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Abstract

Fungi are the major decomposers in terrestrial and aquatic ecosystems, playing essential roles in biogeochemical cycles and food webs. The
Fungi kingdom encompasses a diverse array of taxa that often form intimate relationships with other organisms, including plants, insects, algae,
cyanobacteria and even other fungi. Fungal parasites of insects are known as entomopathogenic fungi and are the causative agents of serious
disease and/or mortality of their hosts. Entomopathogens produce distinct metabolic compounds with roles in pathogenicity, virulence and host—
parasite interactions. Thus, the potential of discovering new bioactive compounds useful in biocontrol and pharmaceutical industries is high.
Given the significance of entomopathogenic fungi, the rapid research advances and the increased interest, it has become necessary to organize
all available and incoming data. The website https://invertebratefungi.org/ has been developed to serve this purpose by gathering and updating
entomopathogenic genera/species information. Notes of entomopathogenic genera will be provided with emphasis on their taxonomic status.
Information on other invertebrates, such as rotifers, will also be included. Descriptions, photographic plates, information on distribution and host
(where applicable) along with molecular data and other interesting details will also be provided. The website is easily and freely accessible to
users. Instructions concerning the platform architecture and functionality of the website are introduced herein. The platform is currently being
expanded and will be continuously updated as part of the effort to enrich knowledge on this group of fungi.

Database URL: https://invertebratefungi.org/

Introduction literature on invertebrate fungi focuses on entomopathogens.
The taxonomic framework of entomopathogenic fungi has
undergone several revisions (2-6). Phylogenetic analyses have
shown that entomopathogenic fungi are distributed across

six major groups: Ascomycota, Basidiomycota, Chytridiomy-

Invertebrate organisms account for a major part of animal
diversity. Over 97% of all described animal species are inver-
tebrates being omnipresent in terrestrial and aquatic ecosys-
tems (1). Fungi have the ability to colonize a wide range of

invertebrate hosts, ranging from soil-inhabiting microinver-
tebrates to macroinvertebrates in Insecta. Fungi can live as
entomopathogens, either endoparasites or ectoparasites, in
order to exploit their invertebrate hosts and obtain nutrients
(7-11). Invertebrates are known to harbor a vast number
of fungi and fungus-like organisms (2). The most available

cota, Microsporidia, zygomycetes and fungus-like Oomycota
(2,5, 6).

The phylum Ascomycota contains high diversity of ento-
mopathogenic fungi, which mainly parasite arthropod hosts
in forests and soil-dwelling microinvertebrates such as nema-
todes and rotifers (9, 12-16). All members of the order
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Figure 1. A schematic of the database structure.

Laboulbeniales (Ascomycota) are obligate ectoparasites of
the integument of insects, but the effect on their hosts is
not lethal (17, 18). Entomopathogenic Basidiomycota com-
prises the termite egg-infecting genus Fibularhizoctonia and
the scale insect-parasitic genera Uredinella and Septobasidium
(2). Chytridiomycota includes the entomopathogenic gen-
era Myiophagus, Coelomycidium, Myrmicinosporidium and
Coelomomyces (2). These infect mostly Diptera hosts and
occasionally scale insects (2). Microsporidia is a group of
intracellular pathogenic fungi, consisting of 143 genera, 69 of
which are known to infect a broad array of insect hosts span-
ning 12 orders (2). Zygomycetes along with Trichomycetes
were initially accommodated in the phylum Zygomycota
(19). However, recent phylogenetic analyses have revealed
the polyphyletic nature of Zygomycota and, as a conse-
quence, this phylum has now been abandoned and replaced
with multiple new phyla (20-26). Entomophthoromycota and

Provide hyperlinks for those information published by other institutions

Mucoromycota are two of the newly erected Zygomycetes
phyla containing entomopathogenic fungi. In Entomoph-
thoromycota, entomopathogens are distributed across 19
genera forming biotrophic associations across 10 orders of
insects (2). Mucoromycota contains a large number of Tri-
chomycetes fungi, which are obligate symbionts of the gut of
various arthropod larvae in aquatic environments (2). Sev-
eral genera in Oomycota, namely Aphanomyces, Couchia,
Crypticola, Lagenidium, Leptolegnia and Pythium, have been
recorded as pathogens of mosquito, midge, lobster and shrimp
(2, 27-29).

Invertebrate-associated fungi are highly diverse, with ento-
mopathogens comprising a major constituent of this group.
Entomopathogenic fungi play important roles in keeping pop-
ulations of insects under control in nature and thus have vast
potential as biocontrol agents. They also constitute a rich
resource of naturally produced bioactive compounds. Many
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Figure 2. Top view of the homepage.
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Figure 3. The outline of invertebrate-associated fungi and fungi-like organisms.

biological insecticides have been developed from this group
of fungi and used in protecting crops from pests (30-32).
A large variety of secondary metabolites produced by ento-
mopathogenic fungi have been validated as nutraceuticals
and traditional remedies (33). However, only a fraction of
entomopathogenic species has been successfully exploited for
their biocontrol and pharmaceutical value potential. Infor-
mal identification or improper taxonomic placement of these
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fungi is a frequent issue due to the dynamic nature of fungal
classification system. This may lead to increasing taxonomic
confusion among scientists and mycologists. Therefore, it is
essential to provide their corrected fungal names accompanied
by information about the biology, host range, distribution
and specific functions (34). The accurate identification and
precise scientific documentation of these fungi not only bene-
fits communication with mycologists and interested amateurs
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Figure 5. Information on the entomopathogenic genus Ophiocordyceps.

but also paves the way for downstream utilization, including
pharmaceutical industry and biological control applications.

To accumulate and organize available data in a single
repository and to effectively communicate the knowledge
of fungi to the public, many databases have been designed
for different fungal groups, such as Basidiomycota (35),
Botryosphaeriales (36), Coelomycetes (https://www.coelo

mycetes.org/), Dothideomycetes (37), fresh water fungi (38),
phytopathogens (39) and Sordariomycetes (40). In addition,
notes on changes and additions to phyla, classes, orders,
families and genera of fungi are provided on the website
Outlineoffungi.org (https://www.outlineoffungi.org/). How-
ever, a database dedicated to fungi and fungi-like organisms
associated with invertebrates has not yet been developed.


https://www.coelomycetes.org/
https://www.coelomycetes.org/
https://www.outlineoffungi.org/

Database, Vol. 2022, Article ID baac021

INVERTEBRATE FUNGI Home Outline Archives Curators History References News Contact
Hypocreales » Ophiccordycipitaceae » Ophiocerdyceps
Ophiocordyceps formosana Recent Genus
Ophiocordyceps formosana (Kobayasi & Shimizu) Wang et al. in Wang et al., Evidence-Based Complementary and Alternative Medicine Stigmatomyces
(no. 189891): 4 (2015) Merarhiziopsis
Index Fungorum Number - IF 811035; Facesoffungi Number: FoF 01796 <—FOF number Metapochonia
Parasttic in larva of Coleoptera (Superfamily Tenebricnoidea), forming yellow to crange ascostromata. Sexual morph: Ascomycetous. 3
Stromata 14 mm leng, 2-6 mm vide, growing from the head and the tai of Colecptera larva, simple of branched, yellow to orange, stipitate. ~ ecent Species
Stipe 1.9-3.7 ¢cm long, 2-4 cm wide, yellow, cylindrical, surface rough. Fertile head 30 mm long, 2-2.5 mm wide, orange, mostly elliptic Ophiccordyceps karstii
barely branched, head-like, with orange, pseudoparenchymatous, epidermal tissues, surface mastoid, differentiated from stipe. Ascomata Ophiccordyceps formesana
453-546 % 265-298 pm (% = 479 x 270, n=30), y i d, orange, flask: d to oval, with the ostioles opening on the suriace Stigmatomyces vikhrevii
of the head. Peridium 26-38 um wide (X =30, n=60), comprising three layers. Asci 366-498x §-11pum (X =437 x 10, n=60), 8-spored, 0 :
hyaline, cylindrical, with apical cap, breaking into secondly ascospores. Secondary ascospores 2—-6x 1-3pm (X =4x2, n=60), hyaline, ( Specws descrlptlon
cylindrical. Asexual morph: Undetermined. (Adopted from Li et al. 2016)
Known hosts and distribution: on dead larva of Tenebrionoidea (China) (Li et al. 2016) €— Host and distribution
Moelecular data: MFLU 15-3888 (SSU = KU854951, RPB1 = KU854947, TEF = KU854949). Phylogenetic tree: see entry
(Ophiocordyceps karsti) (Li et al. 2016) €—— Molecular data
100y Opiwiosordyceps kevatii MFLU15-3584
%o OpAKCOTYTo0S Karsti MPLU 153805
Opivocordyoers robivtsy YHORZTOO?
z BIO 65 Ophicondycaps lanpingensis YHOS07
Photographic plate 3 Cooccrcyseps simsis ARSEFS22
Cphwocordyceps snesws GIUH2010RWS
i . cares
Ophicenrienns .o:vm OSC110987
Ophicosrdycops acouiads 056110088
O gl GOGMI 7327
oo agicts
:ﬂ_‘_{ Ophvooadycops mrocdes NHJ12522
comcemtons omoeemences. | Phylogenetic tree
Cphrocordyosps favrosana NTUOXISS
OpvOcOrTyceps Formnsana TNMF 13850
wose Opticcordyceps formosans WLU1S-3888
‘Opfviocordyseps formosana MFLU15-3889
10041
'LL Opacardyceps koroana EFCCT318
1001 Cphiccedycops rigrefis EFCC0247
Optwocodyveps ravensin OSC 110085
HO8253
82064 -.ocrs{ Ophiocardyoeps graciis EFCCI101
W00 Comocoroyceps gracis EFCCEST2
Cphiocordycops heleropods EFCCI0128
E NORC 100645
ol
@J{ on’mmmm OSCI00a
080 Telypoctedum nfolws MTCCEST
100 Toypocedun ubsessis OSCT1235
a8
200 9
L 1000 | Pwperecolium iecrass CB3204 30

| Pupsrscaliom Hacrrs CRS431 87

Figure 6. Information of the entomopathogenic species Ophiocordyceps formosana.

The website invertebratefungi.org is therefore established as
part of the project titled ‘The future of specialist fungi in a
changing climate: baseline data for generalist and specialist
fungi associated with ants, Rhododendron species and Dra-
caena species’. The aims of this website are to: (i) collect
and curate morphological and molecular data on invertebrate-
associated fungi from formally published articles and (ii) pro-
vide a continuously updated checklist of entomopathogenic
genera/species.

The need for a database of invertebrate fungi

In the past decade, the application of molecular tools has
led to a dramatic revolution in the taxonomy of fungal
entomopathogens. Molecular analyses have revealed sev-
eral cases where phenotypic features do not necessarily
reflect phylogenetic results (12, 14). A distinct example
comes from clavicipitaceous fungi. Several subgenera under
Cordyceps sensu lato (Clavicipitaceae) were initially recog-
nized on the basis of the arrangement of perithecia, the
disarticulation of ascospores and host affiliation (41-44).

Later works revealed that the aforementioned characteris-
tics presented cases of convergent evolution in Clavipitaceae
sensu lato (12). Consequently, Clavicipitaceae sensu stricto,
Cordycipitaceae and Ophiocordycipitaceae were erected to
accommodate species of Cordyceps s. I. and other clavicipita-
ceous fungi. Combination of morphological and phylogenetic
analyses has been crucial for resolving numerous taxonomic
issues and for providing a reliable, more robust taxonomic
framework of entomopathogenic fungi (12, 45). However,
many species that were collected and described before the
molecular era lack molecular data, which poses a significant
challenge to their natural classification. Fresh collections of
these species and clear morphological illustrations would aid
tremendously in clarifying their naturally taxonomic place-
ments, and these are currently being undertaken. Although
many newly recorded and novel fungal species on inverte-
brates have been discovered, described and published across
a plethora of journals, the published information is scattered
and often not easily accessible. Moreover, the classification
of entomopathogenic fungi is constantly updated, and these
changes are hard to follow. Comprehensively compiling the
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Table 1. List of expert curators for the https://invertebratefungi.org/ website

Position Name

Research field Contact details

Yuan-Pin Xiao?
De-Ping Wei®

Head Curator
Managing Curator

Curator Kevin D. Hyde?
Curator Qing Tian?
Curator Yuan-Bing WangP

Entomopathogenic fungi
Entomopathogenic fungi
Fungi

Eurotiomycetes
Entomopathogenic fungi

emmaypx@gmail.com
elina19920601@gmail.com
kdhyde3@gmail.com
tianqing124@gmail.com
wangyb001@126.com

2Center of Excellence in Fungal Research, Mae Fah Luang University, Chiang Rai 57100, Thailand.
bThe International Joint Research Center for Sustainable Utilization of Cordyceps Bioresources in China and Southeast Asia, Yunnan University, Kunming

650091, China.

taxonomic data concerning entomopathogenic fungi accord-
ing to the original publications is in high demand by peers
and researchers in related fields. An easily accessible and
freely available platform would greatly facilitate the shar-
ing and dissemination of knowledge among mycologists and
other scientists. The online database is dedicated to gather-
ing information from various peer-reviewed sources, allowing
users to access up-to-date data in a time-saving and effective
way. The website https://invertebratefungi.org/ was therefore
established to systematically document data on invertebrate
fungi in a web-based platform through which the end users
can easily obtain access to relevant information.

Invertebrate fungi website

The website contributes to the checklist of fungal genera
and species associated with invertebrates. Current notes
regarding taxonomic status, classification, host range and
species with available morphological descriptions of fungal
genera will be provided. For each genus, the species asso-
ciated with invertebrate hosts will be presented and accom-
panied by Index Fungorum number, Facesoffungi number,
descriptions, photographic plates, sequence data, phyloge-
netic data if available, known hosts and distributions, as well

as other relevant information of importance. Systematic man-
agement and documentation of invertebrate-associated fungi
will enhance the understanding of diversity and classification
of invertebrate fungal pathogens.

Construction, interface and visualization of
database

The online website, https://invertebratefungi.org/, allows end
users to enter information on fungi associated with inverte-
brates via a friendly interface. This website comprises eight
headings, each with its own distinct functionality (Figure 1).
The research scope of this website is presented at the top-left
corner of the homepage (Figure 2). The contact details and
supporting grant information are located at the bottom of
this page (Figure 2). The genera containing entomopathogenic
species have been collected from peer-reviewed articles and
systematically listed under the heading ‘Outline’ according to
the most recent classification (Figure 3). Genera/species with
available data will be automatically arranged in alphabetical
order under the heading ‘Archives’ (Figure 4). Data of each
genus and species presented on the website have been mainly
extracted from original research articles published by the Cen-
ter of Excellence in Fungal Research (CEFR) group. Data from
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collaborating institutes will also be included after getting per-
mission. Otherwise, the taxonomic status of the genus will be
noted and the entomopathogenic species will be listed along
with a hyperlink to the original literature. Researchers who
do not belong to the CEFR group also have the option to
post the entomopathogenic species they discover via the man-
aging curator of this website. The database will be updated
continually to keep abreast of the current literature. Curators
listed in the table 1 will take charge of collecting, managing,
overseeing and reviewing the uploaded data in this webpage.

How to use the website?

Instructions on searching a specific genus and species are
illustrated below using the genus Ophiocordyceps and the
species O. formosana as examples. Step 1: typing a spe-
cific genus name (e.g. Ophiocordyceps) into the search box
located at the top-left corner of the ‘outline’ page allows
users to find the genus in the outline (Figure 3). Step 2: a
new window with information on Ophiocordyceps will pop
up after clicking on the genus name (Figure 5). Step 3: the
entomopathogenic species belonging to Ophiocordyceps will
be presented beneath the ‘other species’ title, and users can
find detailed information on a specific species (e.g. O. for-
mosana) by clicking on the species name (Figures 5 and 6).
The Facesoffungi Number (Figure 6) of a species is pro-
vided along with a hyperlink to the ‘Faces of fungi’ website
(https://www.facesoffungi.org/).

Additionally, a search box is provided below the header
bar, allowing the users to search the information on a spe-
cific genus and species by typing its name (Figure 2). Recently
uploaded genera and species can be seen under ‘Recent Genus’
and ‘Recent Species’ tabs, respectively, which inform users of
the newly added entries (Figure 2). Alternatively, clicking on
the order name in the ‘archive’ page will result in a drop-
down box appearing, where families of the selected order
are displayed, and users can browse the genus and species
composition of the selected family (Figure 4).

Users can get a list of fungal species associated with specific
hosts by typing the scientific or popular name of insect hosts
in the search box below the eight header bars (see Figure 7).
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