employed ecology as a pre‐selection criterion to
increase the probability of success for new compound discovery in
our EU funded project “GoMyTri”.3
A fair example of a taxonomic group that has an interesting ecology
and is very rich in secondary metabolites are the Xylariales (Fig. 1), on
which many of the sub‐projects of GoMyTri were based (Helaly et al.,
2018; Becker and Stadler, 2021). They are a hyperdiverse order of
Ascomycota containing many endophytes as well as invertebrate‐
associated species. They belong to the class Sordariomycetes in the
phylum Ascomycota and currently comprise 16 families after the
recent split of the order Amphisphaeriales (Hyde et al., 2020). The
Hypoxylaceae and Xylariaceae are the most species‐rich and have also
been studied most extensively for secondary metabolite production.
New results that have arisen from the GoMyTri project will be outlined

3

2. Polyphasic taxonomy leads to recognition of new taxa and
unprecedented secondary metabolites
The results reported as an outcome of the working program of the
GoMyTri project are reported below in conjunction with the rationale
that biodiversity parallels chemical diversity in the highly creative
orders of Sordariomycetes.
2.1. Xylariales
With the advances in sequencing technologies and analytical methods, molecular techniques have widely come in use to clarify and stabilize the understanding of fungal taxonomy and systematics
(Blackwell, 2010). In spite of that, this alone sometimes could still lead
to misidentiﬁcations. Accurate identiﬁcation often requires multigene
genealogies, or even genome sequences, as well as expertise in analytical chemistry (Kobmoo et al., 2019; Wibberg et al., in press). Molecular techniques incorporated with phenotypic traits frequently allow
the classiﬁcation and identiﬁcation at species‐level with high accuracy. Phenotypic identiﬁcation is generally based on morphological
and biochemical analyses. Morphological studies depend primarily
upon observation of both, macro‐ and microscopic features, while biochemical analysis of fungi in the broadest sense involves characterization of either proteins, which can be characterized by MALDI‐TOF or

https://cordis.europa.eu/project/id/645701
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Fig. 1. Images of Xylariales (Hypoxylaceae and Xylariaceae) discovered in Thailand. a. D. subvernicosa. b. D. kretzschmarioides. c. D. ﬂavogranulata. d. S. phoenix. e.
D. phadaengensis. f. D. chiangdaoensis. g. D. brachysperma. h. H. fragiforme. i. P. thailandica.

aureus (Yuyama et al., 2018), along with 4,5,40 ,50 ‐tetrahydroxy‐1, 10 ‐
binaphthyl (BNT, 1), a common metabolite of Daldinia and other
Hypoxylaceae. The bioactivities of these compounds are discussed further below in detail. Recently, three further species of Daldinia from
Thailand were described, and the rare tropical species D. brachysperma
(hitherto only known from Mexico) was reported from Asia for the ﬁrst
time (Wongkanoun et al., 2020).
One of the major studies conducted in the course of this project was
the evaluation of Rosellinia and related Xylariaceae genera using a
polyphasic approach. Rosellinia is a large cosmopolitan genus that until
recently consisted over 130 species, including many saprotrophic
wood inhabitants and a few important plant pathogens. A multi‐
locus genealogy revealed that species showing a dematophora‐like
anamorph clustered in a separate clade. This clade comprised all the
known notorious phytopathogens, and the old genus Dematophora
(which goes back to a study by the German plant pathologist Hartig,
who erected it in the 19th century) was thus resurrected to accommodate them (Wittstein et al., 2020). For instance, the species that were
formerly known as Rosellinia necatrix, R. bunodes and R. pepo were
transferred to Dematophora. This taxonomic change will help to discriminate the detrimental rosellinoid species from the bulk of Rosellinia (which predominantly comprises saprotrophs and endophytes),
in the future. Moreover, this study also included a chemotaxonomic
evaluation of selected strains, revealing preliminary data on the occurrence of speciﬁc secondary metabolites in Dematophora and Rosellinia.
Cultures of D. bunodes yielded some hymatoxin K (4) that were ﬁrst
described from the related xylariaceous pathogen Entoleuca mammata,
along with eight known isopimarane diterpenoids (5–12) and the new
dematophoranes A and B (13, 14) in Fig. 5. From cultures of Rosellinia,
cyclodepsipeptides of the “PF‐1022A” type (15–17) were detected and
the compounds were isolated for the ﬁrst time from an ascospore‐
derived strain of R. corticium. The compounds were also detected in
other Rosellinia strains and in one species of the related genus Coniolariella. Interestingly, from these peptides, which were ﬁrst discovered
from an endophytic fungus in Japan, the anthelmintic drug emodepside has been developed over 20 years ago, but the taxonomic position
of the producer organism remained obscure. The recent study pro-

secondary metabolite proﬁling, which is now being usually done by
HPLC‐DAD/MS techniques. The aforementioned techniques can be
used elegantly in conjunction with morphology‐ and molecular data‐
based approaches (Čmoková et al., 2020; Kuhnert et al., 2017), as will
also be demonstrated by the papers discussed below.
In the course of our work to exploit mycological biodiversity for
novel anti‐infectives and other beneﬁcial metabolites, we conducted
a systematic exploration of fungal diversity in Europe and Southeast
Asia, employing modern molecular phylogenetic and chemotaxonomic
techniques plus genome sequencing, together with classical microbiology – approaches recommended for natural product‐based drug discovery (Atanasov et al., 2021).
The working program of GoMyTri included a major phylogenetic
study using representatives of the major lineages of the stromatic
Xylariales, which resulted in a rearrangement of their families. Resulting from a multi‐locus phylogeny (see modiﬁed excerpts of the phylogenetic trees in Fig. 3 and Fig. 4), the Xylariaceae were restricted to the
immediate relatives of the genus Xylaria, including Rosellinia and other
genera that feature a geniculosporium‐like anamorph (Wendt et al.,
2018). As the genera with bipartite stromata like Biscogniauxia and
Camillea appeared in a clade basal to the xylarioid taxa as well as clustered with Graphostroma platystomum, they were transferred to the
Graphostromataceae while the Hypoxylaceae was resurrected and
emended to accommodate the genus Hypoxylon and its allies. This
was in accordance not only with their phylogenetic placement, but
also supported by chemotaxonomic (stromatal pigments; secondary
metabolite proﬁles in standardized mycelial cultures) and morphological evidence (nodulisporium‐like anamorphs). Several species of the
Hypoxylaceae have been newly discovered and/or studied intensively
for their secondary metabolites.
For instance, the new taxon, D. subvernicosa (Fig. 1) was recently
proposed (Wongkanoun et al., 2019). Moreover, Hypoxylon kretzschmarioides was epitypiﬁed and transferred to Daldinia (as D. kretzschmarioides) according to its phylogenetic placement as well as
secondary metabolite proﬁle. The stromata of D. kretschmarioides also
yielded two new cytochalasins named phenochalasins C and D (2, 3),
which showed signiﬁcant anti‐bioﬁlm effects towards Staphylococcus
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Fig. 2. Images of invertebrate pathogenic Hypocreales discovered in Thailand. a. C. javanica. b. G. cebrennini. c. G. fusiformispora. d. G. gamsii. e. G. pigmentosinum.
f. G. scorpioides. g. H. novoguineensis. h. O. brunneiperitheciata. i. O. geometridicola. j. O. brunneinigra. k. O. multiperitheciata. l. O. pauciovoperitheciata. m. O.
pseudoacicularis. n. O. spataforae.

other important species become available. The secondary metabolites
of S. phoenix also include two new eremophilane sesquiterpenoids,
phoenixilanes A–B (21–22) and some compounds that were previously
reported from Poronia and Xylaria (e.g. 23–26 in Fig. 6); hence the secondary metabolite production is once again in accordance with the
phylogeny.
Based on the above mentioned chemotaxonomic study of Annulohypoxylon (Kuhnert et al., 2017), another important genus in the
Hypoxylaceae, three yet unknown metabolites were detected by
HPLC‐MS in the holotype specimen of A. viridistratum by HPLC‐DAD‐
MS. Additional material was collected in the ﬁeld, resulting in the isolation and identiﬁcation of three new benzo[j]ﬂuoranthenes, viridistratin A–C (27–29) with moderate to weak antimicrobial and
cytotoxic effects (Becker et al., 2020), along with the known derivatives truncatones A (30) and C (31). The MIC values against bacterial

vided hard evidence about the life cycle of the PF‐1022A producers for
the ﬁrst time, showing that the above mentioned Japanese endophyte
belongs to Rosellinia (Wittstein et al., 2020). However, many Rosellinia
and Dematophora spp. remain to be studied by a similar methodology.
Aside from the numerous wood‐inhabiting saprotrophs, the Xylariaceae also include certain genera that are coprophilous, i.e. their stromata are exclusively found on animal dung. A recent study that was
also part of the GoMyTri project, resulted in the discovery of the interesting fungus Stromatoneurospora phoenix on bamboo culms in Thailand. This was the ﬁrst time that the species was discovered from
Asia and the phylogenetic placement revealed that it is closely related
to the aforementioned coprophilous genera like Poronia and Hypocopra
(Becker et al., 2020). These fungi, on the other hand, formed a distinct
clade from the other Xylariaceae in the phylogeny and may soon be
recognized as a family of their own, as additional data on type and
163
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Fig. 3. Schematic phylogeny of the Hypoxylaceae showing the relationships
of the newly discovered Thai Daldinia species. The phylogenetic tree inferred
from a concatenated alignment of nuc rDNA ITS1-5.8S-ITS2 (ITS barcode), the
partial region of nuc 28SrDNA (LSU), the second largest subunit of RNA
polymerase II (RPB2) and β-tubulin protein coding gene (TUB) using
maximum likelihood (ML) with GTRCAT as the substitution model in RAXML
7.2.8 and the rapid bootstrap analysis algorithm. Relative support for the
branches was obtained from bootstrap analysis with 1000 replicates.
Bootstrap proportions ≥ 50% are provided above corresponding nodes; nodes
with 100% support are shown as thick lines. The ex-type and epitype strains
are marked with superscript T (T) and ET (ET), respectively while the isolates
reported in this study are printed in bold font.

Fig. 4. Schematic phylogeny of the Xylariaceae showing the relationships
between the genera Rosellinia, Stromatoneurospora, and their respective closest
allies. The phylogenetic tree inferred from a concatenated alignment of ITS,
LSU, RPB2 and TUB using maximum likelihood (ML) with GTRCAT as the
substitution model in RAXML 7.2.8 and the rapid bootstrap analysis
algorithm. Relative support for the branches was obtained from bootstrap
analysis with 1,000 replicates. Bootstrap proportions ≥ 50% are provided
above corresponding nodes; nodes with 100% support are shown as thick
lines. The ex-type and epitype strains are marked with superscript T (T) and ET
(ET), respectively while the isolates reported in this study are printed in bold
font.

and fungal test organisms ranged from 4.2 to 67 µg/mL. Related benzo
[j]ﬂuoranthenes like truncatones (Sudarman et al., 2016); hypoxylonols (Koyama et al., 2002; Fukai et al., 2011) or daldinols (Quang
et al., 2002; Gu et al., 2007), had also been reported previously from
species of the same genus. Their cytotoxicity was weak to moderate
(the IC50 ranging from 1 to 10 µM). This is in accordance with the
activities of benzo[j]ﬂuoranthenes in general (U.S. Department of
Health, 1999). While the bioactivities of the viridistratins (27–29)
did not warrant further work, they represent valuable taxonomic marker metabolites speciﬁc to A. viridistratum as these compounds have
not detected in any of over 200 Annulohypoxylon specimens including
almost all holotypes (Kuhnert et al., 2017).
Other compounds from the Hypoxylaceae and other fungi that were
discovered in the course of GoMyTri are the cytochalasans that appear
much more promising.
From the stromatal extract of Hypoxylon fragiforme, the new
cytochalasins fragiformin C (18) and D (19) were isolated along with
the known cytochalasin 20 (Fig. 5) (Kretz et al., 2019). These secondary metabolites are derived biosynthetically from mixed polyketide synthase/nonribosomal peptide synthetase (PKS/NRPS)
pathways and their strong effects on eukaryotic cells are mainly attributed to their interactions with the actin cytoskeleton (Skellam, 2017;
Brown and Spudich, 1981). The in vivo effects of cytochalasans on

the actin cytoskeleton were investigated and linked to structural features of compounds 18–20 along with other known cytochalasins,
most of which were also isolated de novo from Xylariales and Diaporthe
strains. Several cytochalasans displayed characteristic phenotypic
changes of the actin cytoskeleton upon experimental treatments. It
was noted however, that a great variability was observed in the extent
of actin cytoskeleton disruption. For instance, less severe effects as in
cytochalasin 20 showed small patches of aggregated actin and rearrangement but no loss of stress ﬁbers. In contrast, cells treated with
fragiformin D (19) showed complete actin disruption and formation
of dense, asterisk‐like F‐actin aggregates. Most striking are differences
in the activities of structurally closely related compounds, such as phenochalasins C (1) and D (2), fragiformin D (19) and compound 20.
Phenochalasin D (2) differs structurally from phenochalasin C (1) by
the presence of a hydroxyl group at C‐7, as well as a methyl group
instead of an exomethylene functionality at C‐6. However, the cells
showed strong actin disruption upon treatment with phenochalasin
D (2), but no actin disruption upon treatment with phenochalasin C
164
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Fig. 5. Various secondary metabolites isolated from xylarialean fungi during the course of the “GoMyTri” project.
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Fig. 6. Chemical structures of secondary metabolites isolated from Stromatoneurospora phoenix and Annulohypoxylon viridistratum.

in the genome of the fungus and was expressed heterologously
(Wang et al., 2019). Concurrently it was possible to construct functionalised cytochalasins using mutasynthesis and semisynthesis
(Wang et al., 2020). The latter study even afforded the availability
of novel, dye‐linked compounds that revealed visualization of intracellular actin structures even in the absence of phalloidin, which
may serve as very important biochemical tool compounds in the
future. At the same time, the directed, sustainable biotechnological
production of the natural products that, like the fragiformins, hitherto had to be isolated from the fruiting bodies of the fungi, now
appears feasible for the ﬁrst time.

(1), highlighting the importance of the C‐7 hydroxyl group for iterative activity. Furthermore, comparison of compound 20 and fragiformin D (19) showed the importance of chiral functional groups on
their actin disruption effects. Notably, the stereochemistry of the
C18 moiety seems to affect the binding afﬁnity towards actin, since
fragiformin D (19) and compound 20 showed irreversible and reversible actin disruption, respectively. However, since the tested compounds had various different carbon backbones including even the
chaetoglobosins (which are cytochalasans that have a tryptophan moiety instead of the usual phenylalanin/tyrosin) coupled to their polyketide macrocycle, establishment of a clear‐cut evaluation of structure/
activity relationships elucidation was not possible. The same holds
true for the aforementioned anti‐bioﬁlm effects of the cytochalasins
against Staphylococcus aureus (Yuyama et al., 2018), which can actually not be attributed to their interference with actin, since bacteria
do not have an actin cytoskeleton.
However, owing to the fact that this study has given impetus for a
follow‐up project to evaluate the cytochalasans using methods of synthetic biotechnology on the one hand and state of the art cell biology
on the other, substantial progress has already been made. The
biosynthesis gene cluster of Hypoxylon fragiforme has been located

2.2. Hypocreales with afﬁnities to invertebrates
As already mentioned in the Introduction, invertebrate‐associated
fungi have been known for many years to produce a plethora of biologically active secondary metabolites that features complex, unique substructures. It is important to note that by far not all invertebrate‐
associated fungi are proliﬁc producers of secondary metabolites. For
instance, there are many yeasts among the gut mycobiota of invertebrate animals (Blackwell, 2017), owing to the fact that the animals
166
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Fig. 7. Secondary metabolites that have turned into blockbuster drugs from insect associated fungi (Tolypocladium inﬂatum and Isaria sinclairii).

and their essential symbionts have evolved in parallel over hundreds
of millions of years. Nevertheless, yeasts in general have been studied
for many decades and are known to be poor in secondary metabolites.
There are also entire higher fungal taxa, which are associated with
invertebrates but do not seem to be talented producers of bioactive
compounds. A fair example for this is the “zygomycetes” (so named
in historical classiﬁcations) that is now accommodated in the subdivision Entomophthoromycotina (Wijayawardene et al., 2020). These
organisms are biotrophic and have developed survival strategies where
secondary metabolite production is not essential. The best‐known evolutionary lineage in the fungal kingdom that comprises many
invertebrate‐associated species and has developed manifold biosynthetic pathways for secondary metabolites is without doubt the order
Hypocreales among the Sordariomycetes, and in particular, the families Cordycipitaceae and Ophiocordycipitaceae. The best known compounds are shown in Fig. 7: Cyclosporine A (32) ‐ ﬁrst discovered from
a
soil‐inhabiting
isolate
of
Tolypocladium
inﬂatum
(Ophiocordycipitaceae)‐ and ﬁngolimod (33) ‐ historically derived
by mimetic synthesis from myriocin (34), which originated from the
insect pathogen Isaria sinclairii (Cordycipitaceae), have even been
developed to immunomodulatory blockbuster drugs (Bills et al.,
2017; Hyde et al., 2019).
The third family of Hypocreales that contains some invertebrate‐
associated fungi is the Clavicipitaceae, which contains important genera like Metarhizium and Pochonia that have great potential as biocontrol agents to combat insects and nematodes and are also rich in
secondary metabolites. While the current higher classiﬁcation goes
back to the paper of Sung et al. (Sung et al., 2007), a rearrangement
of the genera according to the One‐Fungus‐One‐Name principle
needed to be accomplished to link the anamorph and teleomorph
names (Kepler et al., 2017). The aforementioned terms, which have
been used traditionally in mycology are as of recently being referred
to “asexual” and “sexual morph”, but this deﬁnition is doubtful
because we have little knowledge about the sexuality of the fungi.
We therefore follow Kirschner (Kirschner, 2019) in the current review
and retain the traditional ontogenetic expressions.
In the GoMyTri project, the focus was set on the spider‐associated
species of the above families, which have thus far been studied much
less than their insect‐associated counterparts for both, their polyphasic
taxonomy and their secondary metabolite production. In addition, the
project also dealt with the taxonomy of some insect‐associated members of the Ophicordycipitaceae. For instance, seven new species in
Ophiocordyceps producing superﬁcial perithecia infecting various
insect hosts (Lepidoptera, Hemiptera) were recognized on the basis
of a multi‐locus genealogy and morphological characteristics
(Luangsa‐ard et al., 2018). A summary of the phylogenetic placements
of all the new fungi studied in the “GoMyTri” project is given in Fig. 8.
The new species are also currently being studied for secondary

Fig. 8. Schematic phylogeny of invertebrate-associated Hypocreales. The
phylogenetic tree inferred from a concatenated alignment of LSU, translation
elongation factor 1-alpha (TEF1), the two largest of RNA polymerase II (RPB1
and RPB2) using maximum likelihood (ML) with GTRCAT as the substitution
model in RAXML 7.2.8 and the rapid bootstrap analysis algorithm. Relative
support for the branches was obtained from bootstrap analysis with 1,000
replicates. Bootstrap proportions ≥ 50% are provided above corresponding
nodes; nodes with 100% support are shown as thick lines. The ex-type strains
are marked with a superscript T (T) and the isolates reported in this study
printed in bold font.
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Fig. 9. Secondary metabolites isolated from invertebrate-associated hypocrealean fungi.

168

Current Research in Biotechnology 3 (2021) 160–172

W. Kuephadungphan et al.

from the known pigmentosin A (44), a new congener pigmentosin B
(45) was identiﬁed by spectral analysis. Both pigmentosins could be
detected by HPLC proﬁling in all strains of G. pigmentosinum at varying
production rates. Interestingly, pigmentosin A (44) was originally isolated from the thallus of the lichen Hypotrachyna immaculata (class
Lecanoromycetes) (Elix and Wardlaw, 2004) and has so far not been
obtained from any other biological source. However, compounds 44
and 45 only signiﬁcantly inhibited the bioﬁlm formation of Staphylococcus aureus while no prominent antimicrobial and cytotoxic activities were observed (Helaly et al., 2019).
While the secondary metabolism of the remaining of the aforementioned new species is still being studied, another new species
from Thailand, G. gamsii yielded two unprecedented 1,3‐
disubstituted β‐carboline alkaloids, named gibellamines A and B
(Kuephadungphan et al., 2019). Interestingly, gibellamine A (46) signiﬁcantly inhibited bioﬁlm formation in Staphylococcus aureus, while
gibellamine B (47) showed weak cytotoxicity against mammalian
cells. Both compounds were devoid of antimicrobial and nematicidal
activities.
In addition to Gibellula, the secondary metabolite proﬁle of Cordyceps javanica was also studied. Aside from two known beauverolides
(48–49), a new derivative named beauverolide Jb (50) and a new glycosylated polyketide named glycoasperfuran (51) were obtained
(Helaly et al., 2019). While the beauveriolides are common in
insect‐pathogenic Hypocreales, compound 51 may be a speciﬁc
chemotaxonomic marker molecule for C. javanica according to preliminary results.
Apart from the xylarialean and hypocrealean fungi mentioned
above, plant‐associated fungi in the order Pleosporales were also studied in GoMyTri. Most of the new taxa that have been discovered of this
order and related Dothideomycetes were not yet published, except for
one new monotypic genus. Its type species, Pseudobambusicola thailandica, was revealed by a combination of morphological studies and
multi‐locus phylogenetic analysis (Rupcic and Chepkirui, 2018). The
ex‐type strain killed nematodes rather efﬁciently in a dual culture with
Caenorhabditis elegans and was therefore subjected to studies on its secondary metabolites (Fig. 10). This work resulted in the identiﬁcation
of of six previously undescribed polyketide derivatives named thailanones A–F (52–57), along with the known metabolites monocerin
(58) and deoxyphomalone (59) (Fig. 10).

metabolite production and the hitherto obtained results are summarized further below.
A spider‐associated species that turned out to be a rich source of
novel secondary metabolites is Hevansia novoguineensis. This fungus
was until recently referred to in the literature as Akanthomyces novoguineensis, but is now the type species of the genus Hevansia (Kepler
et al., 2017). HPLC‐based secondary metabolite proﬁling of extracts
from submerged fermentation of H. novoguineensis revealed an apparently species‐speciﬁc secondary metabolite proﬁle. Subsequent preparative chromatography resulted in the isolation of nine unprecedented
compounds (Helaly et al., 2017; Kuephadungphan et al., 2017).
Among these were akanthol (35), a glycosylated β‐naphthol, akanthozine (36), a glycosylated pyrazine and three additional amide
derivatives bearing hydroxamic acid moieties (37–39) (Helaly et al.,
2017); Fig. 9). Four new glucosylated α‐ pyrone bearing derivatives
named akanthopyrones A–D (40–43) were reported separately
(Kuephadungphan et al., 2017). Secondary metabolites featuring an
α‐pyrone moiety widely occur in bacteria, fungi and invertebrates
(McGlacken and Fairlam, 2005). By contrast, natural compounds bearing a 4‐methylglucose substructure are not very common, except for
the ones we obtained from cultures of insect pathogenic fungi. Compounds 35–43 were devoid of their antimicrobial, cytotoxic, and
nematicidal activities. Only akanthopyrone A (40) showed weak
antimicrobial activity against Bacillus subtilis and weak cytotoxicity,
while akanthopyrone D (43) showed weak activity against Candida
tenuis. Compounds 40–43 also exerted weak inhibition of B. subtilis
and C. albicans.
Besides Hevansia, the genus Gibellula, which currently consists of 21
accepted species, is also consistently associated with spiders (Shrestha
et al., 2019). New Thai strains of the genus were studied for both, their
taxonomy and secondary metabolite production. The phylogeny
inferred from multiple loci allowed us to recognize new taxa, supported by secondary metabolite proﬁles. A chemotaxonomic investigation of the secondary metabolite proﬁles using HPLC–DAD–MS
analysis revealed the existence of two interesting pigments in submerged culture of G. pigmentosinum, one among four new species that
were introduced based on morphological data and a multi gene genealogy (Kuephadungphan et al., 2020; Helaly et al., 2019). These two pigments were subsequently isolated to purity and identiﬁed as pigments
of the rare bis(naphtho‐α‐) pyrone type (Helaly et al., 2019). Aside

Fig. 10. Secondary metabolites isolated from Pseudobambusicola thailandica.
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Fig. 11. Research and dissemination activities during the GoMyTri project. a. The partners and students attending the 11th Mycological Congress (IMC11) in
Puerto Rico, July 2018. b. A staff from BIOTEC, Thailand presenting a poster at the IMC11. c. An excursion in Puerto Rico. d. A ﬁeld trip in Ban Hua Thung
community forest in Northern Thailand, July 2015. e. International Meeting of the German Mycological Society (DGfM) in Möhnesee, Germany, October 2018. f.
Excursion of Thai delegates with members of the department Microbia Drugs of the HZI.

seconded staff could include ESR and ER from other countries than
the partners if they were already staying at the respective host institute. Therefore, several ER and ESR from China, Colombia, Croatia,
Egypt, Kenya and Russsia were able to perform research in Thailand.
Aside from joint lab work, the work program included various ﬁeld
excursions and workshops, allowing the partners to further increase
and optimize their interactions and gain interdisciplinary skills
(Fig. 11). The secondments and the ﬁeldwork were arranged to coincide with some major conferences, allowing the participating ESR
and ER to meet many other peers from around the world. The highlight of the project dissemination was the 11th Mycological Congress
in Puerto Rico (July 2018, Fig. 11, where over 20 contributions of
the participating scientists, including plenary lectures, poster presentations and workshop presentations, were included in the scientiﬁc pro-

2.3. International staff exchange as a key to success
The “Research and Innovation Staff Exchange (RISE)” scheme constitutes and element of the Marie Skłodowska‐Curie Actions (MSCA)
funded by the EU in the course of the Horizon 2020 programme. This
funding scheme appears especially attractive for networking between
public research infrastructures, as well as between industrial companies and academic institutes where not only PhD students (early stage
researchers; ESR) and postdoctoral researchers (experienced researchers; ER), but even technical staff can participate.
The Golden Mycological Triangle (GoMyTri) project received funding from the EU from January 2015 until December 2018. In the
course of this project, 29 PhD students and young researchers from
all over the world participated in the research activities because the
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gram. The project partners also disseminated data and results via
numerous scientiﬁc papers, internet‐based public domain databases
and all strains and specimens are deposited in public collections from
where they can be obtained by other scientists.

3. Conclusions and outlook
The work on the fungi that were collected during the GoMyTri project will continue for many years because there was just not enough
time and manpower to cope with all the newly discovered species
and the study of their secondary metabolites. Several of the yet unpublished taxa will be included in larger monographic studies that are now
in statu nascendi, since it is necessary to compare them with the next
related species in a more comprehensive phylogenetic framework, and
the search for new compounds from the remaining mycelial cultures is
also going on. The focus of the project was clearly on chemotaxonomic
aspects. In addition, many of the new compounds only became available towards the end of the project. They could thus not be subjected
to a more intensive study on their bioactivities aside from relatively
simple cellular bioassays. All metabolites that remained stable and
were available in sufﬁcient amounts have now been incorporated in
a screening library and can be tested in more sophisticated bioassays
that do not work well with crude extracts. The project has not yet
led to the launch of developmental projects in collaboration with
industrial companies but resulted to be quite valuable for the education of young scientists and the increase of their career perspectives..
Out of the participating ER and ESR, several have graduated with
excellent or outstanding results and/or attained attractive positions
in renowned universities, research centers, or industrial companies.
Fortunately, a grant application for a follow‐up project to GoMyTri
has recently been approved, which will give us ample opportunities to
continue the evaluation of these interesting fungi in the coming years.
This project (acronym MYCOBIOMICS; see https://cordis.europa.eu/
project/id/101008129/de) will include additional partners from other
European countries and even two new partners from Africa and techniques that were used in GoMyTri, the newly arising –OMICS technologies (genome sequencing, bioinformatics, transcriptomics) and
molecular biology will be used as complementary tools.
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