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Abstract

Numerous agents of infections in humans and other mammals are found among fungi that are able to survive extreme

environmental conditions and to quickly adapt to novel habitats. Nevertheless, the relationship between opportunistic

potential and polyextremotolerance was not yet studied systematically in fungi. Here, the link between polyextremotol-

erance and opportunistic pathogenicity is shown in a kingdom-wide phylogenetic analysis as a statistically significant co-

occurrence of extremotolerance (e.g. osmotolerance and psychrotolerance) and opportunism at the level of fungal orders. In

addition to extremotolerance, fungal opportunists share another characteristic—an apparent lack of specialised virulence

traits. This is illustrated by a comparative genomic analysis of 20 dothideomycetous and eurotiomycetous black fungi.

While the genomes of specialised fungal plant pathogens were significantly enriched in known virulence-associated genes

that encode secreted proteases, carbohydrate active enzyme families, polyketide synthases, and non-ribosomal peptide

synthetases, no such signatures were observed in human opportunists. Together the presented results have several

implications. If infection of human hosts is a side effect of fungal stress tolerance and adaptability, the human body is most

likely neither the preferred habitat of such species, nor important for their evolutionary success. This defines opportunism

as opposed to pathogenicity, where infection is advantageous for the species’ fitness. Since opportunists are generally

incapable of the host-to-host transmission, any host-specific adaptations are likely to be lost with the resolution of the

infection, explaining the observed lack of specialised virulence traits. In this scenario opportunistic infections should be

seen as an evolutionary dead end and unlikely to lead to true pathogenicity.
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Introduction

Fungi form an integral part of biodiversity of many

extreme environments. Here, the maintenance of costly

stress tolerance and adaptability mechanisms pays off in

decreased competition with other microbes. Two modes of

adaptation can be recognised in fungi. On the one hand
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specialised extremophilic and extremotolerant species

(‘‘monoextremophilic’’ and ‘‘monoextremotolerant’’ spe-

cies) evolved to efficiently cope with a specific stress factor

and are limited in their capacity for habitat shifts. Such

species can tolerate some of the most extreme conditions

on the planet, with one important exception—very few

fungi are truly thermophilic. Polyextremotolerant species

on the other hand tolerate many different types of stress

and are often extremely adaptable (Gostinčar et al. 2010).

This makes them good candidates for colonising novel

habitats that are considered as suboptimal for microbial

growth (Gostinčar et al. 2011). Hot and wet indoor habitats,

for example, uncovered a surprising diversity of polyex-

tremotolerant, oligotrophic fungi (Zalar et al. 2011;

Hamada and Abe 2010; Lian and de Hoog 2010). The

human-shaped environment is additionally characterised by

factors such as hygienic measures, chemical pollution, and

limited water availability, which all provide novel extreme

conditions for specialized microbes and have been sug-

gested to increase the risks of harmful fungus-human

interactions (Gostinčar et al. 2011; Robert and Casadevall

2009; Casadevall et al. 2011; Gostinčar et al. 2015).

For fungi to successfully infect a human body, they have

to overcome several obstacles, such as high temperature

(Robert and Casadevall 2009), low water activity and low

pH in case of skin penetration (Elias 2007), oxidative

bursts of human phagocytes and severe iron limitation

(Hamad 2008; Kumamoto 2008). In the case of the few true

fungal pathogens (also named primary pathogens), which

can infect healthy individuals, specialised mechanisms to

counter the above described immune defences possibly

evolved as a response to selection pressures during an

infection. The infection potential of these species enhances

their fitness and is therefore considered as an essential part

of their natural lifestyle. However, such adaptive evolution

seems improbable in the case of opportunists, a much

longer list of species limited to sporadic infections of often

immunocompromised hosts. Compared to the large popu-

lations of opportunistic pathogens outside the host the

infection events are extremely rare and it is unlikely that

they would noticeably contribute to the biological success

of the species. Therefore, traits promoting virulence in

opportunists have likely evolved for purposes other than

survival within the host (Song et al. 2017). Published lit-

erature suggests various selection pressures driving the

emergence of such pre-existing adaptations (exaptations),

among them adaptations to stress encountered outside the

mammalian host. These traits would primarily promote the

survival of the fungus in the environment, but (as an

unintentional side-effect) also allow its establishment in the

host (van Burik and Magee 2001; Casadevall 2007). For

example, in the prominent pathogen Cryptococcus neo-

formans the mechanisms that enable its survival during

infection are thought to have evolved in response to stress

in its primary ecological niche, bird manure (Brown et al.

2007). Several examples of polyextremotolerant fungi that

are also opportunistic pathogens are found among doth-

ideomycetous and eurotiomycetous black yeasts, a group of

melanised ascomycetous species, which are investigated

here in more detail in a comparative genomic analysis.

If opportunistic infections are indeed accidental

colonisations enabled by adaptability and stress tolerance,

opportunistic potential should be phylogenetically linked to

polyextremotolerance. Opportunists should contain few if

any traits important in virulence compared to their non-

opportunistic relatives. In this study we investigate the

distribution of stress tolerant and opportunistic species

across all orders of the fungal kingdom, and use a com-

parative genome analysis of 11 dothideomycetous and 9

eurotiomycetous fungi in search of genomic signatures of

extremotolerance and opportunism.

Materials and methods

Phylogenetics

Large subunit ribosomal RNA (LSU) sequences were

obtained from GenBank following the Catalogue of Life,

the fungal taxonomic tree, the index of fungi and Dic-

tionary of Fungi. The sequences were initially aligned

using Clustal X 1.8 (Thompson et al. 1997). The alignment

was subsequently checked visually and corrected for

obviously misaligned positions to maximize primary

sequence homology utilizing BioEdit 7.0.0 (Hall 1999).

This final dataset was used for the construction of a phy-

logenetic tree including 1214 LSU sequences spanning 5

phyla, 40 classes and 141 orders, with Chytridiales as an

outgroup. Maximum-likelihood (ML) analyses were per-

formed using RaxML 8.2.9 on the CIPRES Science Gate-

way portal (Miller et al. 2010). For ML analyses, the rapid

bootstrapping (BS) algorithm with the automatic halt

option and the default parameters were used. The resulting

trees were plotted using FigTree 1.4.2 and MEGA 6.06.

Maximum likelihood bootstrap values (BS) equal or

greater than 80% are given above each node (Fig. 1).

Four approximate ecological categories were plotted on

the tree. (1) Surface colonisers, mainly belonging to rock-

inhabiting fungi and epiphytes, which are subjected in their

natural habitat to varying temperatures, dryness, and solar

irradiation. Most are recognizable by compacted pheno-

types and survival of external conditions of their habitat

during the most hostile season. Lichens, the algal-fungus

combination enhancing survival of environmental stress,

and lichenicolous fungi, species subjected to similar irra-

diation and tolerating the antimicrobial toxins produced by
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Venturiales 545

Fig. 1 RAxML phylogenetic

tree of fungal 140 orders based

on the sequences of large

subunits ribosomal RNA (LSU).

The order tree was estimated by

a maximum likelihood analysis.

All branches received at least

80% bootstrap support (numbers

above respective branches).

Collapsed parts of the tree are

shaded in pink and correspond

to orders listed in the right

panel. The right panel depicts

the relative number of species in

each order assigned to different

categories (grey: rock

inhabiting, blue:

psychrotolerant, yellow:

osmotolerant, red or red

asterisk: clinical; green: plant

surface). Numbers on the left

hand side of the chart indicate

the number of medically

relevant species and of all

species contained within each

order (according to the Index

Fungorum, catalogue of life).

The tree was rooted with

Chytridiales as an outgroup
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lichen thalli, as well as fungi tolerating xenobiotics, were

also placed in this category. (2) Osmotolerant/osmophilic

fungi, including fungi of the dry fraction of the indoor

mycobiome, from desert soil, and other similar habitats. (3)

Psychrotolerant/psychrophilic fungi, represented mainly by

species from deep ocean waters and polar regions. (4)

Clinically relevant fungi covering opportunists and true

pathogens; the fungi colonising the healthy mammal body

usually without causing infection, such as Malassezia

(cutaneous) and Pneumocystis (pulmonary) were also

added to this category. These are the species involved in a

minimum of ten proven cases of infection and listed in the

Atlas of Clinical Fungi (de Hoog et al. 2015). Nearly all are

able to grow at 37 �C. The number of strictly thermotol-

erant/thermophilic fungi never reported from mammalian

infection are extremely rare, their number being too low to

be included as a separate category for the statistical com-

parison. A special subcategory of animal-associated com-

mensals, which typically survive without tissue invasion

but cause occasional infections, is included in the medical
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category. (5) Plant pathogens. Plant pathogenicity has been

principally defined as causing recurrent disease on specific

plant hosts, but this category is difficult to delimit from

growth on plant debris and endophytic life styles. We

included only those groups where a significant number of

species is involved in well-known plant diseases.

Phylogenomics

The proteomes of 11 dothideomycetous and 9 euro-

tiomycetous fungi, were used in this and other performed

comparative genomics analyses. Among the Doth-

ideomycetes, representatives of the orders Dothideales (A.

pullulans, A. subglaciale, A. namibiae, A. melanogenum)

(Gostinčar et al. 2014), Capnodiales [H. werneckii (Lenassi

et al. 2013; Sinha et al. 2017), Baudoinia compniacensis

(Ohm et al. 2012), Mycosphaerella graminicola (Goodwin

et al. 2011)), Hysteriales (Hysterium pulicare (Ohm et al.

2012)), Pleosporales (Cochliobolus heterostrophus (Ohm

et al. 2012)] and Botrysphaeriales [Botryosphaeria doth-

idea (Grigoriev et al. 2014)] were included. Among the

Eurotiomycetes, representatives of the orders Eurotiales

[Aspergillus nidulans (Arnaud et al. 2010), A. niger (Pel

et al. 2007), A. fumigatus (Cerqueira et al. 2014), Eurotium

rubrum (Kis-Papo et al. 2014)], Onygenales [Coccidioides

immitis (Black Yeasts Sequencing Project, Broad Institute

of Harvard and MIT), Histoplasma capsulatum (Black

Yeasts Sequencing Project, Broad Institute of Harvard and

MIT)], and Chaetothyriales (E. aquamarina (Black Yeasts

Sequencing Project, Broad Institute of Harvard and MIT),

E. dermatitidis (Chen et al. 2014), Cladophialophora

yegresii [Black Yeasts Sequencing Project, Broad Institute

of Harvard and MIT) and Coniosporium apollinis (NCBI

BioProject PRJNA245130)], were included. Neurospora

crassa (Sordariales, Sordariomycetes) (Galagan et al.

2003) and Sclerotinia sclerotiorum (Helotiales, Leo-

tiomycetes) (Amselem et al. 2011) were used as outgroups.

In case of H. werneckii, which contains two nearly iden-

tical copies of most genes, one copy from each pair was

randomly selected for the phylogenomic analysis. The

fungi were assigned to various ecological categories as

colour-coded in the tree (Fig. 2).

A super alignment of the proteomes was constructed

with the Hal pipeline (Robbertse et al. 2011), without

allowing for missing data. After removing the poorly

aligned positions and positions with gaps using Gblocks

0.91b (Talavera and Castresana 2007), this resulted in a

328 552-amino-acid-long alignment. The maximum num-

ber of allowed contiguous non-conserved positions was set

to five amino acids, and the minimum length of a block to

15 amino acids. The best protein evolution model was

determined using ProtTest 3.2.1 (Darriba et al. 2011). The

PhyML 3.1 software (Guindon et al. 2010) was used to

generate the species tree with the approximate Bayes

branch support values. The LG model of evolution with the

ProtTest-estimated a-parameter of the g-distribution of six

substitution rate categories (1.155), and the ProtTest-de-

termined proportion of invariable sites (0.215), were used.

The tree was calibrated with the r8 s software (Sanderson

2003), by assigning the root of the tree to an arbitrary value

of 1.

CAFE analysis

The analysis of the protein family expansion and contrac-

tion was performed with the CAFE 3.0 software (Han et al.

2013). Three tables of protein families/clusters were used

as input: (i) the numbers of proteins with a specific Pfam

domain in each proteome, for each Pfam motif found by

the stand-alone Pfam scanner and a database downloaded

on 8 July, 2015 (Punta et al. 2012); (ii) the numbers of blast

hits in each proteome (e-value cut-off, 1 9 e-20) where

proteins from the Database of Fungal Virulence Factors

[downloaded on 7 July, 2015; (Lu et al. 2012)] were used

as queries; (iii) the numbers of blast hits in each proteome

(e-value cut-off, 1 9 e-20) where proteins from the core

set of the Fungal Stress Response Database [received from

the authors on 4 March, 2015; (Karanyi et al. 2013)] were

used as queries. The resulting list of protein groups with

significant predicted expansion/contraction was manually

checked with a focus on the branches leading to A. mela-

nogenum, H. werneckii and E. dermatitidis.

Secreted proteins

Predicted secreted proteins were identified by searching

through the whole proteomes for signal peptides with

SignalP (Petersen et al. 2011), using the default cut-off

D-value of 0.43. Proteins containing predicted transmem-

brane regions using TMHMM (Krogh et al. 2001) were

then removed from the output. The functions of putative

secreted proteins were predicted by the CAZymes Analysis

Toolkit for CAZymes (Park et al. 2010) and MEROPS for

proteases (Rawlings et al. 2012). The respective heatmaps

were produced with the package heatmap.2 in R (R

Development Core Team 2015) from scaled data and using

the default parameters. For CAZymes, only families with

more than five representatives are shown, and for proteases,

only families with more than two representatives are

shown.

Polyketide synthases and non-ribosomal peptide
synthetases

Polyketide synthases (PKS) were identified using NaPDoS

(Ziemert et al. 2012). The ketosynthase domains identified

Fungal Diversity (2018) 93:195–213 199
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by the programme, together with the representative PKSs

for each previously defined PKS cluster (HR-PKSs (lo-

vastatin—AAD39830.1, T toxin—AAB08104.3, fumon-

isin—AAD43562.2), PR-PKSs (6-MSAS—BAA20102.2),

NR-PKSs [group I—XP_681178.1, AGC95321.1; group

II—AAD31436.3, CAM35471.1; group III—AAC39471.1,

Q03149.2; group IV—Q12397.2, BAE71314.1; group V—

XP_664675.1, XP_746435.1; group VI—XP_681652.1,

XP_664052.1; group VII—XP_658638.1, XP_658127.1)]

and fatty-acid synthase (outgroup, AN9407), were used for

the phylogenetic analysis with the PhyML software (Liu

et al. 2015; Varga et al. 2003).

The protein representatives of the melanin synthesis

pathway according to (Chen et al. 2014) were identified by

running local blastp against the proteomes of all of the

listed fungi, with A. fumigatus homologues used as queries,

and with an e-value cut-off of 1 9 e-20.

Non-ribosomal peptide synthetases (NRPSs) were iden-

tified by analysing the whole proteomes with a stand-alone

version of antiSMASH, using the default parameters (Blin

et al. 2013). Adenylation (A) domains as determined by the

programme, together with A domains from previously

characterised NRPSs from A. nidulans, A. fumigatus and C.

heterostrophus were used for the phylogenetic analysis

(Cramer et al. 2006; vonDöhren 2009; O’Hanlon et al. 2012;

Condon et al. 2013; Bushley and Turgeon 2010) (A. nidu-

lans, A. fumigatus: SidC [XP_753088.1], SidD

[XP_748662.1], GliP [XP_750855.1], FtmA [XP_747

187.1], Pes3 [XP_753380.1], PesL [XP_751084.1], Pes1

[XP_752404.1], ACVS [XP_660225.1], and C. heterostro-

phus: NPS2 [AAX09984.1], NPS10 [AAX09992.1], NPS4

[AAX09986.1], NPS6 [AAX09988.1]) and several adeno-

sine monophosphate (AMP)-binding proteins (outgroup;

ACS [XP_751720.1], AAL [AAG53991.2], LCFAL

[XP_753087.1], AAR [XP_751705.1]. As one NRPS can

contain several A domains, all of them were included in the

analysis, but the numbers discussed here were given for the

abundance of proteins in the species, and not for the number

of A domains.

The phylogenies of keto-synthase (in PKSs) and

adenylation (in NRPSs) domains were estimated by first

aligning the protein sequences with the MAFFT software in

the ‘-auto’ mode (Katoh and Toh 2008). Then the model of

protein evolution, the a-parameter, and the proportion of

Fig. 2 Phylogenetic tree of the selected fungal species. The genomes

of the listed species were used here for comparative genomics studies.

Fungal lifestyle: blue, extremotolerant; red, animal opportunists;

green, plant pathogens. The phylogenetic tree was constructed using

PhyML (Guindon et al. 2010), from super alignment of the whole

proteomes produced by the Hal pipeline (Robbertse et al. 2011). The

branch supports are calculated as approximate Bayes values. Right:

Genome sizes and number of predicted proteins
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invariable sites were estimated using ProtTest 3.2.1 (Dar-

riba et al. 2011). Finally, the trees were generated with the

PhyML 3.1 software (Guindon et al. 2010), and the branch

supports were calculated as approximate Bayes values.

Statistics

T test implemented in The Gnumeric (http://www.gnu

meric.org/), an open-source spreadsheet programme

(Keeling and Pavur 2011), was used to test the significance

of differences between the abundances of selected protein

families for the following pairs of species groups:

extremotolerant versus non-extremotolerant, plant and

animal opportunists versus non-opportunists, Euro-

tiomycetes versus Dothideomycetes. Significant differences

(P\ 0.05) are reported and/or indicated in the figures with

an asterisk (*). For phylogeny, statistical analyses were

performed using the SPSS statistical software, version 20

(SPSS Inc., Chicago, IL, USA). The significance of the

associations among fungal presence and the environmental

variables and the strength of the association was deter-

mined using Chi square test (v2). Chi square was used for

examining the ecological characteristics correlation

between medical fungi and surface colonisers, between

medical relevance and general extremotolerance, between

medical fungi and osmotolerance, and between medical

relevance and psychrotolerance. Differences with P\ 0.05

were considered to be statistically significant.

Results

Distribution of extremotolerance
and pathogenicity in the fungal kingdom

An LSU tree was reconstructed on the basis of represen-

tatives of 140 fungal orders or ordinal groups, distin-

guished according to recent taxonomy of the fungal

kingdom (Fig. 1). The backbone of the tree remained lar-

gely unresolved, which interfered with classification above

the ordinal level. Most of the orders, however, were sta-

tistically supported (bootstrap[ 80%), particularly in

basal taxonomic lineages. In the Basidiomycota a number

of groups were discernible of which the Ustilaginomy-

cotina were in ancestral position to the Ascomycota, and

Pucciniomycotina and Agaricomycotina formed recognis-

able clusters. The lower fungi were all found at large

phylogenetic distances from each other. The adjacent

clusters of Ascomycota were generally closer together.

Some groups were found in unexpected positions, such as

the family Ajellomycetaceae, currently classified in the

Onygenales but in our tree forming a distinct cluster. The

small orders Calosphaeriales and Togniniales were united

under the overarching order Diaporthales. Protoventuria

was clearly different from Venturiales.

We subsequently plotted broad ecological categories

[surface colonisers (1), osmotolerant/osmophilic fungi (2),

psychrotolerant/psychrophilic fungi (3), clinically relevant

fungi covering primary pathogens, opportunistic pathogens

and mammal colonisers (4), plant pathogens (5)], expressed

as the number of species with a particular ecology, relative

to the number of species described in that order. Orders

containing lichenised fungi (1) showed a preponderance of

rock-inhabiting lifestyles. Lichens are known to be highly

diverse (Schoch et al. 2009) and are found in Arthoniales

and adjacent orders of Arthoniomycetes, in Lecanor-

omycetes and in Ostropomycetes. Non-lichenised rock-in-

habiting fungi are associated to e.g. Verrucariales and

Chaetothyriales. Other types of extremotolerant ecology (2,

3) are more difficult to define and categorise over the entire

fungal kingdom. Rock-inhabiting lifestyles involve multi-

ple stress factors such as limited nutrient availability, and

osmotic and temperature stress, which are linked to sur-

vival under arid conditions. Desert-fungi (3) are common

e.g. among Sordariales and Eurotiales. These fungi are also

prevalent in the dry fraction of indoor fungal biomes. For

this reason, we separated osmotolerance (2) from rock-in-

habiting lifestyles and analysed data in combination as well

as separate. An entirely different type of osmotolerance is

found in numerous yeasts (Saccharomycetales) which live

in flowers and fruit juices. In ocean water, basidiomycetous

yeasts tend to be prevalent. The latter category is further

characterized by low temperature, which otherwise is noted

in the small groups of polar fungi. Plant-associated life-

styles (5) are widely distributed in Ascomycota. Several

orders (e.g. Asterinales, Erysiphales, Meliolales, Myrian-

giales) contain almost exclusively plant-associated species

with very similar patterns of infection, while major plant

pathogens are also found in Botryosphaeriales, Dia-

porthales, Hypocreales, Magnaporthales, Pleosporales,

Venturiales and others. Numerous strict plant pathogens

are located in basidiomycetous orders belonging to Usti-

laginomycotina and Pucciniomycotina.

Most fungi that are able to grow at 37 �C have also been

encountered in human infection (4) (red bars in Fig. 1).

Infection of mammal hosts requires tolerance of body

temperature at or close to 37 �C. Only a small number of

fungi are thermophilic without having any apparent inva-

sive ability, e.g. species of Myceliophthora, Byssochlamys

or Thermoascus (the group is too small to be displayed in

Fig. 1). The main order comprising species considered as

pathogens [i.e. causing transmissible disease; (de Hoog

et al. 2018)] is Onygenales. The order contains agents of

systemic disease (i.e. exhibiting a specialised invasive

phase in tissue) in the Ajellomycetaceae and Onygenaceae,

in addition to the dermatophytes classified in
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Arthrodermataceae. Members of Pneumocystidales are

pulmonary colonisers. As only a very small number of

species has been described in this order so far, numerous

additional mammal host-specific taxa are likely to exist

showing parallel evolution with their hosts (Guillot et al.

2001). Members of the small order Malasseziales are

lipophilic fungi associated with mammals as superficial

commensals, but can be involved in infection, e.g. in

patients receiving lipid-rich parenteral nutrition (Baker

et al. 2016). In total, about 100 species may have some

kind of advantage of the use of a mammal host, via

infection or colonisation. All remaining fungi (approxi-

mately 550 species) listed in the Atlas of Clinical Fungi are

categorised here as being opportunists, i.e. having infec-

tious ability but showing no sign of specialisation for the

mammal host and having an environmental primary habitat

(de Hoog et al. 2015).

Opportunistic fungi are found scattered all over the fungal

tree (Fig. 1), distributed over 21 orders (15.0% of all dis-

cerned orders): three out of 18 orders of lower fungi (16.7%),

three out of 42 orders of Basidiomycota (7.1%) and 15 out of

80 orders of Ascomycota (18.8%) contain potentially

infectious fungi. In absolute numbers the Eurotiales (60),

Hypocreales (64), Onygenales (78), and Pleosporales (64)

contain large numbers of clinically relevant species. Rela-

tively, compared to the number of currently known species in

the order, Chaetothyriales (6.6% opportunists), Onygenales

(19.0%) in Ascomycota, Trichosporonales (7.8%) in

Basidiomycota, andMucorales (10.5%) inMucoromycotina

show the largest infectious potential.

An association of clinical relevance (4) with surface

colonising life-style (1) is found in five orders, with

osmotolerance/osmophily (2) in six orders, psychrotoler-

ance/psychrophily (3) in five orders, and with preponder-

antly plant-inhabiting (mostly saprobe or opportunist) life

styles (5) in four orders, and without clear association with

any of the listed parameters in three orders; this includes

the pulmonary and cutaneous colonisers of Pneumocysti-

dales and Malasseziales. Statistically significant correlation

was confirmed between medical relevance and general

extremotolerance/osmophily (P = 0.0001), and between

medical relevance and osmotolerance (P = 0.0007). There

was also a significant correlation with psychrotolerance

(P = 0.0043). However, there was no significant associa-

tion between medical relevance and surface colonising

lifestyle (P = 0.324).

Genomic signatures of extremotolerance
and opportunistic pathogenicity

To search for possible genomic signatures of opportunism

in fungi that are able to cause human infections, we per-

formed the genomic comparison of 11 dothideomycetous

and 9 eurotiomycetous species, selected here to represent

black fungi, a group which harbours many examples of

polyextremotolerant species that are also able to switch to

opportunism. The investigated fungi cover a range of

ecological strategies, colour coded on Fig. 2 (extremotol-

erant in blue, animal opportunists and plant pathogens in

red and green, respectively). As explained in the Methods,

we focused on the predicted proteins (primarily their copy

numbers), known to be involved in virulence and stress

tolerance and searched for common patterns in distantly

related species with similar lifestyles.

Secretome

The fungal secretome was previously implicated in pro-

moting pathogenicity (Ranganathan and Garg 2009). In this

study we show that the numbers of proteases are signifi-

cantly increased in the plant pathogens (Fig. 3c1). There

are fewer proteases seen in the extremotolerant species,

although this is mainly due to the protease-rich plant

pathogens in the non-extremotolerant group, and the dif-

ference did not reach statistical significance. When com-

paring the most abundant individual enzyme families

(Fig. 3c2), the plant pathogens have significantly more

aspartic endopeptidases or pepsin family A1 proteases

(Fig. 3c2, A01A) and serine endopeptidases or subtilisin

family proteases (Fig. 3c2, S08A), while the extremotol-

erant species have significantly fewer serine exopeptidases

(Fig. 3c2, S28).

The differences in carbohydrate-active enzymes

(CAZymes) abundance between plant pathogens and non-

plant pathogenic species did not reach statistical signifi-

cance. Nevertheless, three out of four plant pathogens

analysed here have higher numbers of CAZymes than seen

for 16 non-plant pathogenic species (except A. nidulans

and H. werneckii; Fig. 3b1). Moreover, the plant patho-

genic fungi are significantly enriched with members of the

CAZymes auxiliary activity family (AA7), carbohydrate-

binding module families (CBM13, CBM18, CBM35,

CBM50), carbohydrate esterase family (CE5), glycoside

hydrolase families (GH2, GH12, GH92), and glycosyl

transferase family (GT34) (Fig. 3b2). The extremotolerant

species have significantly more members of the CAZymes

GH32 family, which comprises invertases and other

enzymes that are involved in energy storage and recovery.

Despite these patterns, no lifestyle-linked clustering of the

species was observed based on their enzyme profiles

(Fig. 3b2, c2).

Polyketide synthases

Polyketide synthases (PKSs) are responsible for the syn-

thesis of secondary metabolite polyketides. Our
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Fig. 3 Predicted secreted proteins. a Total secreted proteins. b Se-

creted carbohydrate-active enzymes (CAZymes) b1 and a heatmap of

the CAZymes families with more than five representatives in the

species studied (b2). c Secreted proteases (c1) and a heatmap of the

MEROPS families with more than two representatives in the species

studied (c2). T-tests were used to determine the significances of the

differences between the abundance of the proteins for the following

pairs of species groups: extremotolerant versus non-extremotolerant;

plant and animal pathogens versus non-pathogens; Eurotiomycetes

versus Dothideomycetes. Significant differences (P\ 0.05) are indi-

cated with an asterisk (*)
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phylogenetic analysis of ketosynthase domains character-

istic of PKSs, produces four well-defined clusters that

correspond to fatty-acid synthases (FAS), non-reducing

(NR)-PKSs, highly reducing (HR)-PKSs, and partially

reducing (PR)-PKSs (Fig. 4a). All of the major subgroups

of NR-PKSs (groups I-VII) and HR-PKSs (lovastatins,

fumonisins, T-toxins) were identified in the phylogenetic

tree. The total number of PKSs analysed is significantly

higher for the plant pathogens compared to the non-

pathogenic fungi and animal opportunists (Fig. 4b), which

is due to the significant enrichment of NR-PKSs and HR-

PKSs (Fig. 4d, e). There is no difference in the PKS

numbers between Dothideomycetes and Eurotiomycetes.

Genes encoding 1,3,6,8-tetrahydroxynaphthalene (THN)

synthases involved in the synthesis of melanin, as well as

genes involved in the 3,4-dihydroxyphenylalanine

Fig. 4 Predicted polyketide

synthases. a Phylogeny of the

ketosynthase domains

determined using the Natural

Product Domain Seeker. b–e

Abundance of the PKS

subgroups in the studied fungal

species. FAS fatty-acid

synthases (c), PR-PKS partially

reducing PKS, NR-PKS non-

reducing PKS (d), HR-PKS

fully reducing PKS (e). T-tests

were used to test the

significances of the differences

between the abundances of

these proteins for the following

pairs of species groups:

extremotolerant versus non-

extremotolerant; plant and

animal pathogens versus non-

pathogens; Eurotiomycetes

versus Dothideomycetes.

Significant differences

(P\ 0.05) are indicated with an

asterisk (*)
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(DOPA)-melanin synthesis pathway and pyomelanin syn-

thesis (L-tyrosine degradation) pathway are present in the

majority of the 22 analysed species (Supplemental

Table S1).

Non-ribosomal peptide synthetases

The here reconstructed phylogeny of the A domains from

the non-ribosomal peptide synthetases (NRPSs) or NRPS-

like proteins identified by antiSMASH software reveals

two major groups: the NRPSs and the adenylating

enzymes, such as long-chain fatty-acyl-CoA synthases

(Fig. 5a). Where possible, the NRPS phylogenetic groups

based on the A domains were named after the previously

characterised homologues (Fig. 5a). Different A domains

from single NRPS genes with several A domains mostly

occur in the same clade, with the exceptions being dike-

topiperazine synthetases and Pes1 homologues, the A

domains of which are placed in two or more well-separated

clusters (Fig. 5a).

The total number of NRPSs are significantly higher in

the plant pathogens, both with the inclusion (data not

shown) and the exclusion (Fig. 5b) of the large group of

adenylating enzymes, although no lifestyle-associated

patterns are observed for the adenylating enzymes alone

(Fig. 5c). The numbers of NRPSs involved in the synthesis

of extracellular (but not intracellular) siderophores are

higher in most of the animal opportunists and plant

pathogens compared to the non-pathogens, although the

differences reached statistical significance only for the

plant pathogens (Fig. 5e).

Selected fungal virulence factors

Several protein families that experienced significant

expansion or contraction in various parts of the phyloge-

netic tree were investigated in more detail. When the

expansion and contraction of these protein families are

compared within and between the groups of species with

similar lifestyles, there are no significant differences in

most cases, although there are some exceptions, a selection

of which is shown in Fig. 6. We show that the number of

fungal TP-binding cassette (ABC) type multidrug resis-

tance (MDR) efflux transporters is higher in the plant

pathogens than in most other fungi, but the between-group

difference is not significant. The number of siderophore-

iron transporters does not differ between the fungal groups

with different lifestyles (Fig. 6b). In 12 extremotolerant

species the number of siderophore genes is higher than in

five non-extremophile species, the exceptions being B.

compniacensis, C. apollinis and B. dothidea. However, the

between-group differences did not reach statistical signifi-

cance. Tripeptidyl-peptidases (TPPs), secreted serine

proteases capable of protein degradation at acidic pH differ

significantly in number between Eurotiomycetes and

Dothideomycetes (Fig. 6c) as well as in the animal

opportunists versus plant pathogens. Finally, proteins

similar to the effector Ecp6, a scavenger of chitin frag-

ments, are enriched in the plant pathogens (Fig. 6d). No

significant differences were observed between Doth-

ideomycetes and Eurotiomycetes.

Discussion

Extremotolerance and opportunism are linked
at the level of fungal orders

Infection of mammal hosts is a rare ability in the fungal

kingdom, as shown by our study. Of the 140 orders dis-

tinguished in this paper based on current taxonomy

(Fig. 1), only 21 (15.0%) contain species that repeatedly

show this infectious potential. Among these, most oppor-

tunistic orders and the main order containing true patho-

gens causing transmissible disease [Onygenales (de Hoog

et al. 2018)] belong to Ascomycota (14 out of 80 orders,

17.3%). Of the much fewer opportunistic orders in Basid-

iomycota (3 out of 42, 7.1%) Malasseziales are generally

regarded as asymptomatic cutaneous commensals/pul-

monary colonisers and the same is true for the ascomyce-

tous Pneumocystidales (Baker et al. 2016). Members of the

remaining 18 orders are able to cause infection in specific

circumstances but typically have an environmental habitat.

Our results show that opportunism in mammals is cor-

related with extremotolerance. Association of the 21 orders

with all categories of medical relevance and general

extremotolerance was found to be significant (P = 0.0001).

However, while some large melanised and extremotolerant

groups within the fungal kingdom are only rarely

encountered in human infection, others (such as

Chaetothyriales) have a particularly high number of

opportunists. This apparent discrepancy can be explained

by distinguishing between two modes of extremotolerance:

‘polyextremotolerance’, where tolerance to a variety of

stress types is coupled with large adaptability and resulting

in great potential for habitat shifts, and ‘monoextremotol-

erance’ describing a specialisation for a particular type of

stress and with low potential for habitat shifts. While the

first type of extremotolerance was significantly associated

with opportunism in our analysis (as described above) the

second (surface colonising lifestyle) was not. A similar

observation was made by Prenafeta-Boldu et al. (2006),

introducing dual ecology as a mechanism enhancing

habitat shifts. Other factors besides stress tolerance may

play a role, such as the ability to assimilate monoaromatic

hydrocarbons, linked to the tendency of fungi to infect the
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central nervous system (Prenafeta-Boldu et al. 2006), but

this was not tested here due to the limited available data.

In addition to almost complete association of thermo-

tolerance with clinical occurrence, osmotolerance/os-

mophily was also identified as a major factor correlating

with opportunism (P = 0.0007), confirming the connection

proposed by de Hoog et al. (2005). Interestingly, despite

the ability to grow at 37 �C being the main virulence factor

in fungi (Robert and Casadevall 2009), opportunism also

correlated to tolerance to low temperatures (P = 0.0043).

In 97 orders no obvious extremotolerance of any kind is

known; of these, only five (5.2%) contain species with an

infectious potential. Two of these concern the lower fungi

in Entomophthoromycotina, where opportunism has been

hypothesised to be enhanced by intestinal occurrence in

cold-blooded tropical animals (Gugnani and Okafor 1980).

The large and species-rich classes of Pezizomycetes,

Fig. 5 Predicted non-ribosomal

peptide synthetases.

a Phylogeny of the adenylation

domains (A domains)

determined using the antibiotics

and secondary metabolite

analysis shell. The dots mark

the positions of the reference

proteins from A. fumigatus and

A. nidulans (purple) and C.

heterostrophus (pink) used to

infer the functions of the protein

clusters (Cramer et al. 2006;

von Döhren 2009; O’Hanlon

et al. 2012; Condon et al. 2013;

Bushley and Turgeon 2010).

The names of the reference

proteins are in round brackets,

while the inferred products of

the NRPSs are in square

brackets. Note that different

domains from the same proteins

similar to the GliP and NPS4/

Pes1 proteins are included in

more than one cluster. b–e

Abundance of the NRPS

proteins in the studied fungal

species, without the adenylating

enzymes (b), and for the

selected protein subfamilies of

the adenylating enzymes (c),

and intracellular (d) and

extracellular (e) siderophores.

T-tests were used to test the

significances of the differences

between the abundances of

these proteins for the following

pairs of species groups:

extremotolerant versus non-

extremotolerant; plant and

animal pathogens versus non-

pathogens; Eurotiomycetes

versus Dothideomycetes.

Significant differences

(P\ 0.05) are indicated with an

asterisk (*)
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Orbiliomycetes, Lecanoromycetes, and Leotiomycetes do

not contain any clinical representatives.

An association between human opportunism and plant

pathogenicity that has been put forward earlier on the basis

of similar virulence factors (Kempf et al. 2002; Kirzinger

et al. 2011; Melotto et al. 2014) is not supported by our

results. Of the 26 fungal orders containing major plant

pathogens, only three also contain a few or more clinical

species. One of these is Pleosporales, an order showing a

wide ecological diversity including extremotolerance

(Ahmed et al. 2014). The Hypocreales contains species

causing both human infections (only 64 out of 4479

described species) as well as major plant diseases, as an

example of cross-kingdom pathogenicity (van Baarlen

et al. 2007; Segorbe et al. 2017) or more accurately, cross-

kingdom opportunism. Other such examples include spe-

cies of Fusarium, where both plant and human infection is

frequent and strains have an unusually wide host range (Al-

Hatmi et al. 2016; Šišić et al. 2018). Similarly, Sharma

et al. (2014) noted the plant-virulence of clinical strains of

Exserohilum rostratum (Pleosporales), but this species is

not host-specific, it has a wide host range on diverse

grasses, and is also found in soil and on rotten materials

(Ellis 1971). However, in orders where host-specific plant-

pathogenicity is among the prevalent life styles (e.g.

Myriangiales, Asterinales, Meliolales, Magnaporthales,

Erysiphales, Taphrinales, Tilletiales, Exobasidiales, Usti-

laginales, Microstromatales, Pucciniales), no human

opportunistic species are encountered. In the genus Al-

ternaria mammal opportunism is found almost exclusively

in the few saprobic representatives (de Hoog and Horre

2002).

Few genomic signatures reflect the lifestyles
of black fungi

If, as we suggest, fungal opportunism is a side effect of

polyextremotolerance and not a specialised lifestyle,

opportunists are expected to have few differences from

their non-opportunistic counterparts. This is supported by

the results of our analysis of genomic signatures in 11

dothideomycetous and 9 eurotiomycetous fungi. We

focused on enzymes for secondary metabolite production,

carbohydrate-active enzymes (CAZymes), and small

secreted proteins and peptidases, proteins with documented

or proposed roles as effectors in virulence.

Although proteases are believed to be important for

animal pathogenesis (Monod et al. 2002), in our dataset

they were not enriched in opportunistic species compared

to strictly non-opportunistic species (Fig. 3c1). The same

was true for individual protease families (Fig. 3c2) and

also for CAZyme families. In contrast, CAZyme family

GH32 (invertases and other enzymes involved in energy

storage and recovery) was significantly enriched in

extremotolerant species, possibly reflecting their energeti-

cally demanding life in extreme conditions (Oren 2011).

Fig. 6 Abundance of the

selected fungal virulence factors

in the fungal species studied.

a Multidrug resistance (MDR)

efflux transporters.

b Siderochrome–iron

transporters. c Tripeptidyl

peptidases. d Extracellular

proteins 6. The protein groups

were selected based on

significant protein family

expansion or contraction, as

determined by analysis using

CAFE 3. T-tests were used to

test the significances of

differences between the

abundances of the proteins for

the following pairs of species

groups: extremotolerant versus

non-extremotolerant; plant and

animal pathogens versus non-

pathogens; Eurotiomycetes

versus Dothideomycetes.

Significant differences

(P\ 0.05) are indicated with an

asterisk (*)
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Generally, however, no lifestyle-linked clustering of the

species was observed based on their CAZyme profiles

(Fig. 3b2, c2), confirming the observations of Krijger et al.

(2014).

Secondary metabolites such as polyketides are important

for interactions of fungi with other organisms (Fischbach

and Walsh 2006), yet no enrichment in PKSs catalysing

their synthesis was observed in human opportunists

(Fig. 4). One of the PKS products, melanin, plays an

important role in virulence and resistance to clinically used

antifungal agents (van Baarlen et al. 2007; Feng et al. 2001;

Nosanchuk et al. 2015; Schnitzler et al. 1999) [although

these roles have been disputed by some authors (Song et al.

2017)] and protection against abiotic stress (Slepecky and

Starmer 2009; Gostinčar et al. 2012; Kogej et al. 2007;

Kejžar et al. 2013), but again we found no significant

differences between the opportunistic and other species in

numbers of enzymes involved in the PKS melanin syn-

thesis pathway and also in the alternative DOPA-melanin

synthesis pathway (Langfelder et al. 2003), and pyome-

lanin synthesis/L-tyrosine degradation pathway (Schmaler-

Ripcke et al. 2009) (Supplemental Table S1). The genes

known to be involved in the three different melanin syn-

thesis pathways are present in the majority of the 22 spe-

cies studied here (Supplemental Table S1).

Similarly to all above discussed genes, genes for non-

ribosomal peptide synthetases (NRPSs) were not enriched

in animal opportunists, although they are involved in the

synthesis of important virulence determinants, such as iron-

chelating siderophores (Bushley and Turgeon 2010; Silva

et al. 2011), and toxins, such as enniatin, victorin, HC-toxin

and AM-toxin (Walton 1996; Haese et al. 1993). Iron

overload in a host is known to exacerbate many infectious

diseases, such as cryptococcosis in people infected with

HIV, and conversely, iron withholding is an important

defence strategy for mammalian hosts (Jung et al. 2006).

There were no lifestyle-associated differences in the

number of siderophore–iron transporters, which are

responsible for the uptake of siderophore–iron chelates

(Philpott 2006) and linked to stress response and virulence

in Cryptococcus neoformans (Singh et al. 2015; Jung et al.

2006), or the number of multidrug resistance (MDR) efflux

transporters (Fig. 6a), which provide fungi with protection

against antibiotics, plant defence compounds, and fungi-

cides (de Waard et al. 2006). The differences in the number

of secreted serine proteases [previously linked to virulence

in A. fumigatus (Reichard et al. 2006)] between animal

opportunists and plant pathogens can be attributed to their

phylogenetic history, as the same difference was observed

between Eurotiomycetes and Dothideomycetes—most here

studied animal opportunists are Eurotiomycetes and most

plant pathogens are Dothideomycetes (Fig. 6c).

While no genomic traits of analysed black fungi were

linked to their opportunism, several traits were significantly

associated with their plant pathogenicity. Proteases,

believed to be involved in fungal signalling, nutrition,

degradation of host tissues, and digestion of plant defence

proteins (Ohm et al. 2012), were significantly enriched in

the plant pathogens (Fig. 3c1). Some of the differences are

in line with previous observations, for example in the case

of A01 and S08A proteases (ten Have et al. 2004; Armijos

Jaramillo et al. 2013), additionally validating our general

approach. Similarly, certain CAZyme families (AA7,

CBM13, CBM18, CBM35, CBM50, CE5, GH2, GH12,

GH92, GT34; Fig. 3b2) were shown to be enriched in plant

pathogens, likely linked to the role of enzymes from these

families in breaking down the barrier of the plant cell-wall

polysaccharides and using plant polysaccharides as a car-

bon source (Ohm et al. 2012; Lowe et al. 2015). Addi-

tionally, plant pathogens differed from other analysed

species in the total number of PKSs, in having a signifi-

cantly higher abundance of extracellular siderophore

NRPSs (Fig. 5e) and in the enrichment of the effector Ecp6

(Fig. 6d). The latter is easily explained as the Ecp6 is a

known scavenger of chitin fragments that are released by

chitinases, thereby preventing recognition of the fungus by

the host immune receptors for chitin (Sanchez-Vallet et al.

2013; de Jonge et al. 2010).

We can conclude that while our analysis successfully

identified genomic traits linked to plant pathogenicity, we

could find no such genomic signatures connected to the

fungal opportunistic lifestyle—supporting our hypothesis

that virulence traits of opportunistic fungi are exaptations,

which can also be found in other, non-opportunistic

species.

Implications of the overlap between adaptation
to environmental stress and opportunism

The importance of stress tolerance acquired out-of-host in

pathogenesis was first proposed for the well-known

pathogen C. neoformans (Brown et al. 2007; van Burik and

Magee 2001). This interpretation is even more plausible in

the case of emerging opportunistic pathogens such as black

yeasts, which cause substantially fewer infections than C.

neoformans. If the adaptations that allow opportunistic

fungi to survive within a human host are indeed exaptations

(i.e., mechanisms that originally evolved for different

purposes, such as tolerance to environmental stress) and

that are only later found to be useful during an infection,

there should be few (if any) traits that can be directly

linked to the opportunistic potential of the fungal species.

Indeed, unlike bacteriologists, mycologists have largely

been unsuccessful in finding classical virulence factors,

even in notorious human pathogens like Candida albicans
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and A. fumigatus (Casadevall and Pirofski 2014). Similarly,

in this study we show that apart from growth at 37 �C there

appear to be few other traits that can distinguish oppor-

tunistic human pathogens from their non-pathogenic rela-

tives. No such traits were found through the comparative

genomics investigations, while in contrast, plant pathogens

were distinguished in several aspects. Taken together, these

observations indicate that most generalistic polyextremo-

tolerant fungi can be seen as potential opportunistic

pathogens as long as they can grow at the temperatures in

the mammalian body. Fortunately, this is a trait that (for

now) most fungi lack (Robert and Casadevall 2009).

The observation that polyextremotolerance and oppor-

tunistic pathogenesis repeatedly share a common phylo-

genetic history supports the hypothesis that traits important

for fungal pathogenicity are shaped by selection pressures

outside of the host. This corresponds to the concept of

‘‘accidental virulence’’ as postulated by Casadevall and

Pirofski (2007). However, care should be taken not to view

the infection events from a pan-adaptationist perspective.

On the one hand, it is unclear whether the opportunist

causing the infection is able to escape from the host back

into the environment—if it is not, any adaptations to host

acquired during the infection are meaningless from an

evolutionary perspective. On the other hand, if the oppor-

tunist is able to return to the environment, any newly

acquired adaptations will be either beneficial, neutral or

detrimental for its survival in the environment. Evidently,

adaptations detrimental to environmental fitness would be

selected against once outside the host. Adaptations with a

neutral effect would likely be drowned in the much larger

gene pool of environmental strains. Finally, for adaptations

beneficial to both survival in the host and in the out-of-host

environment it is difficult to envisage why they would need

to arise in the small populations during rare and time-

limited infection events rather than in much larger out-of-

host populations. The speculation of Casadevall and

Pirofski (2007) that a passage in animal hosts might

increase the fitness of environmental microbes in their out-

of-host environment therefore appears unlikely except for

species for which animals are a major and regular habitat.

An accidental infection is thus likely a (literal or evolu-

tionary) dead end, since the persistence of hypothetical

adaptations acquired during infection is improbable. For

this reason the gradual evolution of true pathogens through

a series of repeated opportunistic infections (in the absence

of host-to-host transmission) would be expected to happen

extremely rarely, if at all. Our hypothesis of polyex-

tremotolerance (coupled with the ability to grow at 37 �C)

as the background of opportunism explains why oppor-

tunistic species are relatively rare, and why evolution

towards true pathogenicity hardly ever happens at all.

Nevertheless, many species of black fungi are now

increasingly being recognised as a medical issue (Silveira

and Nucci 2001; Chowdhary et al. 2015). Besides greater

numbers of susceptible hosts and improved diagnostics,

changes of our lifestyle have been proposed as another

reason for this trend (Casadevall et al. 2011; Gostinčar

et al. 2011, 2015). In addition to the well-known dry

fraction of indoor environments, wet cells have recently

revealed a gamut of opportunistic species. Both A. mela-

nogenum and E. dermatitidis were found to be common in

tap water, bathrooms, steam-baths and dishwashers (Novak

Babič et al. 2016; Hamada and Abe 2010; Zalar et al.

2011). Changes that render indoor habitats inhospitable to a

majority of microbes frequently make conditions favour-

able for other, more resilient and more adaptable species—

polyextremotolerant fungi with greater potential to cause

opportunistic human infections (Gostinčar et al.

2011, 2015). These are problematic especially if they are

also enriched for thermotolerance, such as E. dermatitidis,

Saprochaete clavata and Magnusiomyces capitatus in

dishwashers (Zalar et al. 2011; Zupančič et al. 2016) or for

the ability to metabolise phenols and hydrocarbons (Pre-

nafeta-Boldu et al. 2006, 2012).

This study shows that complex phenotypes such as the

ability to cause opportunistic infections of mammals do not

evolve from scratch. The genomic toolkit that is the basis

of selection is neither unlimited in quantity nor infinitely

malleable. It can differ substantially between different

taxonomic groups, resulting in repeated emergence of

opportunistic pathogens in some groups, but not in others.

Our results support the hypothesis that opportunistic fungi

do not specialise for pathogenicity as such but that their

invasive potential is tightly linked to their polyextremo-

tolerant ecology and most likely uncoupled from their

hosts. As a consequence, tackling the emerging problem of

opportunistic fungi will require an epidemiological

approach very different from the one applied to true

pathogens.
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