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SUMMARY

Fungal secondary metabolites (FSMs) are capable of manipulating plant community dynamics by inhibiting
or facilitating the establishment of co-habitating organisms. Although production of FSMs is not crucial for
survival of the producer, their absence can indirectly impair growth and/or niche competition of these fungi
on the plant. The presence of FSMs with no obvious consequence on the fitness of the producer leaves ques-
tions regarding ecological impact. This review investigates how fungi employ FSMs as a platform to mediate
fungal-fungal, fungal-bacterial and fungal-animal interactions associated with the plant community. We dis-
cuss how the biological function of FSMs may indirectly benefit the producer by altering the dynamics of sur-
rounding organisms. We introduce several instances where FSMs influence antagonistic- or alliance-driven
interactions. Part of our aim is to decipher the meaning of the FSM ‘language’ as it is widely noted to impact
the surrounding community. Here, we highlight the contribution of FSMs to plant-associated interaction net-
works that affect the host either broadly or in ways that may have previously been unclear.

Keywords: secondary metabolites, fungal-fungal interaction, fungal-bacterial interaction, fungal-animal

interaction, antagonism, symbiosis, mutualism, plant-associated community, microbiome.

INTRODUCTION

The plant-associated macro- and microbial community is
influenced not only by the host plant, but also by the
dynamics among the species harbored. Host plants are
often parsed into rhizosphere, phyllosphere and endo-
sphere compartments, which house a multitude of organ-
isms including bacteria, fungi, archaea and protists, along
with microfauna such as insects, arthropods and nema-
todes. Due to the vast number of organisms in these com-
munities, three factors to consider when assessing the
plant-associated community are: (i) how plant genetics and
physiology influence community diversity and composi-
tion; (ii) the role of the environment; and (iii) how founder
populations influence the dynamics of community succes-
sion. Investigation of these three factors has demonstrated
that countless variables contribute to specifically shaping
plant-associated microbial communities. While research in
this field has generally been limited to the influence of the
host and the role of the environment (Hacquard, 2016;

Hassani et al., 2018), less research has focused on how
plant commensal and/or pathogenic microbes shape the
plant-associated community for their own benefit. Recent
evidence suggests fungal plant pathogens and pests can
interfere with community assembly via production of
antagonistic molecules (Snelders et al., 2020). For example,
fungi have been widely reported to influence their sur-
rounding community by deploying a diverse array of fun-
gal secondary metabolites (FSMs). The vast majority of
this research has focused on the production of FSMs by
biological control agents (BCAs) and their effects on phy-
topathogens (Liu and Li, 2005). Currently, little is known
regarding FSM usage in naturally occurring ecological sys-
tems and how manipulation of the plant-associated com-
munity may occur.

For the purposes of this review, FSMs are defined as
low-molecular-weight metabolites typically produced by
large, multi-modular polyketide synthases, terpenes, non-
ribosomal peptide synthetases, or enzymes such as prenyl-
transferases and dimethylallyl tryptophan synthases
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(Brakhage, 2013; Keller, 2019). Unlike primary metabolites,
FSMs are not essential for survival. However, their absence
can debilitate fungal growth and/or increase niche compe-
tition for fungi. FSMs can serve as tools to outcompete
other plant-associated organisms as iron-scavenging side-
rophores, as intra- and inter-kingdom signal molecules, or
as metabolic, reproductive and developmental regulators
(Demain and Fang, 2000; Stringlis et al., 2018). Several
FSMs have been documented to facilitate plant pathogene-
sis through, for instance, inhibition of host defense
responses or by stimulating programed cell death (Ster-
giopoulos et al., 2013). In contrast, it is uncertain why
some FSMs are produced that do not have an obvious
impact on the fitness of the producer, i.e. by plant patho-
gens outside of the host, when effects on the host are
absent, or when produced by non-pathogenic, commensal
fungi. These examples demonstrate the need for future
studies to identify and characterize plant-associated com-
munities. We speculate in such cases where fitness of the
producer is unaltered, the biological function of FSMs may
benefit the producer by altering the microenvironment
and/or surrounding organisms.

Plant-associated microbes compete for nutrients, pro-
duce chemical signals for communication, and manufac-
ture antibiotics to attenuate competition in order to
establish and survive. Species diversity on and within
plant surfaces often fluctuates, resulting in drastic (elimi-
nating microbial groups) to insubstantial (seemingly no
effect on resident microbes) effects among plant residents
(Andrews and Harris, 2000). Antibiosis drives community
structural dynamics when allelopathic FSMs successfully
exclude organisms that would otherwise reside in these
plant niches (Schulz et al., 2019). Microbes that co-
habitate have been shown to trigger FSM gene expres-
sion, suggesting a role for FSMs in species dialog (Net-
zker et al., 2015). In addition to antibiosis, intra- and
inter-species communication has also been shown to
enhance the fitness of many plant-associated fungi (Calvo
et al., 2002). This interplay between organisms within the
plant-associated community can lead to a countless array
of community permutations that offer manifold opportu-
nities for the evolution of and, in the context of science
inquisition, the discovery of highly specialized natural
products.

Surveys profiling fungi in natural plant environments
have shown fungal communities can be both highly
diverse (Jumpponen and Jones, 2009) and deliberately
organized (Davison et al., 2011), suggesting intricate fungal
interactions occur among the plant community. This
review focuses on the utilization of FSMs by plant-
associated fungi as a platform for shaping the plant-
associated macro- and microbial community. Further, we
discuss several examples of antagonism and alliances
among fungi, between fungi and bacteria, and between

Fungal social influencers 633

fungi and animals as well as FSMs produced by plant-
associated fungi that apparently lack a specific target. A
comprehensive summary of the identified FSMs, their pro-
ducers, recipients and their corresponding literature refer-
ences is included in Table 1.

FSMS MEDIATE INTRA-FUNGAL ANTAGONISM
THROUGH CYTOTOXICITY OR MYCOPARASITISM

Much of our understanding of FSMs in fungal-fungal
interactions in the plant environment is based on the
study of BCAs. BCAs typically promote plant health
through the antagonism of pathogenic fungi or indirect
manipulation of the plant-associated community, thereby
boosting plant health. Antagonistic interactions among
fungi during competition for resources often involve the
secretion of antifungal FSMs. The most widely studied
antifungal FSMs are derived from the BCA Trichoderma
(Reino et al., 2008). Members of the genus Trichoderma
produce an array of FSMs ranging from low-molecular-
weight volatile organic compounds (VOCs) that can freely
traverse a plant system and indirectly alter the physiology
of a fungal competitor (Hung et al., 2015; Werner et al.,
2016) to high-molecular-weight molecules, such as peptai-
bols (Schirmbock et al., 1994; Shi et al., 2012) or gliotoxin
(Vargas et al., 2014), that directly act upon proximate
fungi.

Only a fraction of the literature focuses on natural occur-
rences of FSMs compared with characterization of FSMs
from known BCAs. Endophytes are a major resource in the
search for novel biosynthesis of antifungal FSMs, and have
been isolated from leaf, rhizome, root or stem tissues
(Ginting et al., 2013; Martinez-Arias et al., 2021; Schulz
et al., 2002; Tellenbach et al., 2013). For example, phomop-
sidin, a mycotoxin that targets eukaryotic cytoskeletons
through inhibition of beta-tubulin, was isolated from the
endophyte Hypoxylon rubiginosum during natural biologi-
cal control of Hymenoscyphus fraxineus, the fungus
responsible for ash dieback (Halecker et al., 2020). Addi-
tionally, many endophytes produce FSMs that have
already been the focus of characterization within Tricho-
derma spp., such as gliotoxin from Acremonium spp.
(Anisha and Radhakrishnan, 2015), a FSM known to act
upon thiol groups and inactivate proteins as well as creat-
ing reactive oxygen species (Gardiner et al., 2005). How-
ever, mining for endophyte FSMs continues as novel
chemical structures (Guo et al., 2020) or configurations (Liu
et al.,, 2012) are identified. Studies have shown that
endophyte-derived FSMs, such as stemphyperylenol (Cha-
gas et al.,, 2013), have strong antifungal properties but
show no phytotoxicity, alluding to a primary role in niche
competition.

While several studies have reported the induction of
antifungal FSM production in fungal co-cultures (Chagas
et al., 2013) and that antifungal FSMs are cytotoxic (Son
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Table 1. (continued)

Type of

Citation

Result

Effect

Recipient(s)

Fungal producer(s)

FSM

interaction

Attraction facilitates insect- Laraba et. al., 2020

Attractive fragrance mimic
and pseudoflower

fragrance

Pollinator insects

Fusarium xyrophilum

Nerolidol

mediated sexual reproduction

Connick Jr & French,

Attracts pollinators and

Pseudoflower fragrance

Pollinator insects

Puccinia punctiformis

Phenylacetaldehyde

1991; Cano et al., 2013

McArt et al., 2016

foraging insects
Insect attractant

VOC emitted from diseased

Pollinator insects
plants

Monilinia vaccinii-

Cinnamic aldehyde

corymbosi
Monilinia vaccinii-

McArt et al., 2016

Insect attractant

VOC emitted from diseased

plants

Pollinator insects

Linalool

corymbosi
Monilinia vaccinii-

McArt et al., 2016

Insect attractant

VOC emitted from diseased

plants

Pollinator insects

a-Pinene

corymbosi
Puccinia arrhenatheri

Naef et al., 2002

Attracts flower-visiting insects

Fragrance emitted from

diseased leaves

Pollinator insects

a-Phellandrene

Naef et al., 2002

Attracts flower-visiting insects

Fragrance emitted from

Pollinator insects

Puccinia arrhenatheri

Carvacryl methyl ether

diseased leaves and plays

defensive role

FSM, fungal secondary metabolite; VOC, volatile organic compound.

et al., 2008; Zhang et al., 2013), less is known about specific
modes of action that result in fungal cell death. The inhibi-
tion of hyphal elongation and conidial germination has
been shown for bikaverin produced by the phytopathogen
Fusarium oxysporum (Son et al., 2008), and flavipin pro-
duced by the endophyte Chaetomium globosum (Xiao
et al., 2013), although the cellular mechanisms underlying
their toxicities are not yet reported. Conversely, parnafun-
gins made by the plant pathogen Fusarium larvarum
demonstrated inhibition of growth in competitor fungi by
blocking mRNA adenylation (Bills et al., 2009). Peptaibols
produced by Trichoderma spp. have shown to induce pro-
gramed cell death via exposure of phosphatidylserine, the
appearance of reactive oxygen species, and fragmentation
of nuclear DNA (Shi et al., 2012). These examples offer
insight into mechanisms in which FSMs participate in fun-
gal-fungal antagonism.

Among intra-fungal dynamics, mycoparasitism is a com-
mon competitive interaction in which FSMs may play a key
role. Mycoparasitism is a feature most frequently associ-
ated with the order Hypocreales in which a competing fun-
gus serves as a nutrient source. Initially characterized in
Trichoderma BCAs, mycoparasitism has been exploited to
change the plant community via the management of phy-
topathogens. Historically, many FSMs were initially discov-
ered from studying mycoparasitism, such as the secondary
metabolite groups of peptaibiols (including trichokonins;
Shi et al., 2012; Szekeres et al., 2005), epipolythiodioxyp-
iperazines (such as gliotoxin; Vargas et al., 2014), ter-
penoids (including trichodermin and harzianum A;
Malmierca et al., 2012) and siderophores (such as harzianic
acid; Vinale et al., 2013). Biotrophic fungal mycoparasites
tend to specialize in targeting one or few fungal species, as
the effectiveness of their artillery (including FSMs) are
often species-specific (Speckbacher and Zeilinger, 2018). It
is likely that species-specific cues induce the production of
FSMs in these mycoparasites. For example, co-culture of
mycoparasitic strains with different fungi led to production
of unique FSMs, especially in contrast to isolates grown in
solitary (Chatterjee et al., 2016). Various studies have
shown how fungi may utilize specific FSMs to prepare for
mycoparasitism upon direct confrontation with their prey.
For instance, some FSMs function in communication or
signaling (e.g. siderophores; Vinale et al., 2017), or can
detoxify or degrade prey-derived defense compounds (e.g.
deoxynivalenol; Lutz et al.,, 2003). Interestingly, mass
spectrometry-based imaging methods are now being used
to elucidate how FSMs are spatially and temporally pro-
duced during mycoparasitism, and in some cases enable
the visualization of FSM interplay between different spe-
cies (Bohni et al., 2016; Chamoun et al., 2015; Holzlechner
et al., 2016; Knowles et al., 2019; Tata et al., 2015), thereby
unveiling a new means of interrogating FSMs as an eco-
logical driver (Figure 1).

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd,
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Figure 1. MALDI MSI of physically interacting Trichoderma atroviride (T) and Ralstonia solani (R) hyphae.
(a) Light microscopic image showing points of inoculation (green tetragons), the outer rim of hyphal growth for both species (white lines) and borders for fea-

tures detected by MSI (blue lines).

(b) Molecular distributions of selected secondary metabolites localized by MALDI MSI.

(c) Trichoderma atroviride specific metabolites.
(d) Ralstonia solani specific metabolites.

(e) Profile mass spectrum exhibiting signals assigned to R. solani (marked in green) and T. atroviride (marked in blue). Figure and legend reprinted from Hol-

zlechner M et al. (2016) Proteomics, 16, 1742-1746, with permission from Wiley.

FSMS MAY MEDIATE INTRA-FUNGAL ALLIANCES VIA
SYNTROPHY OR CHEMICAL COMMUNICATION

Fungal alliances could strongly influence plant community
composition when either nutritional syntrophy (or cross-
feeding) or molecular communication occur. Although no
specific FSMs have been implicated in fungal-fungal coop-
eration among the plant community, it is not unlikely that
these interactions occur. It has been shown arbuscular
mycorrhizal fungi in forest systems form non-random com-
munities (Davison et al., 2011), and co-habitating fungi
have been commonly observed together on plants to

balance the community structure (Mack and Rudgers,
2008; Schulz et al., 2015). These observations support the
possibility that different fungal species can respond coop-
eratively to common chemical signals or perhaps take
advantage of other intra-fungal-derived secondary metabo-
lites that are in excess in the environment. Moreover, it
has been well established that FSMs can mediate shared
chemical signaling and defense between fungi and many
other microbes and macro-eukaryotes (Cano et al., 2013;
Schmidt et al., 2017), as we discuss in later sections. Future
research into FSM-dependent fungal-fungal alliances
among the plant-associated organisms could potentially

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd,
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guide the engineering and formulation of highly effective
synthetic fungal BCA communities.

FSMS MEDIATE FUNGAL-BACTERIAL ANTAGONISM TO
COMMUNICATE WARFARE AND IMPOSE ANTIBIOSIS

Fungi and bacteria are both major constituents of the
plant community and contributors to overall health of a
given host through biological control, by increasing host
plant immunity, or by increasing host plant productivity
(Deveau et al., 2018). Their physical overlap provides a
likely opportunity for interaction mediated by secondary
metabolites that affect the fitness of neighboring microbes
(Scherlach et al., 2013). Such interactions are very com-
mon in soil, and a well-studied example, generally
referred to as soil fungistasis, describes the inability of
fungal spores to germinate in soil under conditions that
normally favor such germination and is typically observed
in microbially active soils (Bakker et al., 2020). Thus,
cross-kingdom interactions appear to play an important
role in driving ecosystem dynamics. Plant-associated fungi
and bacteria have been widely reported to produce highly
diverse secondary metabolites in co-culture (Akone et al.,
2016; Ola et al., 2013) and, through these compounds,
microbes induce cross-kingdom metabolome changes
(Schmidt et al., 2017). Investigation of FSM-mediated
cross-kingdom interaction has provided evidence that
physical interaction among microbes is not necessary to
alter the community, as diffusible signals can produce
long-distance effects on other microbes (Schroeckh et al.,
2009).

Many FSMs are produced in response to bacterial signal-
ing as an antagonistic means of directly reducing bacterial
fitness. Concurrent in vitro transcriptomic profiling of the
plant pathogenic fungus Rhizoctonia solani and plant-
associated bacteria in the genus Serratia revealed differen-
tial upregulation of secondary metabolite gene clusters in
both organisms suggesting inter-species communication
or antibiosis via the release of toxins (Gkarmiri et al.,
2015). Differential expression of FSMs in response to
antagonistic bacteria has been widely documented in
many fungal-bacterial interaction systems (Han et al.,
2017; Khalid et al., 2018; Krause et al., 2020). Surprisingly,
these examples illustrate a general tendency towards a
global decrease in FSM production, presumably to redirect
biosynthetic energy away from FSMs that are not needed
for bacterial antagonism in exchange for heightened pro-
duction of a select subset of FSMs that likely provide a
competitive advantage. For example, the fungus Aspergil-
lus flavus increases production of the FSM imizoquin in
the presence of the antagonist bacterial phytopathogen
Ralstonia solanacearum while also stimulating its own ger-
mination in co-culture (Khalid et al., 2018).

Although these examples show changes in FSM produc-
tion during fungal-bacterial antagonistic interactions, these

changes potentially represent a complex language in
which FSMs comprise one form of dialog at the commu-
nity level. For example, fungi and bacteria exhibit an ongo-
ing FSM exchange to communicate warfare (Spraker et al.,
2014). It was shown that bacterial biosynthesis of ralso-
lamycin induced chlamydospore production in diverse fun-
gal taxa, possibly to create housing for bacteria within
these structures (Spraker et al., 2016). In response to ralso-
lamycin, Fusarium fujikuroi and Botrytis cinerea produced
the antibacterial FSMs bikaverin and beauvericin to negate
bacterial invasion (Spraker et al., 2018). Additional research
is still necessary to show the extent at which FSM produc-
tion for bacterial antagonism commonly occurs among
fungi within the plant-associated community.

FSMS MEDIATE FUNGAL-BACTERIAL ALLIANCES BY
RECRUITING COOPERATIVE CONSTITUENTS

Fungi have been clearly observed to alter the host plant
bacterial microbiome upon their establishment (Seybold
et al., 2020). The strength of this selection is demonstrated
among fescue grasses colonized by fungal endophytes that
produce the alkaloid FSM loline. Leaf and root microbiota
of these grasses are highly enriched in bacteria consuming
loline as a carbon source (Roberts and Ferraro, 2015;
Roberts and Lindow, 2014). Although this FSM functions in
bacterial recruitment, how and whether selection for loline
consumers directly benefits loline-producing fungi remains
unresolved. It is conceivable that this selection may
exclude other microbial species, potentially ensuring host
colonization by a co-evolved or at least compatible, non-
antagonistic, non-pathogenic bacterial cohort for these
fungi. The most highly-enriched bacterium as a result of
fungal loline production was the loline consumer
Burkholderia ambifaria, a species implicated in inhibition
of fungal plant pathogens and plant growth promotion
(Groenhagen et al., 2013). Fungal loline production also
has been shown to directly antagonize insect pests (Wilkin-
son et al., 2000), illustrating how fungi may utilize these
compounds for multiple purposes.

Plant-associated fungi can also serve as a ‘sub-host’ with
their own specific bacteriome that accompanies healthy or
diseased states, potentially affecting fungal fitness, includ-
ing FSM production. Research has shown the bacteriome
of fungi may be as important as the host plant for prompt-
ing fungi to produce FSMs (Schulz-Bohm et al., 2017). This
phenomenon was demonstrated in the plant-associated
fungus Rhizopus microsporus, which produces the FSM
mycotoxin rhizonin only in the presence of a Burkholderia
spp. endosymbiont (Partida-Martinez et al., 2007). This
multilayered interaction illustrates how bacterial-induced
FSM production underpins a competitive advantage
against other fungi seeking to colonize the same niche.
Additionally, R. microsporus produces the secondary
metabolite rhizoxin, a putative phytotoxin shown to block
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mitosis in eukaryotes (Schmitt et al., 2008). However, it
was later demonstrated that the bacterial partner synthe-
sizes rhizoxin, which the fungal partner modifies to
enhance phytotoxicity (Scherlach et al., 2012). Another
example of fungal-bacterial partnerships was observed
between the plant pathogen F. fujikuroi and two endosym-
biotic Enterobacter species that induce production of
fumonisin (Obasa et al., 2020), a mycotoxin responsible for
kidney and liver damage in animals, and serves as a viru-
lence factor during plant colonization (Abbas et al., 2000).
Specifically, F. fujikuroi hyphae housing these bacteria pro-
duced significantly more toxin and exhibited higher viru-
lence than those lacking the endosymbiont (Obasa et al.,
2020). Countless symbiotic relationships exist among fungi
and bacteria, and their coevolution on plant hosts have
likely led to increased diversity in unique FSMs based on
their specific couplings, metabolisms, lifestyles or plant-
associated compartments.

FSMS MEDIATE FUNGAL-ANIMAL ANTAGONISM BY
DETERRING FUNGIVORY OR HERBIVORY

Studies focusing on the function of FSMs in fungal-animal
interactions largely explore antagonism around competi-
tion for nutritional resources. Such interactions have been
observed to alter foraging habits and subsequently reduce
fitness among animals. The evolutionary arms race
between animals and fungi and how FSM production
mediates fungal survival are still relatively unexplored. Lit-
erature surrounding antagonistic relationships between
animals and fungi involve direct and indirect grazing via
fungivory and herbivory, respectively.

Fungi have evolved FSMs as effective deterrents of her-
bivorous animals. One such example occurs between corn
earworm Helicoverpa zea and dried fruit beetle Carpophilus
hemipterus and fungus Eupenicillium crustaceum. Larvae
from these two insect species showed either a 79% reduc-
tion in weight gain (H. zea) or a 42% reduction in feeding
rate (C. hemipterus) when exposed to naturally occurring
levels of an aflavinine analog from E. crustaceum (Wang
etal., 1995). Rudgers and Clay (2008) speculated arthropods
may be directly affected by fungal FSMs, such as peramine,
due to a correlation between reduced arthropod abundance
and high diversity in plant-associated fungal communities
(Rudgers and Clay, 2008). FSMs modulate virulence and
fecundity among animal populations through weakening of
insect and nematode immune systems as a scheme to deter
herbivory. Initially characterized in the phytopathogenic
fungus Alternaria brassicae (Ayer and Pena-Rodriguez,
1987), the FSM destruxin has been shown to participate in
suppression of the hormonal immune response of insects,
including Lepidoptera spp. (Dumas et al., 1996), Drosophila
melanogaster (Pal et al., 2007) and Galleria mellonella (Vey
et al., 2002). Nematode fitness has been observed to be
penalized in part by specific FSMs in plant communities.
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For juveniles of the plant-parasitic nematode Meloidogyne
incognita, 24 h of exposure to a F. oxysporum gliotoxin-
containing broth resulted in a 100% mortality rate (Hall-
mann and Sikora, 1996). In another demonstration of
nematicide activity, Kwon et al. (2007) identified bikaverin
and fusaric acid FSMs from F. oxysporum capable of termi-
nating the pine wilt nematode Bursaphelenchus xylophilus
(Kwon et al., 2007).

In addition to negating herbivory, FSM mechanisms
evolved to dissuade fungivores can impact selective graz-
ing by arthropod species, and consequently may remodel
fungal-animal plant communities. For instance, springtail
insects can perceive fungal VOCs and redirect their forag-
ing away from emitted fungal toxins (Staaden et al., 2011).
Although the mechanisms and specific compound combi-
nations have yet to be thoroughly explored, there is evi-
dence FSMs may serve as a protective mechanism. By
producing compounds with bitter or poisonous properties,
FSMs such as phomopsolide and phomopsolidone from
the endophyte Phomopsis spp. have shown to be a driver
for feeding preference (Aljahdali et al., 2020; Claydon et al.,
1985; Grove, 1985).

Many fungi synthesize secondary metabolites under the
control of the master regulator velvet protein complex
(VelB-VeA-LaeA) to deter fungivores and herbivores in
plant-associated communities. Although best characterized
in Aspergillus, many plant-associated fungi such as Fusar-
ium spp., Trichoderma spp. and Ustilago maydis contain
the widely conserved velvet protein complex (Bayram and
Braus, 2012; Kim et al., 2002; Li et al., 2006; Wiemann
et al., 2010). The velvet protein complex is involved in sec-
ondary metabolite regulation in addition to fungal develop-
ment (Kato et al., 2003; Lépez-Berges et al., 2013). One of
the important genes involved in resistance to fungivory
may be LaeA, which is involved in epigenetic control of
many filamentous FSMs (Ortiz et al., 2013). FSM synthesis
mediated by LaeA can be a fungal strategy for preventing
fungivores from grazing (Rohlfs, 2015). To illustrate, gene
expression of the corresponding LaeA gene was signifi-
cantly upregulated in Aspergillus nidulans colonies chal-
lenged with feeding by the fruit fly, D. melanogaster. The
rate of insect survival was higher when feeding on Asper-
gillus AlaeA mutants compared with the wild-type fungus
in both D. melanogaster (Trienens and Rohlfs, 2012) and
springtail fungivores (Stotefeld et al., 2012). A specific FSM
unable to be produced because of the deletion of LaeA is
sterigmatocystin (Bok and Keller, 2004). Interestingly, dee-
per evaluation has shown biosynthesis of sterigmatocystin
itself is more impactful for fungivore resistance than the
potential insecticidal properties of the toxin alone, likely
because the acetyl-coA precursor and intermediates are
able to siphon into other FSM pathways (Rohlfs, 2015).

For fungi contending with plant-associated animals, the
velvet protein complex may be providing an energy-saving
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strategy for fungal competitors by mediating FSM produc-
tion. In this case, FSMs work to deter plant-associated
macrobial community constituents that may prey upon the
fungus itself or its plant habitat. Although outside of the
scope of this review, it is worth noting the extensive
research that has been put into the effects of many myco-
toxin FSMs on animals, with a focus on mammals. While
numerous mammals are facultatively mycophagous, mam-
mals do not typically feed exclusively on fungi, and inter-
actions involving mammals and fungal FSMs have mostly
been in the realm of toxicity research. Co-evolution
between fungi and animals is not well understood; how-
ever, the aforementioned studies offer an ecological con-
text for FSM-mediated antagonism towards animals that
utilize plant tissues as their main resource.

FSMS MEDIATE FUNGAL-ANIMAL ALLIANCES FOR
DISSEMINATION THROUGH POLLINATOR RECRUITMENT

Fungal secondary metabolites are also involved in mutual-
istic relationships with animals in ways that shape the
plant-associated community. Plant-associated insects, par-
ticularly pollinators, are recruited to facilitate fungal repro-
duction, thus shaping the plant-associated community. For
example, FSMs may act as signals to insect pollinators
indicating oviposit locations or nutritional resources,
occurring by means of floral mimicry and chemoattractant
production. When insects carry gametes of different mat-
ing types, the proximal exposure of otherwise isolated
strains may facilitate sexual reproduction (Roy, 1993), pro-
viding an evolutionary advantage of increased genetic
diversity through recombination (McDonald and Linde,
2002).

Pollinators flock to sites of potential nutritional
resources in anticipation of consuming sugars produced
by floral plants, and fungal outcrossing is promoted when
pollinators bring sexually compatible strains together (Roy
and Raguso, 1997). Certain fungal species have evolved
floral mimicry strategies to attract pollinators by develop-
ing pseudoflower structures (Figure 2). For example, Fusar-
ium xyrophilum produces pseudoflowers during infection
of perennial Xyris grass that emit FSM volatiles such as
benzaldehyde, farnesenes and nerolidol (Laraba et al.,
2020). Additionally, Puccinia monoica produces phenylac-
etaldehyde and benzaldehyde FSMs during production of
pseudoflowers (Cano et al., 2013). Pollinator visitation to
Ranunculaceae species or P. monoica pseudoflowers
increases when the two species are associated with one
another (Roy, 1993). The P. monoica pseudoflower has a
higher sugar content than that of the host flower, and the
host may benefit from increased duration of pollinator visi-
tation due to abundant nutritional and sugar resources
(Cano et al., 2013). Another example of floral mimicry by
fungi is Monilinia vaccinii-corymbosi (Mvc), which pro-
duces a pseudoflower that emits cinnamic aldehyde, o-
pinene and linalool FSMs. Reports propose Mvc has
evolved to produce FSMs to mimic floral scents and attract
insects, mainly those in the orders Diptera and Hymenop-
tera, thereby aiding in asexual spore transmission (McArt
et al., 2016). This study showed that volatile profiles of
Mve-produced pseudoflowers were similar to those emit-
ted by genuine flowers. Additionally, pollinating insects
were attracted to pseudoflower-derived FSM volatiles and
thus may successfully carry Mvc spores, supporting the
proposed hypothesis that pseudoflowers have evolved to

Figure 2. Comparison of Xyris flower and Fusarium xyrophilum pseudoflowers collected in the Cuyuni-Mazaruni region of Guyana in 2010.

(a) Young yellow-orange pseudoflower produced by F. xyrophilum emerging at tip of cone-like spike of Xyris surinamensis.

(b) Mature pseudoflower of F. xyrophilum enveloping the entire X. surinamensis spike.

(c) Longitudinal section of X. surinamensis spike showing partial fruit development in the center and pseudoflower of F. xyrophilum.

(d) Healthy yellow flower of X. surinamensis shown for comparison, with lateral petals and prominent erect hairlike staminodes. Scale bar: 5 mm (a-d). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Figure and legend reprinted from Laraba |
et al. (2020) Fungal Genetics and Biology, 144, 103 466, with permission from Elsevier.
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mimic flower chemo-attractants towards insect vectors to
aid in fungal dispersion and sexual reproduction (McArt
et al., 2016).

Many examples exist of volatile FSMs signaling pollina-
tors through chemoattractants that ultimately facilitate fun-
gal reproduction. Female Phorbia phrenione flies are
drawn by pollinator attractant FSMs, such as chokol K and
methyl(Z)-3-methyldodec-2-enoate (MME), emitted by
Epichloé species (Schiestl et al., 2006; Steinebrunner et al.,
2008). MME generates a potentially attractive odor for
Botanophila flies that may maximize fungal cross-
fertilization by the transport of spores to multiple plant
hosts (Bultman et al., 1998). Additionally, female P. phre-
nione participate in outcrossing Epichloe typhina sperma-
tia by ovipositing their eggs on the fungus. Consequently,
P. phrenione larvae hatch and feed on fungal tissue (Bult-
man et al., 1998). Although these described findings puta-
tively describe FSM activity, work describing pollinator
attraction by chokol K and other FSMs suggests they are
likely drivers in pollinator attraction. Chokol K alone can
act as an attractant to pollinators and has a secondary
function to inhibit establishment of other fungi, ultimately
benefiting Epichloe spp. fitness, and perhaps enhancing
host plant defense (Schiestl et al., 2006). Benzaldehyde
and phenylacetaldehyde are compounds emitted by both
the Canadian thistle plant as well as the fungal species
Puccinia punctiformis. Compounds produced by Canadian
thistle are mimicked in FSM production by P. punctiformis
for the purpose of attracting pollinators that can then pro-
mote fungal outcrossing (Connick Jr and French, 1991).
Another rust species that colonizes Barberry, Puccinia
arrhenatheri, emits chemoattractant FSMs, useful for mimi-
cry strategies such as coloring and nutritional resource
production, to attract insects (Naef et al., 2002). Some of
the identified FSM compounds produced by the spermatia
of this rust species include the isoprenoid monoterpenes
a-phellandrene and carvacryl methyl ether, which are
shown to attract pollinators (Naef et al., 2002).

There are numerous examples involving insect pollina-
tors and fungal FSMs alliances in plant-associated commu-
nities, yet the involvement of other animal-fungal alliances
has been far less explored. This is likely due to difficulty
exploring interplay in natural habitats as a result of the
ephemeral interaction due to animals’ mobility. Alterna-
tively, there may be a lack of interest in the ecology
between plant-associated fungus and animal if there is not
a related pressing concern. However, it is likely more
examples exist in natural settings that allow for animal-
fungal partnerships mediated by fungal FSMs.

CONCLUSIONS

In light of the current state of FSM research, it is patently
clear that we understand neither the full repertoire nor the
functional potential of plant-associated FSMs. Many known
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FSMs exert no clear effect on the plant host, leading us to
postulate that these molecules are involved in competitive
interactions. For example, pyrrocidines, produced by many
plant-associated fungi, have both antibacterial (He et al.,
2002) and antifungal (Gao et al., 2020) properties, while
other FSMs are only produced in the presence of other
specific organisms (Brakhage and Schroeckh, 2011; Wake-
field et al., 2017). In addition, in vitro challenge assays
between plant-associated fungi and other microorganisms
have revealed the production of cryptic FSMs (Serrano
et al., 2017). Given the multiplicity of potential interactions
that can occur within the plant-associated community, we
are inclined to speculate the full range of secondary
metabolites is effectively indeterminate.

Many FSMs are considered to be non-host-specific com-
munity modifiers, i.e. likely have broad functions that
affect a wider range of species than the plant host and/or
the associated community wherein it was produced (Mitch-
ell, 1984). The term non-host-specific community modifier
has mostly been explored in the context of plant patho-
genic fungi. These FSMs have historically been deemed as
virulence factors for plant invasion but are now explored
for alternative functions. Cercosporin (Daub and Ehren-
shaft, 2000) and beticolin (Milat et al., 2010) produced by
the plant pathogenic fungus Cercospora beticola are two
examples of FSMs initially characterized as virulence fac-
tors in sugar beet infection, but were subsequently discov-
ered to be toxic towards other organisms (Daub and
Ehrenshaft, 2000). Although the non-host-specific toxicity
of these FSMs is informally described, no reports have
explicitly investigated the range of impacted organisms,
plant-associated or otherwise. Extracts of both beticolin
and cercosporin act as selective antibiotics against only a
limited subset of bacteria isolated from sugar beet (Fig-
ure 3), suggesting these FSMs may also be produced for

Figure 3. Fungal secondary metabolites (FSMs) cercosporin and beticolin
isolated from Cercospora beticola inhibit the growth of bacteria isolated
from sugar beet tissues.

A total of 10° CFU mL~" of bacteria (left: Paenibacillus sp.; right: Staphylo-
coccus sp.) was spread on a plate and allowed to dry. Ten microliters of
each (a) beticolin extract, (b) cercosporin extract, (c) manufacturer-produced
20 mm cercosporin standard or (d) methanol was placed on filter disk,
allowed to dry and placed on Mueller-Hinton agar. Plates were incubated
upside down at 30°C overnight.
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the purpose of outcompeting specific microbes during
infection.

It is important to note that there is a paucity of direct evi-
dence that FSMs affect community composition because
this field is in its infancy. At present, very few studies exist
that explore FSMs in their naturally occurring plant envi-
ronment. This may be a result of lack of funding or a gen-
eral lack of interest if the fungal producer will not solve an
imminent agricultural problem. For example, current FSM-
related in planta studies often involve the search for BCAs
to aid in management of plant pathogens on economically
important agricultural crops. An elegant study by Halecker
et al. (2020) emphasizes the necessity of in planta experi-
ments as several potential BCA fungal endophytes inhib-
ited the ash dieback pathogen during co-culture in vitro,
yet were not appropriate for application because they also
caused disease symptoms on axenically grown European
ash. This does not negate the importance of co-culturing
for FSM discovery as many studies identified cryptically
produced FSMs only in the presence of other microbes.
However, co-culturing fungi with a single organism for the
purpose of uncovering metabolite function is not likely to
show the entire picture of the FSM’s role on the plant sur-
face. FSMs may exhibit complex interactions with multiple
community participants, and current techniques do not
allow such detailed detection. Additionally, there are no
current tools that allow for direct evidence of a FSM's abil-
ity to change community structure. Indirect methods of
testing FSMs tend to show co-occupancy associations
where there is selection for certain organisms on the plant
when FSM producers are present (compared with when
they are absent) but do not address how or why this
occurs. Lastly, and perhaps obviously, we cannot say any-
thing about what we do not know, i.e. those organisms in
plant environments that are unculturable. It is unknown
how these organisms may be influenced by FSMs or how
they influence the community if they are the FSM producer
themselves. Although the full range of FSM functions are
not fully understood at present, in planta imaging, tran-
scriptomics and microbiome studies using FSM biosynthe-
sis knockout mutants may uncover the impacts of these
compounds on plant-associated community structure and
dynamics. Looking to the future, phytobiome studies are
quickly advancing with new methods aimed to capture the
entirety of the microbial community in a manner that bet-
ter allows the study of such complex systems (Singer
et al., 2021).

Technological advances in in situ research will hopefully
enable a more rigorous and systematic decoding of the
fungal ‘language’ of FSMs, thereby clarifying the full audi-
ence and the biological effects of the message. Unfortu-
nately, the limited, current understanding of FSM
interactions represents a superficial accounting of the ver-
satility and utility with which these compounds can serve

as a platform to influence the macro- and microbial plant-
associated community. The exchange of FSMs can clearly
mediate both beneficial and antagonistic interactions,
within and across species, and for purposes that may

Box 1. Summary

¢ Fungal secondary metabolites (FSMs) are defined
as fungal-produced low-molecular-weight metabo-
lites typically synthesized by large, multi-modular
polyketide synthases, terpenes, non-ribosomal pep-
tide synthetases, or enzymes such as prenyltrans-
ferases and dimethylallyl tryptophan synthases.

* FSMs are not essential for survival, although their
absence can debilitate growth and/or niche competi-
tion of the producing fungus.

* FSMs are capable of manipulating plant community
dynamics by inhibiting or facilitating the establish-
ment of co-habitating organisms such as other
fungi, bacteria or animals.

* In addition to toxicity, FSMs may have multiple
functions in altering the plant and its associated
community.

o Research on how FSMs affect the plant-associated
community is in its infancy and, consequently,
many limitations exist in showing direct roles of
FSMs including constraints with current methods of
assessment and a lack of in planta studies.

Box 2. Open questions

* Why do some fungi have the capability to synthe-
size fungal secondary metabolites (FSMs) with no
obvious beneficial impact to the producer?

e Can FSMs exhibit multifunctional purposes regard-
ing cooperation and/or antagonism of non-self
organisms?

¢ How do FSM profiles change in a natural environ-
ment compared with an artificially induced interac-
tion?

* To what extent does the plant host or environment
affect FSM production as it pertains to shaping the
plant community?

* Has the ability to produce FSMs co-evolved with not
only the plant host but also the plant-associated
community?

* How can researchers formulate in planta studies to
identify specific FSMs involved in community modi-
fication?
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remain unclear in the absence of prolonged and extensive
research. However, the few aspects of FSM communication
and metabolism that have received attention clearly point
to a vast reservoir of natural products that, outside of the
plant-associated community context and microbial signal-
ing, may aid in almost countless foreseeable and as-of-yet
unrealized applications.

ACKNOWLEDGEMENTS

The Bolton Laboratory is funded by USDA CRIS Project 3060-
21000-044-00-D and grants from the Sugarbeet Research and Edu-
cation Board of ND and MN and the Beet Sugar Development
Foundation. A sincere thank you to Dr Isaac V. Greenhut for his
constructive criticism of this manuscript and Mari B. Natwick for
help with images. The authors declare no conflict of interest.

REFERENCES

Abbas, H., Smeda, R., Gerwick, B. & Shier, W.T. (2000) Fumonisin B1 from
the fungus Fusarium moniliforme causes contact toxicity in plants: evi-
dence from studies with biosynthetically labeled toxin. Journal of Natu-
ral Toxins, 9, 85-100.

Akone, S.H., Mandi, A., Kurtan, T., Hartmann, R., Lin, W., Daletos, G. et al.
(2016) Inducing secondary metabolite production by the endophytic fun-
gus Chaetomium sp. through fungal-bacterial co-culture and epigenetic
modification. Tetrahedron, 72, 6340-6347.

Aljahdali, A.Z., Foster, K.A. & O'Doherty, G.A. (2020) Synthesis and biologi-
cal study of the phomopsolide and phomopsolidone natural products.
Chemical Communications, 56, 12885-12896.

Andrews, J.H. & Harris, R.F. (2000) The ecology and biogeography of
microorganisms on plant surfaces. Annual Review of Phytopathology,
38, 145-180.

Anisha, C. & Radhakrishnan, E. (2015) Gliotoxin-producing endophytic Acre-
monium sp. from Zingiber officinale found antagonistic to soft rot patho-
gen Pythium myriotylum. Applied Biochemistry and Biotechnology, 175,
3458-3467.

Ayer, W.A. & Pena-Rodriguez, L.M. (1987) Metabolites produced by Alter-
naria brassicae, the black spot pathogen of canola. Part 1, the phytotoxic
components. Journal of Natural Products, 50, 400-407.

Bakker, P.A., Berendsen, R.L., Van Pelt, J.A., Vismans, G., Yu, K., Li, E. et al.
(2020) The soil-borne identity: looking back to the future. Molecular
Plant, 13, 1394-1401.

Bayram, O. & Braus, G.H. (2012) Coordination of secondarymetabolism and
development in fungi: the velvet familyof regulatory proteins. FEMS
Microbiology Reviews, 36, 1-24.

Bills, G.F., Platas, G., Overy, D.P., Collado, J., Fillola, A., Jimenez, M.R. et al.
(2009) Discovery of the parnafungins, antifungal metabolites that inhibit
mRNA polyadenylation, from the Fusarium larvarum complex and other
Hypocrealean fungi. Mycologia, 101, 449-472.

Bohni, N., Hofstetter, V., Gindro, K., Buyck, B., Schumpp, O., Bertrand, S.
et al. (2016) Production of fusaric acid by Fusarium spp. in pure culture
and in solid medium co-cultures. Molecules, 21, 370.

Bok, J.W. & Keller, N.P. (2004) LaeA, a regulator of secondary metabolism
in Aspergillus spp. Eukaryotic Cell, 3, 527-535.

Brakhage, A.A. (2013) Regulation of fungal secondary metabolism. Nature
Reviews Microbiology, 11, 21-32.

Brakhage, A.A. & Schroeckh, V. (2011) Fungal secondary metabolites-strate-
gies to activate silent gene clusters. Fungal Genetics and Biology, 48, 15-22.

Bultman, T.L., White, J.F. Jr, Bowdish, T.I. & Welch, A.M. (1998) A new kind
of mutualism between fungi and insects. Mycological Research, 102,
235-238.

Calvo, A.M., Wilson, R.A., Bok, J.W. & Keller, N.P. (2002) Relationship
between secondary metabolism and fungal development. Microbiology
and Molecular Biology Reviews, 66, 447-459.

Cano, L.M., Raffaele, S., Haugen, R.H., Saunders, D.G., Leonelli, L.,
MacLean, D. et al. (2013) Major transcriptome reprogramming underlies
floral mimicry induced by the rust fungus Puccinia monoica in Boechera
stricta. PLoS One, 8, €75293.

Fungal social influencers 643

Chagas, F.O., Dias, L.G. & Pupo, M.T. (2013) A mixed culture of endophytic
fungi increases production of antifungal polyketides. Journal of Chemical
Ecology, 39, 1335-1342.

Chamoun, R., Aliferis, K.A. & Jabaiji, S. (2015) Identification of signatory sec-
ondary metabolites during mycoparasitism of Rhizoctonia solani by
Stachybotrys elegans. Frontiers in Microbiology, 6, 353.

Chatterjee, S., Kuang, Y., Splivallo, R., Chatterjee, P. & Karlovsky, P. (2016)
Interactions among filamentous fungi Aspergillus niger, Fusarium verti-
cillioides and Clonostachys rosea: fungal biomass, diversity of secreted
metabolites and fumonisin production. BMC Microbiology, 16, 83.

Claydon, N., Grove, J.F. & Pople, M. (1985) EIm bark beetle boring and feed-
ing deterrents from Phomopsis oblonga. Phytochemistry, 24, 937-943.

Connick, W.J. Jr & French, R.C. (1991) Volatiles emitted during the sexual
stage of the Canada thistle rust fungus and by thistle flowers. Journal of
Agricultural and Food Chemistry, 39, 185-188.

Daub, M.E. & Ehrenshaft, M. (2000) The photoactivated Cercospora toxin
cercosporin: contributions to plant disease and fundamental biology.
Annual Review of Phytopathology, 38, 461-490.

Davison, J., Opik, M., Daniell, T.J., Moora, M. & Zobel, M. (2011) Arbuscular
mycorrhizal fungal communities in plant roots are not random assem-
blages. FEMS Microbiology Ecology, 78, 103-115.

Demain, A.L. & Fang, A. (2000) The natural functions of secondary metabo-
lites. In: Scheper, T. (Ed.) Advances in Biochemical Engineering/Biotech-
nology. Berlin, Heidelberg: Springer, pp. 1-39.

Deveau, A., Bonito, G., Uehling, J., Paoletti, M., Becker, M., Bindschedler, S.
et al. (2018) Bacterial-fungal interactions: ecology, mechanisms and
challenges. FEMS Microbiology Reviews, 42, 335-352.

Dumas, C., Matha, V., Quiot, J.-M. & Vey, A. (1996) Effects of destruxins,
cyclic depsipeptide mycotoxins, on calcium balance and phosphorylation
of intracellular proteins in lepidopteran cell lines. Comparative Biochem-
istry and Physiology Part C: Pharmacology, Toxicology and Endocrinol-
ogy, 114, 213-219.

Gao, M., Glenn, A.E., Gu, X.I., Mitchell, T.R., Satterlee, T., Duke, M.V. et al.
(2020) Pyrrocidine, a molecular off switch for fumonisin biosynthesis.
PLoS Path, 16, €1008595.

Gardiner, D.M., Waring, P. & Howlett, B.J. (2005) The epipolythiodiox-
opiperazine (ETP) class of fungal toxins: distribution, mode of action,
functions and biosynthesis. Microbiology, 151, 1021-1032.

Ginting, R.C.B., Sukarno, N., Widyastuti, U., Darusman, L.K. & Kanaya, S.
(2013) Diversity of endophytic fungi from red ginger (Zingiber officinale
Rosc.) plant and their inhibitory effect to Fusarium oxysporum plant
pathogenic fungi. HAYATI Journal of Biosciences, 20, 127-137.

Gkarmiri, K., Finlay, R.D., Alstrom, S., Thomas, E., Cubeta, M.A. & Hf)gberg,
N. (2015) Transcriptomic changes in the plant pathogenic fungus Rhizoc-
tonia solani AG-3 in response to the antagonistic bacteria Serratia pro-
teamaculans and Serratia plymuthica. BMC Genomics, 16, 630.

Groenhagen, U., Baumgartner, R., Bailly, A., Gardiner, A., Eberl, L., Schulz,
S. et al. (2013) Production of bioactive volatiles by different Burkholderia
ambifaria strains. Journal of Chemical Ecology, 39, 892-906.

Grove, J.F. (1985) Metabolic products of Phomopsis oblonga. Part 2. Pho-
mopsolide A and B, tiglic esters of two 6-substituted 5, 6-dihydro-5-
hydroxypyran-2-ones. Journal of the Chemical Society, Perkin Transac-
tions, 1, 865-869.

Guo, L., Lin, J., Niu, S., Liu, S. & Liu, L. (2020) Pestalotiones A-D: four new
secondary metabolites from the plant endophytic fungus Pestalotiopsis
theae. Molecules, 25, 470.

Hacquard, S. (2016) Disentangling the factors shaping microbiota composi-
tion across the plant holobiont. New Phytologist, 209, 454-457.

Halecker, S., Wennrich, J.-P., Rodrigo, S., Andree, N., Rabsch, L., Baschien,
C. et al. (2020) Fungal endophytes for biocontrol of ash dieback: The
antagonistic potential of Hypoxylon rubiginosum. Fungal Ecology, 45,
100918.

Hallmann, J. & Sikora, R. (1996) Toxicity of fungal endophyte secondary
metabolites to plant parasitic nematodes and soil-borne plant pathogenic
fungi. European Journal of Plant Pathology, 102, 155-162.

Han, J., Wang, F., Gao, P., Ma, Z., Zhao, S., Lu, Z. et al. (2017) Mechanism
of action of AMP-jsa9, a LI-F-type antimicrobial peptide produced by
Paenibacillus polymyxa JSa-9, against Fusarium moniliforme. Fungal
Genetics and Biology, 104, 45-55.

Hassani, M.A., Duran, P. & Hacquard, S. (2018) Microbial interactions within
the plant holobiont. Microbiome, 6, 58.

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2021), 108, 632-645

so[onIe ss200y uad() 105 1deoxa ‘papruiad jou AOLYS ST UONNGLISIP pue asn-ay *[[20Z/11/80] U0 -Areiqry Aysioatup) jyoen Ag [unnKreiqrAxoid woo-As[im-AreIqraur[uo//:sdiyy woiy papeo[umo( ‘801 ‘120T XE1ES9ET



644 Lorena l. Rangel et al.

He, H., Yang, H.Y., Bigelis, R., Solum, E.H., Greenstein, M. & Carter, G.T.
(2002) Pyrrocidines A and B, new antibiotics produced by a filamentous
fungus. Tetrahedron Letters, 43, 1633-1636.

Holzlechner, M., Reitschmidt, S., Gruber, S., Zeilinger, S. & Marchetti-
Deschmann, M. (2016) Visualizing fungal metabolites during mycopara-
sitic interaction by MALDI mass spectrometry imaging. Proteomics, 16,
1742-1746.

Hung, R., Lee, S. & Bennett, J.W. (2015) Fungal volatile organic compounds
and their role in ecosystems. Applied Microbiology and Biotechnology,
99, 3395-3405.

Jumpponen, A. & Jones, K. (2009) Massively parallel 454 sequencing indi-
cates hyperdiverse fungal communities in temperate Quercus macro-
carpa phyllosphere. New Phytologist, 184, 438-448.

Kato, N., Brooks, W. & Calvo, A.M. (2003) The expression of sterigmato-
cystin and penicillin genes in Aspergillus nidulans is controlled by veA, a
gene required for sexual development. Eukaryotic Cell, 2, 1178-1186.

Keller, N.P. (2019) Fungal secondary metabolism: regulation, function and
drug discovery. Nature Reviews Microbiology, 17, 167-180.

Kershaw, M., Moorhouse, E., Bateman, R., Reynolds, S. & Charnley, A.
(1999) The role of destruxins in the pathogenicity of Metarhizium aniso-
pliae for three species of insect. Journal of Invertebrate Pathology, 74,
213-223.

Khalid, S., Baccile, J.A., Spraker, J.E., Tannous, J., Imran, M., Schroeder,
F.C. et al. (2018) NRPS-derived isoquinolines and lipopetides mediate
antagonism between plant pathogenic fungi and bacteria. ACS Chemical
Biology, 13, 171-179.

Kim, H.-S., Han, K.-Y., Kim, K.-J., Han, D.-M., Jahng, K.-Y. & Chae, K.-S.
(2002) The veA gene activates sexual development in Aspergillus nidu-
lans. Fungal Genetics and Biology, 37, 72-80.

Knowles, S.L., Raja, H.A., Wright, A.J., Lee, A.M.L., Caesar, L.K., Cech, N.B.
et al. (2019) Mapping the fungal battlefield: using in situ chemistry and
deletion mutants to monitor interspecific chemical interactions between
fungi. Frontiers in Microbiology, 10, 285.

Krause, K., Jung, E.-M., Lindner, J., Hardiman, I., Poetschner, J., Madhavan,
S. et al. (2020) Response of the wood-decay fungus Schizophyllum com-
mune to co-occurring microorganisms. PLoS One, 15, e0232145.

Kwon, H.-R., Son, S.-W., Han, H.-R., Choi, G.-J., Jang, K.-S., Choi, Y.-H. et al.
(2007) Nematicidal activity of bikaverin and fusaric acid isolated from
Fusarium oxysporum against pine wood nematode, Bursaphelenchus
xylophilus. The Plant Pathology Journal, 23, 318-321.

Laraba, I., McCormick, S.P., Vaughan, M.M., Proctor, R.H., Busman, M.,
Appell, M. et al. (2020) Pseudoflowers produced by Fusarium xyrophilum
on yellow-eyed grass (Xyris spp.) in Guyana: a novel floral mimicry sys-
tem? Fungal Genetics and Biology, 144, 103466.

Li, S., Myung, K., Guse, D., Donkin, B., Proctor, R.H., Grayburn, W.S. et al.
(2006) FVVE1 regulates filamentous growth, the ratio of microconidia to
macroconidia and cell wall formation in Fusarium verticillioides. Molecu-
lar Microbiology, 62, 1418-1432.

Liu, H., Liu, S., Guo, L., Zhang, Y., Cui, L. & Ding, G. (2012) New furanones
from the plant endophytic fungus Pestalotiopsis besseyi. Molecules, 17,
14015-14021.

Liu, X. & Li, S. (2005) Fungal secondary metabolites in biological control of
crop pests. In: Zhigiang, A. (Ed.) Handbook of Industrial Mycology (New
York, NY: Marcel Dekker Inc., pp. 723-747.

Lépez-Berges, M.S., Hera, C., Sulyok, M., Schafer, K., Capilla, J., Guarro, J.
et al. (2013) The velvet complex governs mycotoxin production and viru-
lence of Fusarium oxysporum on plant and mammalian hosts. Molecular
Microbiology, 81, 49-65.

Lutz, M.P., Feichtinger, G., Défago, G. & Duffy, B. (2003) Mycotoxigenic
Fusarium and deoxynivalenol production repress chitinase gene expres-
sion in the biocontrol agent Trichoderma atroviride P1. Applied Environ-
mental Microbiology, 69, 3077-3084.

Mack, K.M. & Rudgers, J.A. (2008) Balancing multiple mutualists: asymmet-
ric interactions among plants, arbuscular mycorrhizal fungi, and fungal
endophytes. Oikos, 117, 310-320.

Malmierca, M., Cardoza, R., Alexander, N., McCormick, S., Hermosa, R.,
Monte, E. et al. (2012) Involvement of Trichoderma trichothecenes in the
biocontrol activity and induction of plant defense-related genes. Applied
and Environmental Microbiology, 78, 4856-4868.

Martllnez-Arias, C., Sobrino-Plata, J., Ormeﬁo-MoncaIviIIo, S., Gil, L,
Rodrllguez-CaIcerrada, J. & Martin, J.A. (2021) Endophyte inoculation

enhances Ulmus minor resistance to Dutch elm disease. Fungal Ecology,
50, 101024.

McArt, S.H., Miles, T.D., Rodriguez-Saona, C., Schilder, A., Adler, L.S. &
Grieshop, M.J. (2016) Floral scent mimicry and vector-pathogen associa-
tions in a pseudoflower-inducing plant pathogen system. PLoS One, 11,
e0165761.

McDonald, B.A. & Linde, C. (2002) Pathogen population genetics, evolution-
ary potential, and durable resistance. Annual Review of Phytopathology,
40, 349-379.

Milat, M.L., Prange, T., Wiedemann-Merdinoglu, S. & Blein, J.P. (2010) Beti-
colins: Chemistry and biological activities. In: Lartey, R., Weiland, J.,
Anella, L., Crous, P. & Windels, C. (Eds.) Cercospora leaf spot of sugar
beet and related species. Minneapolis, MN: APS Press, pp. 119-128.

Mitchell, R.E. (1984) The relevance of non-host-specific toxins in the expres-
sion of virulence by pathogens. Annual Review of Phytopathology, 22,
215-245.

Naef, A., Roy, B.A., Kaiser, R. & Honegger, R. (2002) Insect-mediated repro-
duction of systemic infections by Puccinia arrhenatheri on Berberis vul-
garis. New Phytologist, 154, 717-730.

Netzker, T., Fischer, J., Weber, J., Mattern, D.J., K;)nig, C.C., Valiante, V.
et al. (2015) Microbial communication leading to the activation of silent
fungal secondary metabolite gene clusters. Frontiers in Microbiology, 6,
299.

Obasa, K., Adesemoye, A., Obasa, R., Moraga-Amador, D., Shinogle, H.,
Alvarez, S. et al. (2020) Endohyphal bacteria associated with virulence,
increased expression of fumonisin biosynthetic genes, and production of
fumonisin and macroconidia in Fusarium fujikuroi W343. Plant Pathol-
ogy, 69, 87-100.

Ola, A.R., Thomy, D., Lai, D., Brotz-Oesterhelt, H. & Proksch, P. (2013) Induc-
ing secondary metabolite production by the endophytic fungus Fusarium
tricinctum through coculture with Bacillus subtilis. Journal of Natural
Products, 76, 2094-2099.

Ortiz, S.C., Trienens, M. & Rohlfs, M. (2013) Induced fungal resistance to
insect grazing: reciprocal fitness consequences and fungal gene expres-
sion in the Drosophila-Aspergillus model system. PLoS One, 8, e74951.

Pal, S., Leger, R.J.S. & Wu, L.P. (2007) Fungal peptide Destruxin A plays a
specific role in suppressing the innate immune response in Drosophila
melanogaster. Journal of Biological Chemistry, 282, 8969-8977.

Partida-Martinez, L.P., de LooR, C.F., Ishida, K., Ishida, M., Roth, M., Buder,
K. et al. (2007) Rhizonin, the first mycotoxin isolated from the zygomy-
cota, is not a fungal metabolite but is produced by bacterial endosym-
bionts. Applied Environmental Microbiology, 713, 793-797.

Reino, J.L., Guerrero, R.F., Hernandez-Galan, R. & Collado, 1.G. (2008) Sec-
ondary metabolites from species of the biocontrol agent Trichoderma.
Phytochemistry Reviews, 7, 89-123.

Roberts, E.L. & Ferraro, A. (2015) Rhizosphere microbiome selection by
Epichloe endophytes of Festuca arundinacea. Plant and Soil, 396, 229~
239.

Roberts, E. & Lindow, S. (2014) Loline alkaloid production by fungal endo-
phytes of Fescue species select for particular epiphytic bacterial micro-
flora. The ISME Journal, 8, 359-368.

Rohlfs, M. (2015) Fungal secondary metabolite dynamics in fungus-grazer
interactions: novel insights and unanswered questions. Frontiers in
Microbiology, 5, 788.

Roy, B. (1993) Floral mimicry by a plant pathogen. Nature, 362, 56-58.

Roy, B.A. & Raguso, R.A. (1997) Olfactory versus visual cues in a floral
mimicry system. Oecologia, 109, 414-426.

Rudgers, J.A. & Clay, K. (2008) An invasive plant-fungal mutualism reduces
arthropod diversity. Ecology Letters, 11, 831-840.

Scherlach, K., Busch, B., Lackner, G., Paszkowski, U. & Hertweck, C. (2012)
Symbiotic cooperation in the biosynthesis of a phytotoxin. Angewandte
Chemie International Edition, 51, 9615-9618.

Scherlach, K., Graupner, K. & Hertweck, C. (2013) Molecular bacteria-fungi
interactions: effects on environment, food, and medicine. Annual Review
of Microbiology, 67, 375-397.

Schiestl, F.P., Steinebrunner, F., Schulz, C., Von Reuss, S., Francke, W.,
Weymuth, C. et al. (2006) Evolution of ‘pollinator’-attracting signals in
fungi. Biology Letters, 2, 401-404.

Schirmbock, M., Lorito, M., Wang, Y.-L., Hayes, C.K., Arisan-Atac, I., Scala,
F. et al. (1994) Parallel formation and synergism of hydrolytic enzymes
and peptaibol antibiotics, molecular mechanisms involved in the

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2021), 108, 632-645

so[onIe ss200y uad() 105 1deoxa ‘papruiad jou AOLYS ST UONNGLISIP pue asn-ay *[[20Z/11/80] U0 -Areiqry Aysioatup) jyoen Ag [unnKreiqrAxoid woo-As[im-AreIqraur[uo//:sdiyy woiy papeo[umo( ‘801 ‘120T XE1ES9ET



antagonistic action of Trichoderma harzianum against phytopathogenic
fungi. Applied Environmental Microbiology, 60, 4364-4370.

Schmidt, R., Jager, V.D., Zuhlke, D., Wolff, C., Bernhardt, J., Cankar, K.
et al. (2017) Fungal volatile compounds induce production of the sec-
ondary metabolite Sodorifen in Serratia plymuthica PRI-2C. Scientific
Reports, 7, 1-14.

Schmitt, I, Partida-Martinez, L.P., Winkler, R., Voigt, K., Einax, E., Dolz, F.
et al. (2008) Evolution of host resistance in a toxin-producing bacterial-
fungal alliance. The ISME Journal, 2, 632-641.

Schroeckh, V., Scherlach, K., Nutzmann, H.-W., Shelest, E., Schmidt-Heck,
W., Schuemann, J. et al. (2009) Intimate bacterial-fungal interaction trig-
gers biosynthesis of archetypal polyketides in Aspergillus nidulans. Pro-
ceedings of the National Academy of Sciences, 106, 14558-14563.

Schulz, B., Boyle, C., Draeger, S., Rommert, A.-K. & Krohn, K. (2002) Endo-
phytic fungi: a source of novel biologically active secondary metabolites.
Mycological Research, 106, 996-1004.

Schulz, B., Haas, S., Junker, C., Andree, N. & Schobert, M. (2015) Fungal
endophytes are involved in multiple balanced antagonisms. Current
Science, 109, 39-45.

Schulz, B., Rabsch, L. & Junker, C. (2019) Chemical warfare in the plant
microbiome leads to a balance of antagonisms and a healthy plant. In:
Verma, S. & White, J. (Eds.) Seed Endophytes, Biology and Biotechnol-
ogy. Switzerland: Springer, pp. 171-189.

Schulz-Bohm, K., Tyc, O., De Boer, W., Peereboom, N., Debets, F., Zaagman,
N. et al. (2017) Fungus-associated bacteriome in charge of their host
behavior. Fungal Genetics and Biology, 102, 38-48.

Serrano, R., Gonzalez-Menendez, V., Rodriguez, L., Martn, J., Tormo, J.R.
& Genilloud, 0. (2017) Co-culturing of fungal strains against Botrytis
cinerea as a model for the induction of chemical diversity and therapeu-
tic agents. Frontiers in Microbiology, 8, 649.

Seybold, H., Demetrowitsch, T.J., Hassani, M.A., Szymczak, S., Reim, E.,
Haueisen, J. et al. (2020) A fungal pathogen induces systemic suscepti-
bility and systemic shifts in wheat metabolome and microbiome compo-
sition. Nature Communications, 11, 1-12.

Shi, M., Chen, L., Wang, X.-W., Zhang, T., Zhao, P.-B., Song, X.-Y. et al.
(2012) Antimicrobial peptaibols from Trichoderma pseudokoningii
induce programmed cell death in plant fungal pathogens. Microbiology,
158, 166-175.

Singer, E., Vogel, J.P., Northen, T., Mungall, C.J. & Juenger, T.E. (2021)
Novel and emerging capabilities that can provide a holistic under-
standing of the plant root microbiome. Phytobiomes Journal, 5(2),
122-132.

Snelders, N.C., Rovenich, H., Petti, G.C., Rocafort, M., van den Berg, G.C.,
Vorholt, J.A. et al. (2020) Microbiome manipulation by a soil-borne fun-
gal plant pathogen using effector proteins. Nature Plants, 6, 1365-1374.

Son, S., Kim, H., Choi, G., Lim, H., Jang, K., Lee, S. et al. (2008) Bikaverin
and fusaric acid from Fusarium oxysporum show antioomycete activity
against Phytophthora infestans. Journal of Applied Microbiology, 104,
692-698.

Speckbacher, V. & Zeilinger, S. (2018) Secondary metabolites of mycopara-
sitic fungi. In: Vijayakumar, R. & Raja, S.S.S. (Eds.), Secondary Metabo-
lites: Sources and Applications. London, UK: IntechOpen, pp. 37-55.
Available from: https://www.intechopen.com/chapters/59852

Spraker, J.E., Jewell, K., Roze, L.V., Scherf, J., Ndagano, D., Beaudry, R.
et al. (2014) A volatile relationship: profiling an inter-kingdom dialogue
between two plant pathogens, Ralstonia solanacearum and Aspergillus
flavus. Journal of Chemical Ecology, 40, 502-513.

Spraker, J.E., Sanchez, L.M., Lowe, T.M., Dorrestein, P.C. & Keller, N.P.
(2016) Ralstonia solanacearum lipopeptide induces chlamydospore
development in fungi and facilitates bacterial entry into fungal tissues.
The ISME Journal, 10, 2317-2330.

Spraker, J.E., Wiemann, P., Baccile, J.A., Venkatesh, N., Schumacher, J.,
Schroeder, F.C. et al. (2018) Conserved responses in a war of small mole-
cules between a plant-pathogenic bacterium and fungi. MBio, 9, e00820-
e00818.

Staaden, S., Milcu, A., Rohlfs, M. & Scheu, S. (2011) Olfactory cues associ-
ated with fungal grazing intensity and secondary metabolite pathway

Fungal social influencers 645

modulate Collembola foraging behaviour. Soil Biology and Biochemistry,
43, 1411-1416.

Steinebrunner, F., Schiestl, F.P. & Leuchtmann, A. (2008) Variation of insect
attracting odor in endophytic Epichloe fungi: phylogenetic constrains
versus host influence. Journal of Chemical Ecology, 34, 772-782.

Stergiopoulos, I., Collemare, J., Mehrabi, R. & De Wit, P.J. (2013) Phytotoxic
secondary metabolites and peptides produced by plant pathogenic Doth-
ideomycete fungi. FEMS Microbiology Reviews, 37, 67-93.

Stotefeld, L., Scheu, S. & Rohlfs, M. (2012) Fungal chemical defence alters
density-dependent foraging behaviour and success in a fungivorous soil
arthropod. Ecological Entomology, 37, 323-329.

Stringlis, |.A., Zhang, H., Pieterse, C.M., Bolton, M.D. & de Jonge, R. (2018)
Microbial small molecules-weapons of plant subversion. Natural Product
Reports, 35, 410-433.

Szekeres, A., Leitgeb, B., Kredics, L., Antal, Z., Hatvani, L., Manczinger, L.
et al. (2005) Peptaibols and related peptaibiotics of Trichoderma. Acta
Microbiologica et Inmunologica Hungarica, 52, 137-168.

Tata, A., Perez, C., Campos, M.L., Bayfield, M.A., Eberlin, M.N. & Ifa, D.R.
(2015) Imprint desorption electrospray ionization mass spectrometry
imaging for monitoring secondary metabolites production during antag-
onistic interaction of fungi. Analytical Chemistry, 87, 12298-12305.

Tellenbach, C., Sumarah, M.W., Grﬁnig, C.R. & Miller, J.D. (2013) Inhibition
of Phytophthora species by secondary metabolites produced by the dark
septate endophyte Phialocephala europaea. Fungal Ecology, 6, 12-18.

Trienens, M. & Rohlfs, M. (2012) Insect-fungus interference competition-the
potential role of global secondary metabolite regulation, pathway-
specific mycotoxin expression and formation of oxylipins. Fungal Ecol-
ogy, 5, 191-199.

Vargas, W.A., Mukherjee, P.K., Laughlin, D., Wiest, A., Moran-Diez, M.E. &
Kenerley, C.M. (2014) Role of gliotoxin in the symbiotic and pathogenic
interactions of Trichoderma virens. Microbiology, 160, 2319-2330.

Vey, A., Matha, V. & Dumas, C. (2002) Effects of the peptide mycotoxin des-
truxin E on insect haemocytes and on dynamics and efficiency of the multi-
cellularimmune reaction. Journal of Invertebrate Pathology, 80, 177-187.

Vinale, F., Nicoletti, R., Borrelli, F., Mangoni, A., Parisi, 0.A., Marra, R. et al.
(2017) Co-culture of plant beneficial microbes as source of bioactive
metabolites. Scientific Reports, 7, 1-12.

Vinale, F., Nigro, M., Sivasithamparam, K., Flematti, G., Ghisalberti, E.L.,
Ruocco, M. et al. (2013) Harzianic acid: a novel siderophore from Tricho-
derma harzianum. FEMS Microbiology Letters, 347, 123-129.

Wakefield, J., Hassan, H.M., Jaspars, M., Ebel, R. & Rateb, M.E. (2017) Dual
induction of new microbial secondary metabolites by fungal bacterial co-
cultivation. Frontiers in Microbiology, 8, 1284.

Wang, H.-J., Gloer, J.B., Wicklow, D.T. & Dowd, P.F. (1995) Aflavinines and
other antiinsectan metabolites from the ascostromata of Eupenicillium
crustaceum and related species. Applied Environmental Microbiology,
61, 4429-4435.

Werner, S., Polle, A. & Brinkmann, N. (2016) Belowground communication:
impacts of volatile organic compounds (VOCs) from soil fungi on other
soil-inhabiting organisms. Applied Microbiology and Biotechnology, 100,
8651-8665.

Wiemann, P., Brown, D.W., Kleigrewe, K., Bok, J.W., Keller, N.P., Humpf,
H.U. et al. (2010) FfVel1 and FfLae1, components of a velvet-like complex
in Fusarium fujikuroi, affect differentiation, secondary metabolism and
virulence. Molecular Microbiology, 77, 972-994.

Wilkinson, H.H., Siegel, M.R., Blankenship, J.D., Mallory, A.C., Bush, L.P. &
Schardl, C.L. (2000) Contribution of fungal loline alkaloids to protection
from aphids in a grass-endophyte mutualism. Molecular Plant-Microbe
Interactions, 13, 1027-1033.

Xiao, Y., Li, H.-X,, Li, C., Wang, J.-X., Li, J., Wang, M.-H. et al. (2013) Anti-
fungal screening of endophytic fungi from Ginkgo biloba for discovery
of potent anti-phytopathogenic fungicides. FEMS Microbiology Letters,
339, 130-136.

Zhang, G., Wang, F., Qin, J., Wang, D., Zhang, J., Zhang, Y. et al. (2013) Effi-
cacy assessment of antifungal metabolites from Chaetomium globosum
No. 05, a new biocontrol agent, against Setosphaeria turcica. Biological
Control, 64, 90-98.

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2021), 108, 632-645

so[onIe ss200y uad() 105 1deoxa ‘papruiad jou AOLYS ST UONNGLISIP pue asn-ay *[[20Z/11/80] U0 -Areiqry Aysioatup) jyoen Ag [unnKreiqrAxoid woo-As[im-AreIqraur[uo//:sdiyy woiy papeo[umo( ‘801 ‘120T XE1ES9ET



