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Abstract

Carnivorous fungi, also known as nematode-trapping fungi, represent a unique group of soil-
dwelling organisms that have evolved intricate mechanisms to capture and digest nematodes.
These fungi offered promising solutions for sustainable nematode management in agriculture.
This review explored their diversity, habitat preferences, seasonal occurrence, substrate
specificity and global distribution. These fungi evolved monophyletically, and genomic and
transcriptomic studies have provided valuable insights into the evolution of their carnivorous
lifestyle and the regulation of pathogenicity-related genes. The review presented a
comprehensive analysis of the various trap types employed by nematophagous fungi, including
adhesive nets, knobs, branches, and constricting rings, highlighting their structural diversity and
evolutionary significance. Emphasis was placed on the genera Arthrobotrys, Dactylella, and
Monacrosporium, which were extensively studied for their potential in sustainable agriculture.
The influence of environmental factors, including pH, temperature, and nutrient availability, on
trap formation and predatory efficiency was also examined. Furthermore, the review evaluated
the application of nematophagous fungi in integrated pest management programs, their
compatibility with other biocontrol agents, and the challenges associated with their large-scale
production and field efficacy.
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1. Introduction
Fungi, a kingdom that represents a major reservoir of genetic diversity on Earth, play

indispensable roles in life-sustaining processes. Exhibiting remarkable species richness,
estimated at 2.2-3.8 million (Hawksworth & Liicking, 2017), these ubiquitous organisms
colonize nearly all terrestrial and aquatic ecosystems. Due to the absence of chlorophyll, these
fungi have consequently evolved diverse strategies to exploit readily available organic substrates.
These strategies include saprotrophism, parasitism, symbiotic associations, osmotrophism, and,
notably, predation or carnivory (Pathak et al, 2012; Zhang et al., 2014a). Genomic and
transcriptomic studies have further revealed the extensive metabolic plasticity of fungi and their
ability to regulate nutrient-acquisition pathways in response to environmental cues (Haridas et
al., 2020; Kiss et al., 2019).

While predation as a feeding strategy is predominantly observed in the animal kingdom and in a
few plant lineages, its occurrence in fungi represents an adaptive response to nutrient scarcity
(Wang et al., 2014; Kuo et al., 2020; Zhang et al., 2023). Specifically, the transition to a
predatory lifestyle in fungi is often triggered by environmental nutrient limitations, particularly
the reduced availability of essential nutrients (Yang et al., 2012; Hsueh et al., 2017; Jiang et al.,
2017; Lakshmi et al., 2024). Although most predatory fungi possess an inherent saprophytic
ability and primarily thrive through the decomposition of organic matters. They can facultatively
switch to a predatory mode of nutrition under nutrient deprivation, particularly nitrogen
limitation, to ensure survival and resource acquisition (Li ef al., 2011; Yang et al., 2012; Zhu et
al., 2022). The ecological hypothesis suggests that in nitrogen-poor ecosystems, the direct
capture and assimilation of nitrogen by small invertebrates or microorganisms confer a distinct
selective advantage on carnivorous fungi compared with those that rely solely on the often
unpredictable, spatially heterogeneous process of decomposition.

Carnivory, or predation in fungi exhibits defining characteristics that distinguish it from other
heterotrophic nutritional modes. Fungi that colonize the superficial tissues (epidermis, nails, hair,
skin, scales, or feathers) of living vertebrates, or those that decompose animal cadavers, are
typically classified as dermatophytes or saprobes, respectively, rather than true predatory fungi.
Similarly, fungal species that inhabit the orifices and digestive tracts of various animals are not
considered carnivorous. The classification of entomopathogenic fungi, which infect and
proliferate within insect hosts, is also interesting. While occasionally grouped with carnivorous
fungi, a study by Bava et al., (2022) indicates that their nutritional strategy aligns more closely
with a specialized form of heterotrophic metabolism. Where, the host is exploited through
involvement of infection, colonization and proliferation within the insect hosts through a series
of specialized germination and colonization steps, rather than active capture and consumption of

prey.
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The defining trait of carnivorous fungi is their capacity to adopt a predatory lifestyle, depending
on specific types of microfauna, predominantly nematodes and other small invertebrates. This is
achieved through the development of sophisticated, morphologically diverse trapping structures
that arise from modifications of the fungal mycelium. These traps function by actively capturing,
rapidly paralyzing, and effectively immobilizing the targeted prey. Once the prey is secured, the
carnivorous fungi penetrate the victim’s cuticle or cell walls with their specialized hyphal
filaments, facilitating the absorption of internal nutrients and the subsequent consumption of the
captured organism (Nordbring-Hertz et al., 2011).

To date, over 700 species from more than 150 genera of carnivorous fungi have been identified,
with the majority exhibiting nematophagous behaviour (Hsueh et al., 2017; Jiang et al., 2017,
Soares et al., 2024). These predatory fungi demonstrate a polyphyletic distribution across the
fungal kingdom, with representative taxa found within the phylum Zygomycota (family
Zoopagaceae), Basidiomycota (genus Nematoctonus), Chytridiomycota and Ascomycota (class
Orbiliomycetes) (Nordbring-Hertz et al., 2011; Hsueh et al., 2017). Among the nematophagous
fungi, several genera have been particularly well-studied, including Arthrobotrys, Dactylellina,
Drechmeria, Fusarium, Hirsutella, Nematophthora, Pochonia, and Purpureocillium (Gray,
1983; Jatal, 1986; Siddiqui & Mahmood, 1996; Kuo et al., 2020).

Beyond the well-documented nematode-trapping fungi, other lineages of carnivorous fungi have
evolved specialized mechanisms for predating amoebae. Zoophagus insidiosus, within the order
Zoopagales (phylum Zygomycota), has evolved intricate trapping structures, primarily adhesive
hyphae, to capture free-living amoebae in the trophozoite stage. The predatory sequence involves
initial adhesion of the amoeba to the fungal hyphae, followed by hyphal invasion and the
subsequent formation of specialized intracellular structures known as haustoria, which penetrate
the amoeba’s cytoplasm to facilitate nutrient extraction and assimilation. Notably, certain
Zoopagales have been reported to prey on rotifers, highlighting the diverse evolutionary
trajectories and resulting predatory strategies within this fungal group (Scheid, 2018).

This review aims to provide a comprehensive overview of the diversity of carnivorous fungi,
elucidate their diverse predatory mechanisms at the morphological and cellular levels, and
explore their ecological significance within various ecosystems. It examines the remarkable array
of specialized adaptations that have evolved across different taxonomic groups to enable the
active capture and consumption of prey. Furthermore, the mechanisms of fungal parasitism will
be discussed to clearly delineate predatory fungi from other parasitic and saprophytic fungal
species. A key focus will be on the evolutionary pathways that have led to the emergence of
carnivory in fungi, examining how specific fungal lineages have undergone divergence and
adaptation to acquire this unique mode of nutrition. The genetic, structural, and ecological
factors that have influenced this evolutionary transition will be analysed to provide deeper

Mycological Spectrum, Volume 2, Issue 2, 2026, Page No. 15



Mycological Spectrum (e-ISSN:3107-6203) f ; .mj;\
https://mycologicalspectrum.org/ Ul
Published by Association of Fungal Biologists, India \s.“.-n/

insights into the origins and subsequent diversification of predatory fungi. Beyond their intrinsic
ecological roles, this review will also highlight the potential of carnivorous fungi as biocontrol
agents in agricultural systems. Numerous species, particularly nematophagous fungi, play a
crucial role in regulating plant-parasitic nematode populations, which cause substantial crop
losses worldwide. By naturally suppressing nematode populations, these fungi offer a promising
avenue for reducing the reliance on synthetic nematicides, thereby contributing to more
sustainable agricultural practices. Their strategic application in integrated pest management
programs has the potential to provide an effective and ecologically sound alternative to chemical
control, mitigating soil contamination and promoting biodiversity in agroecosystems.

2. Diversity and Ecology

Fungi are among the most diverse groups of organisms on Earth (Wijayawardene et al., 2024).
However, the diversity of carnivorous fungi constitutes a small fraction, less than 0.5%, of the
total fungi known to date (Yang ef al., 2012). Notably, approximately 90% of these carnivorous
fungi belong to the class Orbiliomycetes within the Ascomycota (Yang et al., 2012; Rahman et
al., 2024). Literature reviews further indicate that most fungi exhibiting carnivorism are
nematophagous (Jiang et al., 2017; Yang et al., 2020).

The phylum Nematoda is the second largest in the animal kingdom, encompassing an estimated
500,000 species and a substantial biomass (Bongers & Bongers, 1998; Zhang et al., 2020a).
There are over 4,100 documented species of plant parasitic nematodes (PPNs) including cyst
nematodes (Heterodera spp. and Globodera spp.), root-knot nematodes (Meloidogyne spp.),
lesion nematodes (Pratylenchus spp.), and dagger nematodes (Xiphinema sp.) (Nicol et al.,
2011). Nematodes are ubiquitous, and over 90% reside in the topsoil zone (the upper 15 cm),
including the rhizosphere, the soil region directly influenced by plant roots. Correspondingly,
fungi also inhabit this zone, facilitating substantial interactions between these two groups of
organisms (Bongers & Bongers, 1998; Yang et al., 2020).

The life cycle of nematodes is a complex and well-defined process comprising multiple
developmental stages, including an embryonic stage, four to five larval (juvenile) stages, and an
adult stage (Rahman et al., 2024). In certain species, additional specialized stages may occur,
such as the infective or dauer stage, which facilitates survival under adverse environmental
conditions and enhances host colonization. Nematodes cause significant damage to crop
primarily through parasitic interactions with plant roots, leading to symptoms such as root gall
formation, disruption of nutrient and water uptake, and overall reduction in plant vigour.
Furthermore, some nematode species act as vectors, transmitting plant pathogens between hosts,
thereby exacerbating disease incidence and severity (Bernard et al., 2017; Gamalero & Glick,
2020; Wielkopolan et al., 2021; Pulavarty et al., 2021). Nematode-trapping fungi (NTF)
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comprise a taxonomically heterogeneous group distributed across Ascomycota, Basidiomycota,
Chytridiomycota, Oomycota, and Zygomycota. These fungi utilize specialized structures, or
traps, to capture free-living nematodes in the soil. Approximately 380 species of NTF have been
documented worldwide (Zhang et al., 2011; Jiang et al., 2017). The Orbiliomycetes represent the
largest group of NTF, including about 116 species (Glockling & Dick, 1994; Li et al., 2006; Wu
et al., 2012a; Li et al., 2013; Liu et al., 2014b; Zhang & Hyde 2014; Quijada ef al., 2020; Zhang
et al., 2020a; Zhang et al., 2020b; Zhang et al., 2022), currently classified into the asexual
genera Arthrobotrys (67 species), Dactylellina (34 species), and Drechslerella (15 species)
(Scholler et al., 1999; Li et al., 2005; Yang et al., 2007a; Zhang & Hyde, 2014; Zhang et al.,
2014). NTF exhibit a facultative nutritional mode, capable of living both saprophytically and as
active predators in response to environmental cues. Trap formation signifies a shift from
saprophytic to predatory behaviours (Cooke, 1962; Jansson, 1982). Most NTF species are
generalist predators that capture a wide variety of soil nematodes (Yang et al., 2020).
Interestingly, recent research (Yesayan et al., 2024) indicates that predatory efficiency is highest
when both fungi and nematodes are isolated from the same local environment.

2.1 Habitat Distribution and Substrate Preferences

Nematode trapping fungi are ubiquitous, colonizing a diverse range of ecosystems, including
deciduous and coniferous leaf litter, dung, pasture soils, agricultural lands, moss cushions,
decaying vegetation, composts, peatlands, and coastal areas (Gray 1983; Shams Ghahfarokhi et
al., 2004; Saxena, 2008; Kelly et al., 2009; Liu et al., 2009; Kumar et al., 2011).

2.1.1 Agricultural soils

Agricultural soils represent the most extensively researched habitat for nematode-trapping fungi
(NTF) due to their significant potential as biological control agents against plant-parasitic
nematodes (PPNs) (Bontempo et al., 2014; Baheti et al., 2015; Hussain et al., 2018; Kiriga et al.,
2018; Noura et al., 2018; Ghahremani et al., 2019; Zhang et al., 2021; Yao et al., 2023). These
environments are characterized by high levels of biological activity and nutrient availability,
which support a wide array of fungal taxa (Zhang et al., 2020a). In the cropping system, the NTF
community is dominated by several key genera known for their diverse trapping and parasitic
mechanisms, includes Arthrobotrys, Dactylella (and its segregated genus Dactylellina), and
Drechslerella, Pochonia (notably P. chlamydosporia) and Purpureocillium (notably P.
lilacinum) (Kassam et al., 2021). The prevalence of these fungi in crop soils is often directly
correlated with the presence of high-density populations of economically damaging PPNs
including Meloidogyne, Heterodera, Globodera, Pratylenchus. The agricultural practices
influence the abundance of NTFs. Comparative studies have shown that organically managed
agricultural soils support higher abundance and diversity of NTFs than conventionally managed
soils (Colagiero et al., 2025), although certain species, such as Arthrobotrys haptotyla and A.
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thaumasia, are more common in conventionally managed plots (Jaffee et al., 1998). The NTF are
generally more abundant in organic-rich, biologically active soils where nematode populations
are also high (Wachira et al., 2009; Singh et al., 2023; Pinto et al., 2024).

2.1.2 Rhizosphere soils

Rhizosphere soils tend to support higher densities and greater species richness of NTF compared
to other soils, likely due to elevated nematode activity and root exudates that may serve as
trophic signals to attract nematodes, creating a favourable microhabitat (Zhang ef al., 2020a). In
Sweden, nematode-trapping fungi (NTF) densities were 5-20 times higher in the rhizosphere of
pea plants than in root-free soils, with Arthrobotrys oligospora identified as the dominant species
(Persmark & Jansson, 1997). The study by Bordallo et al., (2002) demonstrated that Pochonia
chlamydosporia (formerly known as Verticillium chlamydosporium) and Arthrobotrys
oligospora are capable of endophytic colonization, enabling them to interact directly with
sedentary endoparasitic nematodes within or around the root zone. Such habitats are particularly
significant in crops such as tomato, cucumber, banana, and cereals, where nematode pressure is
often high.

2.1.3 Forest soils and litter

Forest soils support elevated levels of diversity because of abundant organic matter, stable
moisture, dense microfauna, and low disturbance. The abundance also depends upon forest
stands, management practices (Yeates, 2007; Richter et al., 2023). Coniferous leaf litter tends to
support the highest fungal abundance (Gray, 1984), however temperate deciduous forests usually
have higher mean species. In deciduous forests, NTF are primarily found within the upper 35 cm
of the soil profile, a distribution that correlates with nematode populations (Gray & Bailey,
1985). Trap types also show stratification by soil depth: constricting rings, adhesive branches,
and adhesive knobs are more prevalent in the organic-rich upper layers, whereas net-forming
predators, such as Arthrobotrys species, are more abundant in deeper mineral soils (Jaffee et al.,
1998). Regional studies from Berlin indicated that mesotrophic beech forests yielded the highest
numbers of fungal isolates, while riverbank forests exhibited greater species richness despite
lower isolate numbers (Slinder & Lysek, 1988). In India, Kumar et al. (2011) documented 17
species of NTF across various substrates, with the highest colonization rates observed in leaf
litter.

2.1.4 Pasture systems, Animal dung and faecal habitats

Pastures, animal dung and faecal habitats are important especially for fungi associated with
animal-parasitic nematodes. The study by Kelly ef al., (2009) showed that the permanent sheep
pasture harbours a promising array of nematophagous fungi. In China, 8 genera and 28 taxa of
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NTF were identified from the samples associated with cattle faecal habitats and barn soil (Cai et
al., 2016). The study of Gray (1984) also revealed that dung habitats harbour the greatest species
diversity. In India the study of cow dung manure also shows the high colonization rate of NTF
(Kumar et al., 2011). NTF such as Duddingtonia flagrans are important in pasture ecology
because they can trap nematode larvae in faeces and surrounding soil (Fernandez et al., 2023).

2.1.5 Aquatic and semi-aquatic habitats

Aquatic and semi-aquatic ecosystems are also reported to harbour NTF. Hao et al. (2005)
isolated 35 species, predominantly Arthrobotrys oligospora, A. musiformis, A. thaumasia, and A.
longiphorum, from shallow freshwater environments. However, fungi were absent in deeper
sediments (>4 meters). In mangrove forests, Arthrobotrys mangrovispora was discovered (Swe
et al., 2008), and subsequent surveys indicated that terrestrial environments supported greater
species richness than mangrove and freshwater habitats (Swe et al., 2009).

2.1.6 Disturbed and urban soils

The disturbed soils also contain nematophagous fungi; a positive relationship has been observed
between NTF diversity and lead concentrations in polluted soils (Mo et al., 2006). The study by
Hastuti et al., (2023) isolates Drechslerella brochopaga, Arthrobotrys thaumasia and
Arthrobotrys sp. from the municipal waste-contaminated soil in Medan City, Indonesia.

Table 1. Ecological Distribution, Taxa, and Key Observations of Nematode-trapping Fungi (NTF)

Habitat Key Characteristics Dominant/Representative Key Ecological References
Type Taxa Observations
Agricultural | High biological activity; | Arthrobotrys, Dactylella, Abundance correlates | Bontempo et
Soils nutrient-rich; influenced | Dactylellina, with PPN density. | al., (2014);
by management (organic | Drechslerella, Pochonia Organic soils | Hussain et al.,
vs. conventional). chlamydosporia, generally support | (2018); Zhang
Purpureocillium lilacinum | higher diversity, | et al., (2021);
though specific | Yao et al.,
species (4. haptotyla) | (2023);
favour conventional | Colagiero et al.,
plots. (2025); Jaffee et
al., (1998);
Singh et al.,
(2023).
Rhizosphere | Elevated root exudates Arthrobotrys oligospora, Densities are 5-20 Persmark &
Soils and trophic signals; Pochonia chlamydosporia. | times higher than Jansson, (1997);
favourablemicrohabitats. root-free soil. Capable | Bordallo et al.,
of endophytic (2002); Zhang
colonization in crops | et al., (2020a).
like tomato,
cucumber, and
banana.
Forest Soils | Abundant organic Arthrobotrys spp. (mineral | Trap types vary by | Gray, (1984);
& Litter matter; stable moisture; | layers); various taxa in depth: constricting | Gray & Bailey,
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low disturbance; depth- | coniferous and deciduous rings/knobs in organic | (1985); Jaffee et
based stratification. litter. upper layers; net- | al., (1998);
formers in deeper | Siinder &
mineral soils. High | Lysek, (1988);
colonization in leaf | Kumar et al.,
litter. (2011); Richter
et al., (2023)
Pastures & | High organic content; Duddingtonia flagrans Dung habitats harbour | Gray (1984);
Animal focused on animal- high species diversity. | Kelly et al,,
Dung parasitic nematodes. Important for | (2009); Cai et
biological control of | al, (2016);
nematode larvae in | Kumar ef al.,
faecal matter. (2011);
Fernandez et
al., (2023)
Aquatic & Shallow freshwater and | Arthrobotrys oligospora, Fungi are generally | Hao et al.,
Semi- mangrove ecosystems; A. musiformis, A. absent in sediments | (2005); Swe et
aquatic limited by water depth. thaumasia, A. >4  m. Terrestrial | al., (2009).
mangrovispora environments
typically show higher
richness than
mangrove/ aquatic
habitats.
Disturbed Contaminated Positive  correlation | Mo et al.,
& Urban environments (e.g., Drechslerella observed between | (2006); Hastuti
Soils municipal waste, heavy | bronchopaga, Arthrobotrys | NTF diversity and | et al., (2023)
metals). thaumasia, Arthrobotrys lead (Pb)
sp. concentrations in
polluted soils.

2.2 Seasonal and Geographical Distribution

The distribution and abundance of nematode-trapping fungi (NTF) are influenced by seasonal
variations, with temperature playing a critical role. Fluctuations in seasonal temperature not only
affect the physical and chemical properties of the soil but also directly affect two key ecological
factors, viz., organic matter decomposition and soil moisture retention, which are essential for
the survival, growth, and trap formation of NTF, as they support microbial activity and provide a
conducive environment for fungal development. A study by Singh et al., (2015), conducted in
Varanasi, India, observed that nematode-trapping fungi peaked in January, when cooler
temperatures and higher moisture levels prevailed, and declined significantly by May, the peak
of the Indian summer. This reduction in fungal occurrence during the summer is attributed to
decreased soil moisture and accelerated decomposition of organic matter due to elevated
temperatures. In apple and grape orchards in China, Zuoqing & Xingzhong (2003) observed peak
fungal abundance in late spring and early summer, with Drechslerella dactyloides, Arthrobotrys
oligospora, A. conoides, and Stylopage sp. as dominant species. Su et al., (2007) found that
fungal diversity in plateau cattle faeces was highest during summer and declined with increasing
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altitude. Similarly, Saumell & Padilha, (2000) reported NTF presence mainly during dry and
early rainy seasons in Brazilian cattle and heifer faeces. In Sweden, nematode-trapping fungal

populations peaked during late summer and autumn in the rhizospheres of barley, pea, and white
mustard crops (Persmark et al., 1996). The study of Kerry & Hammrick,(2002) also found the
NTF population peak in similar seasons.

Global distribution studies on NTF reveal active research in various regions, including Canada
(Mahoney & Strongman, 1994), China (Liu & Zhang, 1994; Su et al., 2011; Zhang et al., 2022,
Deng et al., 2023), Taiwan (Kuo et al., 2020), Cuba (Hidalgo-Diaz et al., 2000), Brazil (Vilela et
al., 2012), Ethiopia (Berhanu et al., 2022), Kenya (Wachira et al., 2015), Europe (Boag &
Lopez-Llorca, 1989), India (Saxena & Mukerji, 1991; Singh et al., 2015; Kassam et al., 2021),
Latin America (Rubner, 1994), and South Africa (Durand et al., 2005).

Table 2. Predatory strategies and trap characteristics of nematophagous fungi

Ecological | Trap type Mode of Adaptation Habitat Efficiency | Known Genera/
strategy action preference Species and
References

Active Constricting | Rapid Rapid Moist- Very high | Arthrobotrys

trapping rings swelling response to organic-rich dactyloides Nordbring-
of ring motile prey soils Hertz et al.,, (2011)
cells

Passive Adhesive Sticky 3D | Effective in Loamy High Arthrobotrys

Adhesion Networks hyphae diverse soil soils, leaf oligospora Ahman et
entangle environments | litter al., (2002); Yang et al.,
nematodes (2007a)

Localized | Adhesive Sticky Economical Decaying Moderate | Monacrosporium

Adhesion | Knobs knobs trap | use of fungal | plant debris gephyropagum Tunlid
nematode | resources & Ahman, (2003)
cuticle

Columnar | Adhesive Tall, Efficient in Flood-prone | Moderate Monacrosporium

Adhesion Columns stacked semi-aquatic | soils thaumasium Barron,
cells with | conditions (1977); Gray et al.,
sticky tops (1999)

Morpho- Endo- Spores Seen in Aquatic Low—High | Haptoglossa spp.,

logical parasitic attach and | aquatic or sediments Harposporium spp.

Traps Spores penetrate high-density Dijksterhuis et al.,
directly areas (1991)

No Endo- Spores Seen in Aquatic Low—High | Haptoglossa spp.,

Physical parasitism attach and | aquatic or sediments Harposporium spp.

Trap penetrate high-density Dijksterhuis et al.,

(Parasitic) directly areas (1991)
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3. Evolution of Carnivorism

The evolution of carnivory in fungi represents a compelling example of adaptive innovation
driven by nutrient limitation and ecological opportunity. Unlike higher plants, where carnivory is
mostly associated with adaptation to nutrient-poor soils, carnivory in fungi primarily evolved as
a response to nitrogen limitation in terrestrial ecosystems (Thorn & Barron, 1984, Wang et al.,
2014; Kuo et al., 2020; Zhang et al., 2023). When the carbon-to-nitrogen (C: N) ratio is very
high, nematode-trapping fungi tend to adopt a saprophytic lifestyle. However, under nitrogen-
limited and carbon-rich conditions, they switch to a parasitic mode of life (Singh et al., 2015).
Carnivorous fungi have independently evolved multiple times across different fungal lineages,
including Ascomycota, Basidiomycota, Chytridiomycota, and even Oomycota, indicating that
carnivory is a case of convergent evolution (Yang ef al., 2012; Yang et al., 2020).

3.1 Evolutionary Timeline and Divergence

Reconstructing the evolution of carnivory in fungi has been challenging due to the scarcity of
fossils. However, the molecular clock methodology has facilitated precise estimation of the
divergent time using known fossil records (Berbee & Taylor, 2010).

Molecular phylogenetic studies based on ribosomal and protein-coding genes have consistently
shown that carnivorous fungi form monophyletic groups, with the majority of nematode-trapping
fungi evolving within the order Orbiliales (Ascomycota) (Yang et al., 2012; Zhang et al., 2014a).
Yang et al., (2012) conducted a landmark study using phylogenies based on five protein-
encoding genes from 16 carnivorous Ascomycota species. Their molecular clock analyses,
calibrated using two fossil records, revealed that fungal carnivory in the Ascomycota diverged
from saprophytism approximately 419 Mya-well after nematodes themselves first appeared
around ~550-600 Mya. This temporal gap implies that nematodes were already established prey
before fungi evolved the capacity to exploit them. This divergence may have coincided with
changing environmental conditions following the Devonian period.

Subsequently, a major split occurred between fungi with active mechanical traps (constricting
rings) and fungi with passive adhesive traps (adhesive networks, knobs, branches) around 246
Mya, shortly after the Permian—Triassic extinction event, which drastically altered global
ecosystems (Yang et al., 2012; Zhang et al., 2020c). Adhesive traps, such as adhesive networks
and knobs, evolved through a series of modifications, including the elongation of adhesive stalks
and the proliferation of adhesive structures (Jiang et al., 2017). Interestingly, different trapping
mechanisms appear to have evolved independently within various fungal groups. Adhesive traps,
such as networks and knobs, are considered ancestral because they are simpler and energetically
less costly to produce (Li et al., 2005; Yang et al, 2007a). Constricting rings, which are
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mechanically more complex and energetically expensive to form, are regarded as a more derived
trait that evolved later to capture faster or more resistant nematodes (Barron, 1977; Nordbring-
Hertz et al., 2011).

EVOLUTIONARY TIMELINE OF FUNGAL CARNIVORY
600 Mya
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Figure 1. Evolutionary timeline of fungal carnivory
3.2 Molecular mechanisms of the evolution of carnivory

Early studies on the transition from a saprophytic to a predatory lifestyle in carnivorous fungi
were highly focused on morphological observation, physiological assays, and classical genetics.
A major shift in our understanding occurred with the application of high-throughput sequencing
to NTF model organism. The genomic era for nematode-trapping fungi began with the
sequencing of A. oligospora by Yang et al., in 2011. Since then, the application of genomics,
transcriptomics, and proteomics across species with varied trap structures has enabled
researchers to compare and uncover the shared and lineage-specific traits driving fungal
carnivory.

The molecular evolution of fungal carnivory has been increasingly clarified through comparative
omics research. These studies propose two main evolutionary pathways: first, the acquisition of
novel genes through duplication; and second, the altered regulation of existing genes,
demonstrated by distinct orthologous gene expression profiles between carnivorous fungi and
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their saprophytic relatives (Meerupati et al., 2013; Andersson et al., 2014). NTFs exhibit
significant expansions in gene families encoding hydrolytic enzymes like subtilisin-like serine
proteases, chitinases, and collagenases, which are critical for nematode digestion (Yang et al.,
2011; Zhang et al., 2020c). A comparative analysis against 10 other ascomycete genomes (both
pathogenic and non-pathogenic) revealed that 4. oligospora shares significantly more genes with
pathogenic than with non-pathogenic fungi and also harboured 398 homologous genes from the
pathogen-host interaction (Yang et al, 2011). One of the most striking features of the A.
oligospora genome 1is its high proportion of orphan genes-sequences absent from other
sequenced fungi (53.64%), consistent with the phylogenetic divergence of Orbiliomycetes from
other sequenced Ascomycota (Yang ef al., 2011). These species-specific genes likely reflect the
complex, multifaceted lifestyles of A. oligospora as a saprophyte, nematode pathogen,
mycoparasite, and plant root colonizer (Yang ef al., 2011; Nordbring-Hertz et al., 2011). The
proteomics study by Yang et al., (2011) also revealed that 90 genes were significantly
upregulated during the early stage of trap formation (10 hours after nematode extract treatment),
with most involved in translation, amino acid metabolism, carbohydrate metabolism, and cell
wall and membrane biogenesis. Notably, surface adhesion genes have expanded in nematode-
trapping fungi, enhancing the adhesive properties of traps and improving predatory efficiency
(Yang et al., 2020). Additionally, studies have shown that nematophagous fungi can sense small
nematode-secreted molecules called ascarosides, triggering trap formation. According to Hsueh
et al., (2013), ascarosides are an evolutionarily ancient and highly conserved family of small
signaling molecules constitutively secreted by multiple nematode species. These molecules act as
nematode-associated molecular patterns (NAMPs), which NTF recognize to initiate trap
formation. These molecules function as communication signals within nematode populations
(pheromones), and predatory fungi appear to have evolved the capacity to eavesdrop on this
inter-nematode chemical communication. Triggered solely by nutrient starvation, this ascaroside-
induced morphogenesis is a conserved response across closely related nematophagous fungal
species (Hsueh et al., 2013). This means that fungi switch to predation only to scarcity of
nutrient sources to avoid the metabolic costs of trap construction. The evolutionary analogy with
microbe-associated molecular patterns (MAMPs) recognized by plant and animal immune
systems suggests convergent evolution of molecular pattern recognition across biological
kingdoms.

The prey recognition system highlights the high level of molecular specialization involved in
fungal carnivory (Jiang et al., 2017). The study by Liu et al. (2014a) showcases that
Drechslerella stenobrocha (a constricting-ring-forming NTF) has eight gene expression clusters
associated with trap formation and pathogenesis. Analyses of Monacrosporium haptotylum, a
knob-forming nematode-trapping fungus, compared with the genome of A. oligospora revealed
that the expansion of protein domain families and the emergence of large numbers of species-
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specific genes are indicative of gene duplication events followed by functional diversification
(Andersson et al., 2014). Compared to non-pathogenic ascomycetes, A. oligospora possesses an
enriched repertoire of duplicated genes encoding adhesive proteins, subtilisin-class serine
proteases, cellulases, cellobiohydrolases, and pectinesterases (Yang et al., 2011). Carnivorism-
associated gene expansions identified in comprehensive multi-genome analyses include those
encoding adhesive proteins of the CAP (Cysteine-rich secretory proteins, Antigen 5, and
pathogenesis-related proteins) superfamily, eukaryotic aspartyl proteases, and serine-type
peptidases (Fan et al., 2025). The broad involvement of CAP superfamily proteins in cross-
kingdom host-pathogen interactions suggests that NTF evolved their predatory lifestyle by
repurposing existing molecular frameworks associated with pathogenesis.

A recently characterized molecular innovation in NTF is the acquisition of bacterial genes via
horizontal gene transfer (HGT). Fan et al. (2025) identified that NTFs have acquired the Mur
gene cluster, a set of enzymes typically involved in the synthesis of peptidoglycan in bacterial
cell walls, through HGT. Disruption of MurE, a gene within this cluster, significantly reduces
nematode attraction in NTF, highlighting the critical role of bacteria-derived metabolic pathways
in prey sensing and luring. Additionally, HGT-acquired Hyl genes, encoding a virulence factor in
animal hosts, have been incorporated into the NTF genome, potentially contributing to
nematocidal activity. These findings highlight that inter-kingdom gene flow has contributed
meaningfully to the molecular toolkit for fungal carnivory. Furthermore, evolutionary studies
suggest that strains intrinsically more efficient at sensing nematodes and forming traps
demonstrated higher fitness, and genomic studies showed these highly predatory strains formed
distinct evolutionary clades (Yang et al., 2020). Despite morphological diversity, all traps share
certain structural features, including abundant dense bodies (specialized peroxisome-like
organelles involved in adhesion and energy supply) and extensive extracellular polymers that
enhance nematode adhesion (Yang et al., 2020).

4. Mechanism of Carnivorism

The majority of nematode-trapping fungi inhabit the soil rhizosphere zone. These fungi often
employ a sophisticated, step-by-step mechanism to infect nematodes that attack plant roots,
including attraction, adhesion, penetration, and nutrient digestion and storage. As most NTF
function as generalist predators, direct host specificity has not been widely observed among
nematode-trapping species. However, the endoparasite Dactylellina coniospora shows some host
preference (Nordbring-Hertz et al., 2011).

By secreting specific chemoattractants, NTF manipulate nematode behaviour, luring the prey
directly toward the fungal network. For instance, Arthrobotrys superba attracts second-stage
juveniles (J2) of Meloidogyne species by producing specific secondary metabolites, such as
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lectins (Robinson & Jaffee, 1996). In an interaction study involving A. oligospora and
nematodes, a fungal lectin with specificity for GalNAc (N-acetyl-D-galactosamine) bound to
receptors on the nematode surface (Nordbring-Hertz & Mattiasson, 1979). Other studies
similarly emphasize the importance of lectins in mediating host-parasite recognition
(Rosenzweig & Ackroyd, 1983; Nordbring-Hertz& Chet, 1986).

Interestingly, Balogh & Rosén, (2003) demonstrated that deleting the lectin-encoding gene in A.
oligospora did not eliminate recognition ability, suggesting the presence of compensatory
molecular mechanisms. This indicates that both attraction and recognition rely on a complex
interplay of multiple molecules, rather than a single mediating factor. The parasitic nature of the
fungus also influences the strength of nematode attraction, where more parasitic fungi typically
exhibit stronger attraction signals than their saprophytic counterparts (Nordbring-Hertz et al.,
2011). A study by Wang et al, (2023) highlighted that all the metabolites produced by
nematode-trapping fungi (NTFs) to attract nematodes are small organic, fat-soluble molecules
(Hsueh et al., 2017; Wang et al., 2018), which can more easily pass through the nematode's cell
membrane, triggering an odor-stimulated behavioural response (Simons et al., 2004). This study
also found that most attractant compounds, such as methyl 3-methyl-2-butenoate, 2-heptanone,
I-pentanol, and 2-cyclohexylethanol, are fat-soluble and facilitate efficient chemosensory
communication with nematodes. Interestingly, certain compounds exhibit concentration-
dependent effects; for instance, diacetyl and isoamyl alcohol attract nematodes at low
concentrations but repel them at higher levels. In contrast, a few molecules, such as benzoate and
butyric acid, are hydrophilic yet still effective in influencing nematode behaviour. Some sulphur-
and nitrogen-containing compounds, such as 4-chlorobenzyl mercaptan, benzyl mercaptan, and
dimethylthiazole, also act as strong attractants.

From an evolutionary perspective, NTF's ability to respond to nematode-secreted, highly
conserved chemical signal molecules, such as ascarosides, further suggests coevolution between
predator and prey. This attraction response is typically triggered under nutrient-deprived
conditions, indicating an adaptive strategy that links environmental stress to predatory behaviour
(Hsueh et al., 2013). The molecular basis of predation involving G-protein signaling for
ascaroside sensing and/or trap formation in 4. oligospora likely involves GPCRs (G protein-
coupled receptors) as ascaroside receptors (Yang et al., 2022; Kuo et al., 2024). The study by
Chou et al., (2001) demonstrated that in A. oligospora, the MAPK signaling pathway help, to
recognize the nematode.

Following the initial attraction, adhesion represents an important step in the infection process,
securing the nematode to the fungal structure. In Arthrobotrys oligospora, adhesive three-
dimensional hyphal nets are surrounded by extracellular fibrils even before contact with
nematodes. Upon contact, these fibrils reorient perpendicularly to the nematode surface,
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anchoring the prey and facilitating fungal invasion (Nordbring-Hertz et al., 2011; Yang et al.,
2020). In contrast, the endoparasitic fungus Drechmeria coniospora constitutively produces
radiating fibrils on its spores, which specifically adhere to the sensory organs at the nematode’s
anterior end. This adhesion impairs nematode mobility and interferes with its ability to respond
to external stimuli or locate other fungal species (Nordbring-Hertz et al., 2011). Distinct
adhesion strategies are observed across fungal phyla. In Zygomycota, fungi use adhesive hyphae
or hyphal protuberances to capture small invertebrates, whereas members of the Basidiomycota
deploy specialized adhesive knobs or sticky spores to capture prey (Yang et al., 2012). Among
the Orbiliomycetes (Ascomycota), members of Monacrosporium and Drechslerella construct
vertically aligned, glue-coated adhesive columns designed for efficient nematode entrapment
(Yang et al., 2020).

Upon successful adhesion, nematophagous fungi initiate penetration into the nematode cuticle.
Extracellular enzymes play an important role in this process by disrupting the nematode's outer
cell layer. This involves the formation of a penetration tube (in the case of A. oligospora) or a
penetration peg, often combined with mechanical pressure and enzymatic activity
(Mostafanezhad et al., 2014; Jiang et al., 2017; de Freitas et al., 2018). Key enzymes involved
include subtilisin-like serine proteases and chymotrypsin-like proteases, chitinases, and
collagenases, which degrade the protein-rich cuticle (Bonants et al., 1995; Ahman et al., 1996;
Wang et al., 2006; Yang et al., 2013). Serine proteases are a class of enzymes that catalyze the
hydrolysis of peptide bonds via a highly reactive serine residue in their active sites (Schultz
2025; Siezen et al., 1997). Alkaline serine proteases are highly effective enzymes that degrade
nematode cuticles within a few hours, thereby impairing the mobility of species such as
Panagrellus redivivus (Yang et al., 2005). In contrast, neutral serine proteases produced by
Arthrobotrys oligospora have been directly associated with its pathogenic activity against
various nematodes (Minglian et al., 2004). This fungus has demonstrated strong biocontrol
potential in the laboratory against both Haemonchus contortus and Caenorhabditis elegans
(Junwei et al, 2013; Yang et al., 2022). Monacrosporium thaumasium produces high
concentrations of serine proteases that exert destructive effects on the eggs of Meloidogyne
Jjavanica, contributing to its nematicidal efficacy (de Souza Gouveia et al., 2017).

Similarly, specific nematophagous fungi deploy chitinases to target the chitin structurally
integral to plant-parasitic nematodes and their eggshells. The nematode-trapping fungus M.
thaumasium produces chitinases and exhibits nematicidal activity against the nematode
Panagrellus redivivus (de Freitas Soares et al., 2014). These chitinases facilitate penetration of
the eggshell and the initiation of infection. Notably, one of the earliest characterized chitinases,
termed Chi43, was isolated from two nematode-parasitizing fungal species, Planktothrix
rubescens and Pochonia chlamydosporia (Tikhonov et al., 2002). In A. oligospora, subtilisin
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protease PII not only assists in penetration and digestion but also exhibits nematotoxic properties
(Ahman et al., 2002). After breaching the cuticle, the fungus proceeds to digest the nematode
internally. In A. oligospora, the penetration tube swells to form an infection bulb inside the
nematode, followed by the growth of trophic hyphae (Nordbring-Hertz et al, 2011). These
structures maintain an active metabolism, possess a dense endoplasmic reticulum, and store
assimilated nutrients within accumulated lipid droplets. Additionally, during the infection
process, A. oligospora produces Arthrobotrys oligospora lectin (AOL). This protein initially
accumulates within the trophic hyphae before being redistributed to fuel growth throughout the
rest of the mycelial network (Rosen et al., 1997). The AOL lectin binds to glycan structures
typical of animal glycoproteins, but absent in fungi, suggesting a role in the recognition and
internal colonization of nematode prey. Following penetration, the nematode is digested by the
invading fungi, which obtain nutrients for their growth and reproduction (Schmidt et al., 2007;
Yang et al., 2007b).

4.1 Types of Traps

Nematode-trapping fungi have been classified into four types based on their mechanisms of
action against nematode prey. These categories include: 1. Nematode-trapping fungi utilizing
morphological hyphal traps (adhesive or mechanical); 2. Endoparasitic fungi employing their
spores; 3. Egg-parasitic fungi that attack nematode eggs; and 4. Toxin-generating fungi that
immobilize nematodes prior to invasion (see Table 2) (Nordbring-Hertz et al., 2011; Moosavi &
Zare, 2012; Zhang & Hyde, 2014; Zhang et al., 2020a; Rahman et al., 2023).The diversity of
trapping strategies across these four categories reflects extensive adaptive radiation in the
nematophagous lifestyle. Comparative analyses integrating trap morphology, predation
mechanisms, and fungal genera reveal that different trapping strategies are associated with
distinct levels of efficiency and target specificity (see Figure 2). The Alluvial diagram (Figure
2b) further demonstrates that trap type, predation mechanism, and capture efficiency are
interconnected traits distributed across multiple genera in a non-linear fashion, suggesting
convergent evolution.

4.1.1 Nematode-Trapping Fungi Using Morphological Hyphal Traps

Among the nematode-trapping fungi, the vegetative hyphae can produce diverse trapping
devices. In Ascomycota, these traps are often sophisticated and can be either active or passive.
The active mechanical traps include constricting rings, while passive traps encompass five types:
sessile adhesive knobs, stalked adhesive knobs, adhesive nets, adhesive columns, and non-
constricting rings (Nordbring-Hertz ef al., 2011; Yang et al., 2012; Jiang et al., 2017).
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4.1.1.1 Constricting Rings

Constricting rings are composed of three circularly arranged hyphal cells. These three curved
hyphal cells form a loop, typically elevated above the substrate by a short stalk. The outer
diameter of these rings ranges from 20 to 40 um, accommodating nematode sizes from 20 to 40
um (Poinar, 1988; Su ef al., 2015). Upon contact with a nematode, the constricting ring encircles
the nematode with the inner edge of the trap and rapidly closes. The nematode is strangled by the
inward swelling resulting from the expansion of an internally located cell wall within the ring
cells. This rapid swelling is driven by water influx, leading to an increase in the volume of the
cells forming the ring (Heintz & Prame, 1972). As shown in Figure 2a, constricting rings
represent the very high efficiency category among all trap types, reflecting the speed and
mechanical certainty of this active immobilization mechanism.
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Figure 2. Trap efficiency and predation strategy across nematophagous fungal genera. (a) Bar chart depicting
the efficiency levels of different trapping mechanisms across known genera. Constricting rings (Arthrobotrys
dactyloides) exhibit very high efficiency; Adhesive Networks (Arthrobotrys oligospora) rank at high
efficiency; Adhesive Knobs (Monacrosporium gephyropagum) and Adhesive Columns (Monacrosporium
thaumasium) display moderate efficiency; while Endoparasitic Spores (Haptoglossa spp., Harposporium spp.)
exhibit low to high efficiency depending on host and conditions. (b) Alluvial (Sankey) diagram showing the
relationships between predation mechanism category (left), trap type (centre), and efficiency level (right),
illustrating that mechanistically distinct predation strategies can converge on similar efficiency outcomes and
that a single genus may employ multiple trap types with different efficiencies.
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Environmental factors, particularly humidity, significantly influence the efficiency of ring
closure. Higher ambient humidity levels correlate with increased ring closure frequency,
indicating the importance of water availability for the trap's functionality (Moore et al., 2011).
Interestingly, even after detachment from the parent hypha, constricting rings can retain their
trapping capability, suggesting they can absorb moisture directly from the surrounding
environment or from the thin water layer enveloping nematodes (Su et al., 2015). Moreover, the
activation of constricting rings can be chemically induced. Exposure to certain alcohols, such as
methanol, ethanol, propanol, or butanol, as well as to chlorobutanol vapor, has been shown to
trigger ring closure within 10 to 15 seconds. Conversely, substances like benzene, ether, and
chloroform do not elicit this response, indicating specificity in the chemical sensitivity of the trap
mechanism (Higgins & Pramer, 1967).

Kriegler et al., (2025) demonstrated in Arthrobotrys flagrans that cell-end marker proteins
(CEMPs)-specifically TeaA and TeaC-are essential for the curved hyphal growth required to
form closed ring structures. Deletion of either teaA or teaC results in linear adhesive sticks rather
than closed rings, while deletion of teaR reduces ring diameter but does not prevent closure.

Constricting Ring Trap

Nematode

Nematode contact triggers rapid cell-wall expansion — ring closes —

nematode strangled — infection bulb forms

3-cell ring(20-40 pm diameter)

Figure 3. Constricting ring trap of nematode-trapping fungi. The three-celled constricting ring (2040 pm in
diameter) that rapidly closes upon nematode contact due to inward swelling of the inner cell walls. This
mechanical response leads to immediate entrapment and strangulation of the nematode, followed by
penetration and formation of an infection bulb for subsequent digestion. Adapted from Pires et al. (2022),
Pathogens, 11, 1178, licensed under CC BY 4.0. Modified from the original.

Mycological Spectrum, Volume 2, Issue 2, 2026, Page No. 30



Mycological Spectrum (e-ISSN:3107-6203)
https://mycologicalspectrum.org/
Published by Association of Fungal Biologists, India

These findings establish that the unique cellular polarity machinery in NTF has been specifically
repurposed to enable the three-dimensional morphogenesis required for ring trap construction.
Drechslerella daliensis and D. xiaguanensis are characterized by the production of constricting
rings to capture nematodes (Liou & Tzean, 1997; Pfister, 1997; Ahrén et al., 1998; Scholler et al.
1999; Li et al., 2005; Zhang & Hyde, 2014).

4.1.1.2 Adhesive Columns

Adhesive branches or columns are morphologically simpler than other types of nematode-
trapping structures. These formations consist of one to three cells that fuse via anastomosis,
forming adhesive loops or mesh-like networks that appear as flat, crochet-like, or linear patterns.
When a nematode contact these branches, it is rapidly attached by a fine layer of adhesive
covering the structure. The proximity of the branches often leads to further entanglement of
nematodes in surrounding sticky hyphae, making escape more difficult. A notable species in
having such adhesive branches is Dactylella cionopaga (Poinar, 1988). This trapping mechanism
is also characteristic of Monacrosporium cionopagum and M. gephyrophagum (Saxena, 2018).
For example, M. cionopagum produces adhesive branches that capture and immobilize the sugar
beet cyst nematode Heterodera schachtii (Andersson et al., 2014).

Adhesive Column Trap

Nematode contacts column — sticky surface binds — proximity of branches causes fur-

ther entanglement— hyphae penetrate cuticle — internal colonisation

Figure 4. Adhesive column trap of nematode-trapping fungi. The multicellular adhesive columns arising from
hyphal networks that capture nematodes through a sticky surface. Upon contact, the nematode adheres to the
column, and surrounding hyphal branches enhance entanglement. This is followed by cuticle penetration and
internal colonization of the host.
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The predatory efficiency of adhesive columns is constrained by the contact surface area available
per adhesive structure, which is comparatively limited compared to three-dimensional adhesive
networks.

4.1.1.3 Adhesive Hyphal Network

Adhesive networks, commonly found in various fungi, consist of upright lateral branches that
originate from vegetative hyphae and extend approximately 20-25 um from the main hyphal
structure (Nordbring-Hertz et al., 1989). These networks exhibit greater longevity than standard
hyphae (Veenhuis et al., 1985) and form through the development of complex three-dimensional
structures. The fungus Arthrobotrys oligospora, which has a worldwide distribution, is the most
frequently encountered species associated with this type of trapping mechanism (Niu & Zhang,
2011) and represents the dominant representative of the high-efficiency category for passive
adhesive traps (Figure 2a).

Adhesive nets are initiated when a single lateral branch curves and may later reconnect with the
parent hypha. They are considered an evolutionary advancement from simpler adhesive
branches. As the network develops, additional lateral hyphae emerge from the parent hypha, or
loops form that can further branch into new loops, resulting in a dense, multidirectional array of
interconnected loops. The surface of these networks is coated with a fine adhesive layer that
attracts and captures nematodes upon contact (Martinelli et al., 2010). The trap-enriched proteins
(TEPs)-particularly the DUF3129 domain-containing family-are now known to be critically
enriched on adhesive network surfaces and are essential for nematode adhesion, as demonstrated
by Lin et al., (2023) through gene deletion experiments.

Jia et al., (2024) further demonstrated that temperature has a significant influence on the
efficiency of adhesive network formation. In Arthrobotrys cladodes, A. conoides, and A. robusta,
trap formation area and nematocidal efficiency both increased and then decreased with rising
temperature, and serine protease genes involved in autophagy were identified as key molecular
mediators linking temperature to trap morphology and predatory efficacy.

4.1.1.4 Adhesive Knobs

Adhesive knobs are specialized fungal cells coated with a thin adhesive layer. When a nematode
contacts these spherical knobs, the limited surface area of adhesion gives it a chance to resist and
potentially escape. However, if the nematode touches a broader, flatter adhesive pad, the fungus
gains an advantage by increasing contact area, resulting in a stronger grip and more effective
entrapment. This enhanced attachment facilitates fungal penetration through a combination of
enzymatic activity and mechanical force. For instance, the fungus produces collagenase, an
enzyme that helps break down the nematode’s cuticle, while the firm, adhesive pad provides
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structural support, enabling the invading hyphae to pierce the nematode’s body (Poinar 1988).
Following successful penetration, a spherical infection bulb forms, from which assimilative
hyphae emerge to consume the nematode’s internal contents (Barron, 1977; Gray, 1988). Species
such as Dactylellina arcuata, D. asthenopaga, D. leptosphora, D. copepodii, and D. ellipsospora
utilize adhesive knobs to capture and infect nematodes (Li et al., 2005; Xie et al., 2010; Wu et
al., 2012b).

4.1.1.5 Non-Constricting Rings

Non-constricting rings are specialized three-celled structures that develop on short supporting
stalks arising from prostrate, septate hyphae. During predation, nematodes exhibit passive
behavioural responses upon entering these rings. The junction between the ring and its
supporting stalk is relatively weak. As a result, when a nematode attempts to escape, the ring
often detaches and remains tightly encircling the nematode's body. This phenomenon suggests
that the fungus may facilitate the nematode’s movement while still attached to the ring,
potentially enhancing the fungus’s dispersal throughout the soil environment (Soares et al.,
2015). For instance, fungi such as Dactylaria candida and D. lysipaga, known to produce non-
constricting rings, also form adhesive knobs and capture nematodes using these ring structures
(Drechsler, 1937; Li et al., 2005; Wu et al., 2012b). A similar trapping mechanism has been
reported in Dactylellina daliensis, which also employs non-constricting rings for nematode
capture (Su et al., 2008).

The non-constricting ring represents an evolutionary intermediate between adhesive traps and the
mechanically active constricting ring. Unlike constricting rings, non-constricting rings do not
expand upon prey contact; instead, they rely on the structural trap formed by the ring geometry
itself in combination with adhesive properties of the inner ring surfaces. This architectural
simplicity may confer lower energetic costs compared to constricting rings, while providing a
degree of size-selective filtration of prey not easily achieved by adhesive knob or network traps.

4.2 Egg- and Female-Parasitic Fungi

These fungi employ a variety of infection structures, including appressoria (in Purpureocillium
spp. and Pochonia spp.), zoospores (Nematophthora gynophila), lateral mycelial branches, and
penetration pegs, to infect eggs, females, and other developmental stages of plant-parasitic
nematodes (Lopez-Llorca et al., 2008). In vitro studies evaluating the parasitic activity of 10
Pochonia chlamydosporia isolates against Globodera pallida eggs reported pathogenicity levels
ranging from 34% to 49%. Notably, P. chlamydosporia was more effective at parasitizing
immature eggs than those containing second-stage juveniles, often triggering spontaneous
hatching (Vieira Dos Santos et al., 2019). Furthermore, both the wild-type Beauveria bassiana
strain 08F04 and its transformant G10 significantly reduced the population of cereal cyst
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nematode females in plant roots (Zhang et al. 2020d). In a separate greenhouse study,
inoculation with the arbuscular mycorrhizal fungus (Glomus etunicatum) led to a 28.21%
reduction in Heterodera glycines (soybean cyst nematode) females in root systems compared to
untreated controls. This suggests that G. efunicatum may enhance host plant resistance or
tolerance to soybean cyst nematode infestation (Benedetti et al. 2021).

Egg- and Female-Parasitic Fungi

Fungi contacts nematode egg — Infection structures— Parasitizing the egg

Figure 5. Egg and female-parasitic fungi infecting nematodes. Fungal hyphae in contact with nematode eggs,
forming specialized infection structures that penetrate the eggshell. Adapted from Pires et al. (2022),
Pathogens, 11, 1178, licensed under CC BY 4.0. Modified from the original.

4.3 Endoparasitic Fungi

Endoparasitic nematophagous fungi represent a group that infects nematodes through spore
production. These spores initiate infection either by being ingested by the nematodes or by
adhering to their epidermis (Dijksterhuis et al., 1991; Tunlid et al., 1992; Liu et al., 2009). These
fungi show considerable diversity in their infection strategies, particularly in the number of
conidia produced per infected nematode. For instance, Drechmeria coniospora can generate up
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to 10,000 conidia from a single hyphal structure, whereas Harposporium rhossoliensis produces
a relatively lower number, ranging between 100 and 1,000 conidia per nematode. Once the
conidia germinate, assimilative hyphae penetrate the host cuticle and consume the nematode’s
internal contents, facilitating complete colonization. Among these fungi, D. coniospora is
recognized as a highly aggressive endoparasite with strong nematode-infecting capacity. The D.
coniospora YMF1.01759 strain, in particular, demonstrated effective nematode suppression by
inhibiting egg hatching, infecting the nematodes with spores, and producing bioactive
metabolites that ultimately led to nematode mortality (Nordbring-Hertz et al., 2011; Wan et al.,
2021).

4.4 Toxin Production

Some nematophagous fungi produce toxins that not only kill nematodes but also influence plant
defence and resistance responses against parasitic nematodes (Sarker et al., 2020; Comans-Pérez
et al., 2021; Girardi et al., 2022). These toxin-producing fungi belong to diverse taxonomic
groups across multiple orders and families. Rather than relying solely on direct physical
interaction, these fungi often immobilize nematodes by secreting inhibitory metabolites (Lopez-
Llorca et al., 2008). Once immobilized, the fungal hyphae then penetrate the nematode cuticle.

Toxin diffuses — disrupts nematode CNS— nematode paralysed — hyphae invade

Figure 6. Toxin-mediated immobilization of nematodes by nematophagous fungi. The fungal hyphae release
diffusible toxins that affect the nematode. Adapted from Pires et al. (2022), Pathogens, 11, 1178, licensed
under CC BY 4.0. Modified from the original.
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Culture filtrates of such fungi have been shown to contain potent proteolytic and chitinolytic
enzymes, as well as low-molecular-weight metabolites and specific non-volatile oil-based
compounds. These biochemical agents can either induce larval mortality or prevent egg hatching
by disrupting embryonic development and altering egg morphology (Westphal & Becker, 2001).
In addition to enzymes, certain fungi secrete toxic compounds that paralyze nematodes before
they are digested and absorbed by fungal structures (Satou et al., 2008).

Basidiomycetes are among the most prominent fungal groups known for their toxin production.
Studies on Coprinus comatus and Stropharia rugosoannulata have demonstrated that the modes
of action of their nematotoxic compounds are complex and varied (Luo ef al., 2006). Among the
Basidiomycetes, several species of Pleurotus are particularly well-known for producing
nematotoxic substances. For example, Pleurotus ostreatus synthesizes trans-2-decenoic acid, a
linoleic acid derivative that exhibits toxic effects not only on nematodes but also on insects and
other fungi (Satou et al., 2008).

5. Use of the Carnivorous Fungi

Over 4000 species of plant-parasitic nematodes have been identified as significant threats to
agricultural and horticultural crops, capable of causing severe yield reductions. These plant
parasites cause an estimated USD 120-125 billion in losses annually in agriculture and related
crops (Rahman et al.,, 2023; Yesayan et al., 2024).

The chemical and toxic substances employed against these pathogens pose a serious threat to
human health and the environment (Degenkolb & Vilcinskas, 2016). The detrimental effects of
nematicidal chemicals have led to bans by the US Environmental Protection Agency (EPA)
and/or the European Commission (Chitwood, 2003; Degenkolb & Vilcinskas, 2016). Products
such as the systemic organothiophosphate fosthiazate (Nemathorin 10 G®) and the
dithiocarbamate dazomet (Basamid®), used as nematicides, have demonstrated toxic effects on
birds and aquatic organisms. In humans, dazomet is a lachrymator and a topical and respiratory
irritant, potentially causing respiratory edema (Degenkolb & Vilcinskas, 2016).

Therefore, biological control agents hold significant promise for managing nematode infections
due to their environmentally friendly and economically sustainable nature (Braga et al., 2013;
Singh et al., 2012). NTF, which attract and actively feed on plant-pathogenic nematodes, can
potentially reduce nematode populations and minimize the impact of these pathogens on crops.
NTF have a history of use as biocontrol agents against these nematodes (Cooke, 1962;
Duponnois et al., 2001; Degenkolb & Vilcinskas, 2016; Vidal-Diez de Ulzurrun & Hsueh, 2018;
Zhang et al., 2020a). Biological control of nematodes using nematophagous fungi can generally
be implemented through two main strategies: introducing large quantities of fungal inoculum
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into the soil or enhancing the activity of native fungal populations via soil amendments. Initial
research focused on nematode-trapping fungi, such as Arthrobotrys and Monacrosporium
species. Over time, the focus expanded to include other functional groups, including
endoparasitic fungi such as Harposporium rhossoliensis and Drechmeria coniospora, as well as
egg-parasitic fungi such as Pochonia chlamydosporia. However, the effectiveness of these
biocontrol agents has been inconsistent, and to date, commercially viable products have not been
widely developed or adopted (Nordbring-Hertz et al, 2011; Rahman et al., 2023). Increased
knowledge in the last decade regarding nematodes, nematode-trapping fungi, and the rhizosphere
has led to increased and improved applications of NTF. For example, genetically modified
mutants of the nematode-trapping fungus, A. oligospora overexpressing a protease gene (PII)
produced more infection structures and captured and killed nematodes more quickly (Ahman et
al., 2002). A study by Fa et al., (2024) highlighted that the addition of low concentrations of urea
significantly accelerated the formation of trapping structures and enhanced their yield in
nematode-trapping fungi (NTF). This finding suggests that even modest amendments of
nitrogen-rich compounds can positively influence the parasitic capabilities of these fungi.
Importantly, the study emphasizes that effective nematode capture is not limited to genetically
modified NTF strains; conventional organic or inorganic fertilizers, such as urea, can also
stimulate trap production and enhance nematode suppression.

5.1 Agricultural Applications

Nematophagous fungi have been evaluated against all major plant-parasitic nematodes (PPNs)
and have demonstrated significant reductions in nematode populations. Arthrobotrys oligospora
and A. dactyloides, delivered in alginate granule formulations, have shown significant reductions
in root-knot nematode populations (Rahman et al., 2024). A study by Nordbring-Hertz et al.,
(2011) also demonstrated that A. dactyloides can reduce root-knot nematode infection in
tomatoes, establishing this species as a candidate for horticultural biocontrol applications.
Pochonia chlamydosporia has been identified as a biological control agent for root-knot
nematodes, particularly Meloidogyne spp. (Bourne et al.,1996). Arthrobotrys spp. are also known
to prey on free-living nematodes such as Panagrellus spp. under in vitro conditions, confirming
their broad nematophagous capacity (Gomes et al., 2001). Dactylellina haptotyla, a trapping
species employing adhesive knobs and non-constricting loops, has been documented to capture
M. incognita second-stage juveniles (J2s) under laboratory conditions (Lei et al., 2023). More
recently, Dactylellina phymatopaga has been evaluated specifically against Meloidogyne
graminicola on rice (Oryza sativa, L.), demonstrating significant biological control efficacy and
establishing the potential utility of NTF in flooded agroecosystems where chemical nematicide
application is particularly problematic (Kumar, 2024).
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Bourne et al., (1996) established the foundational evidence base for Pochonia chlamydosporia as
a biological control agent for root-knot nematodes, particularly Meloidogyne spp., in early
laboratory and glasshouse trials. Subsequent research by Ayaz et al., (2024) confirmed egg and
female parasitism efficacy of 34-49% against Globodera pallida in vitro and significantly
reduced M. incognita infection rates and female reproductive output in tomato by 32-43% in
greenhouse studies, implicating both the secretion of serine proteases and the chitinolytic
disruption of eggshell integrity as mechanisms of parasitism. Purpureocillium lilacinum
(formerly Paecilomyces lilacinus) is a cosmopolitan soil fungus with demonstrated efficacy
against multiple developmental stages of M. javanica, M. incognita, M. arenaria, and M. hapla,
as well as against immature cysts of Heterodera avenae and Radopholus similis (Khan et al.,
2006; Khan & Tanaka, 2023; Sharma et al., 2020). It is a member of the family
Ophiocordycipitaceae (Ascomycota: Hypocreales) and functions primarily as an egg parasite,
penetrating eggshells via enzymatic and mechanical means. It is particularly effective against M.
incognita in both soil and root substrates, and its efficacy is enhanced when combined with plant
growth-promoting bacteria such as Pseudomonas fluorescens or Serratia marcescens in
consortium applications (Khan & Tanaka, 2023). Commercial formulations of P. lilacinum are
registered for use in several countries under trade names including BioAct® and MeloCon®
WG. Manzanilla-Lopez et al., (2013) documented that P. chlamydosporia acts as a semi-
endoparasite capable of effectively controlling nematodes from the genera Globodera,
Heterodera, Meloidogyne, Nacobbus, and Rotylenchulus-a remarkably broad spectrum of
sedentary PPN genera that underscores its versatility as a biocontrol agent. Trichoderma
harzianum, primarily recognized as an antagonist of soil-borne fungal pathogens, has also
demonstrated potential against M. javanica by reducing egg mass production and gall formation
in infected root systems, with the biocontrol mechanism involving both direct mycoparasitism of
nematode eggs and indirect induction of systemic resistance in the host plant (Sharon et al.,
2001; Heidari & Olia, 2006; Sahebani & Hadavi, 2008).

Hirsutella rhossiliensis, an endoparasitic fungus in the family Ophiocordycipitaceae, has
demonstrated efficacy against the soybean cyst nematode Heterodera glycines, a major
constraint on soybean (Glycine max) production across North America, China, and Brazil, by
attaching conidia to the nematode cuticle and invading the body, ultimately causing mortality
(Chen & Liu, 2005). Nematophthora gynophila, a member of the Lagenidiaceous group
(Oomycota), has demonstrated potential to reduce populations of cereal cyst nematodes,
including Heterodera avenae on wheat and Heterodera schachtii on sugar beet, acting as a
zoosporic pathogen of females during the exposed portion of their life cycle (Kerry & Crump,
1980). Similarly, Lagenidiaceous fungi more broadly are known to attack cyst nematode
females, particularly Heterodera spp., representing an QOomycete complement to the
predominantly Ascomycete NF biocontrol toolkit (Kerry & Crump, 1980).
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In Armenian agricultural soils, native isolates of Orbilia oligospora (syn. A. oligospora) and
Orbilia brochopaga demonstrated superior nematocidal enzyme activity against Globodera
rostochiensis (potato cyst nematode) compared to commercially available trade biopesticide
preparations- a result the authors attributed to the strain-specific adaptation of endemic isolates
to locally prevalent nematode populations and soil conditions (Yesayan et al, 2024). This
finding has important implications for biocontrol programme design, suggesting that region-
specific strain selection based on local isolate screening may outperform the application of
generic commercial strains, particularly in areas with distinct edaphic or climatic characteristics.

Members of the genus Esteya specifically target the pinewood nematode (Bursaphelenchus
xylophilus), a major cause of pine wilt disease (Pires et al. 2022). Members of the Pleurotus
genus are known to control a wide range of nematodes, including Poikilolaimus oxycercus,
Caenorhabditis elegans, Pristionchus aerivorus, P. redivivus, and Acrobeloides amurensis
(Marlin et al., 2019). Verticillium lecanii culture filtrates have demonstrated toxicity against
various developmental stages of H. glycines (Shinya et al., 2008).

5.2 Veterinary Applications

Animal-parasitic nematodes cause significant health issues and weight loss in livestock, and
traditional anthelmintic treatments are increasingly ineffective due to resistance. A promising
alternative involves feeding animals fungal spores (e.g., Duddingtonia flagrans), due to its
ability to produce large numbers of heat-resistant chlamydospores that survive gastrointestinal
transit without losing predatory activity, germinate within faeces, and form adhesive trapping
networks that capture L3 larvae like Haemonchus contortus, Ostertagia ostertagi, Cooperia spp.,
and Trichostrongylus spp., reducing field contamination (Mendoza-de-Gives et al., 2022; Hao et
al., 2024). Also, genetic studies show that D. flagrans is largely clonal, with a low recombination
rate, making it a safe biological control agent. Additionally, nematophagous fungi are being
explored for their potential to produce new nematicidal compounds (Ahrén et al., 2004).

The commercial product BioWorma® (containing D. flagrans NCIMB 30336) has demonstrated
efficacy in reducing pasture larval contamination in multiple livestock species across several
countries, representing the most advanced commercial implementation of carnivorous fungal
biocontrol to date (Mendoza-de-Gives et al., 2022). Bioverm® (containing D. flagrans isolate
ACO001 at 10° chlamydospores per gram) is registered in Brazil for use in goats, sheep, and cattle
(Hao et al., 2024). Similarly, a lyophilised D. flagrans preparation evaluated in Tibetan sheep in
China demonstrated an 89.8% larval reduction rate when administered alone, rising to near 100%
larval reduction when combined with ivermectin or albendazole within 72 hours of
administration (Hao et al., 2024).
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6. Challenges in the Applications

Despite the numerous applications of nematode-trapping fungi (NTF), several practical
challenges limit their effectiveness. The performance of these biological control agents often
varies under field conditions, as they require specific environmental factors for optimal
functioning. Additionally, many species exhibit a limited host range and a high degree of
specialization toward particular nematode species. These constraints significantly restrict the
large-scale commercial applicability of NTF as biocontrol agents (Zhang et al., 2014a; Singh et
al.,2015; Rahman et al., 2023).

6.1. Laboratory-to-Field Efficacy

Most biocontrol studies are conducted under controlled laboratory or greenhouse conditions, in
which nematode-trapping fungi (NTF) routinely achieve larval reduction rates of 70-99% at
relatively low spore densities. However, their efficacy under field conditions is typically lower,
more variable, and highly context-dependent (Rahman et al., 2024). This discrepancy primarily
arises from the complexity of natural soil or faecal environments, which introduce factors such
as competitive microbiota, fluctuating moisture gradients, physicochemical stressors, and spatial
heterogeneity—conditions that are largely absent or minimized in artificial laboratory systems.

6.2 Temperature and Seasonal Variability

Temperature is one of the most critical environmental regulators of predatory activity in
nematode-trapping fungi (NTF). The optimal range for peak activity generally lies between 20
and 27 °C; deviations from this range can significantly reduce their efficiency. Arthrobotrys
species exhibit a temperature-dependent response, as demonstrated by Jia et al., (2024), who
reported that both trap formation area and nematocidal efficiency increased up to an optimum
and subsequently declined with further temperature fluctuations. Similarly, the predatory activity
of Duddingtonia flagrans against cattle nematodes varies markedly across seasons, with peak
performance observed under warm, moist conditions and minimal activity during colder winter
months. This seasonal variability presents a significant challenge for programmes aiming to
maintain consistent larval suppression on pasture throughout the grazing period (Mendoza-de-
Gives et al., 2022).

6.3 Mass Production and Scale-Up

Large-scale production of NTF chlamydospores remains a major bottleneck. Optimised solid-
state media (e.g., enriched Sabouraud agar) can significantly enhance spore yield while
maintaining biological activity (Southwell et al., 2025). Although submerged fermentation
allows scalable production, it often yields lower chlamydospore densities, and prolonged
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cultivation reduces spore viability (Wang et al, 2024). Formulation parameters, including
excipient ratios, are also critical for ensuring product stability and integrity (Hao et al., 2024).

Another challenge in scaling up spore production is developing effective carrier and delivery
systems. Various delivery strategies have been explored for nematode-trapping fungi (NTF).
Sodium alginate pellets are widely used, as they provide protection during gastrointestinal transit
and form the basis of commercial products such as Bioverm®. Freeze-dried formulations enable
precise dosing and facilitate integration with anthelmintics, thereby improving -efficacy.
Alternative carriers, such as rice bran and soy protein matrices, support spore survival and enable
controlled release. Emerging approaches, such as nanoparticle-based formulations, show promise
but require further validation for large-scale application (Mendoza-de-Gives et al., 2022;
Fonseca et al., 2025).

Table 3. Summary of formulation types for carnivorous fungal biocontrol products.

Formulation type Key species Advantages Limitations Reference
Sodium alginate D. flagrans GI transit survival; well- | Requires cold Hao et al,,
pellets validated; commercially | storage; short field (2024)

available shelf life
Lyophilised D. flagrans Precise dosing; Production cost; Hao et al,,
tablet/capsule combinable with tablet integrity (2024)
anthelmintics; stable challenges
storage
Rice bran pellets D. flagrans Nutritive substrate; Variable spore Mendoza-de-
simple production; low | release; limited to Gives et al.
cost swine/cattle (2022)
Alginate granules A. oligospora, Soil delivery; Poor field-level Rahman et al.,
(soil) A. dactyloides mycrocosm efficacy efficacy in pots; not (2024)
demonstrated yet field-validated
Nanoparticle D. flagrans Ovicidal activity; novel | Scale-up viability Fonseca et al.,
biosynthesis (AgNPs) MOA; nanotechnology | uncertain; regulatory | (2025)
integration pathway unclears

7. Conclusion and Way Forward

This review synthesizes evidence that fungal carnivory is a convergent, ecologically adaptive
trait that has evolved independently in Ascomycota, Basidiomycota, Chytridiomycota, Oomycota,
and Zygomycota for efficient nutrient acquisition. Molecular clock analyses place the divergence
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of nematode-trapping Orbiliomycetes from saprophytism at approximately 419 Mya, with the
subsequent split between active mechanical traps and passive adhesive structures occurring
around 246 Mya. This has led to a wide range of specialized predation strategies targeting
microfaunal organisms, particularly nematodes and amoebae, which form a crucial link in soil
food webs. By regulating nematode populations, especially in the rhizosphere, nematophagous
fungi can influence nutrient cycling and indirectly affect plant health through complex
belowground interactions. Phylogenetic and genomic studies have revealed key points of
divergence in the evolution of various trapping mechanisms, suggesting adaptive diversification
shaped by environmental pressures. The predatory transition has been substantiated by gene
family expansions in hydrolytic enzymes, neofunctionalization of CAP-superfamily adhesins,
and inter-kingdom horizontal acquisition of bacterial Mur and Hyl gene clusters that mediate
prey attraction and nematocidal activity. Ascaroside-triggered trap induction—operative
specifically under nutrient deprivation and mediated via GPCR-linked signaling—mirrors
pattern-recognition immunity in metazoans, establishing NTF as a compelling model for
studying convergent molecular evolution across biological kingdoms. Despite this mechanistic
richness, several critical knowledge gaps remain unresolved. The functional roles of the majority
of NTF-specific orphan genes (representing over 53% of the A. oligospora genome) are
unknown, and comparative multi-omic data for endoparasitic and egg-parasitic lineages—which
constitute the bulk of NTF functional diversity—remain sparse relative to the nematode-trapping
Orbiliomycetes. The molecular basis of host sensing and trap induction outside the
Orbiliomycetes 1is essentially uncharacterized. These gaps constrain both mechanistic
understanding and the rational design of improved biocontrol strains.

The growing demand for sustainable agricultural solutions, especially in light of significant crop
losses caused by plant-parasitic nematodes and the negative impacts of chemical nematicides on
ecosystems and human health, has brought carnivorous fungi into focus as promising biocontrol
agents. The Arthrobotrys oligospora, Pochonia chlamydosporia, Purpureocillium lilacinum, and
Duddingtonia flagrans have collectively demonstrated suppression of Meloidogyne, Heterodera,
Globodera, and key gastrointestinal nematode genera under controlled conditions, and
commercial products BioWorma® and Bioverm® confirm that field deployment and regulatory
approval are achievable. Although fungal species have shown strong nematicidal activity in
laboratory and controlled environments, their consistent success in real-world field conditions
remains limited. This is due to challenges, including fluctuating environmental conditions,
limited host range, and difficulties in producing, formulating, and delivering fungal inoculum at
large scale.

Future studies must take an integrated and multidisciplinary approach to overcome these
challenges, which include: (a) improving cultivation and formulation methods to increase fungal
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viability, persistence, and activity in the field (b) investigating the molecular processes involved
in host detection, trap development, penetration, and digestion, using transcriptomics and
proteomics to identify important genetic traits for strain selection or improvement (c) studying
the ecological interactions between introduced fungi and native soil organisms, including
possible cooperation or competition with other beneficial microbes and assessing any unintended
effects (d) isolating and characterizing bioactive compounds produced by these fungi, with a
view to developing them into direct-use products or as models for safer, bio-based nematicides
and (e) exploring the biology and biocontrol potential of less-studied groups such as
endoparasitic and egg-parasitic fungi, which may offer more targeted approaches to disrupting
nematode life cycles. A deeper understanding of the ecological roles and molecular mechanisms
underlying fungal carnivory is essential for developing reliable, environmentally friendly
nematode management strategies in agriculture.
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