
Received: 15 Aug. 2026     Revised: 11 Oct. 2026       Accepted: 15 Oct. 2026                         Published online: 19 Oct. 2026 
 Corresponding Author: Jalal Soltani; Email:  Soltani@basu.ac.ir 

                            Mycologia Iranica is licensed under a "Creative Commons Attribution 4.0 International (CC-BY 4.0)"  

                            Published by Iranian Mycological Society (IrMS)—https://mij.areeo.ac.ir 

 

Mycologia Iranica 2026, Vol. 13 (No. 2): ??–??                                                                                

 

The Fungal Holobiont: Immunity, Individuality, and the Evolutionary 

Foundations of Fungal Innate Immunity 

Jalal Soltani , Mahrouyeh Ketabchi  

 Department of Plant Protection, Faculty of Agriculture, Bu-Ali Sina University, Hamedan, Iran 

  
        10.22092/mi.2026.373959.1356                                           

 

 

 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

The concept of biological individuality has been the subject of sustained philosophical debate since the early 

nineteenth century, with plants serving as a central test case (Clarke 2012, Baedke 2024). Unlike animals, plants exhibit 

pronounced modularity, vegetative propagation and genetic mosaicism, challenging traditional criteria used to define 

biological individuals (Toepfer 2011, Gilbert et al. 2012). These debates have gained renewed relevance with the 

growing recognition that plants, and indeed all eukaryotic organisms, harbor diverse microbial communities that 

profoundly influence their physiology, development and fitness (Pradeu 2012, Bordenstein and Theis 2015). 

Fungi, which interact closely with plants as pathogens, mutualists and commensals, raise closely related conceptual 

challenges (Kobayashi and Crouch 2009, Frey-Klett et al. 2011). A fungal mycelium may be extensive, genetically 

heterogeneous and capable of fusing with genetically distinct individuals, resulting in chimeric or mosaic entities 

(Rayner 1995, Glass et al. 2004). Vegetative incompatibility between genetically distinct mycelia contributes to the 

maintenance of mycelial integrity and restricts the spread of deleterious cytoplasmic elements, and may function as a 

form of prophylactic defense (Debets et al. 1994, Diepeningen et al. 1997). The widespread occurrence of persistent 

microbial endosymbionts, including endohyphal bacteria (EHB) and mycoviruses, adds an additional layer of 

complexity and further challenges classical organism-centered notions of individuality (Pakvaz and Soltani 2016, 

Pawlowska et al. 2018, Partida-Martínez 2024). 

 
ABSTRACT 

 

Fungi are increasingly recognized as hosts of persistent microbial associations, including endohyphal bacteria 

and mycoviruses, raising important questions about fungal individuality and the extent to which fungal-microbial 

associations can be considered holobionts, i.e. complex assemblages composed of a host and its associated 

microbiota. This conceptual shift, rooted in long-standing philosophical debates on biological individuality, 

challenges traditional organism-centered views and repositions particular fungal-microbial systems as potentially 

integrated physiological-immunological and ecological units. This analysis synthesizes current knowledge on fungal 

endosymbionts and examines how these often cryptic partners modulate fungal phenotypes, influencing growth, 

reproduction, metabolism, stress tolerance and pathogenicity. Drawing on both biological and philosophical 

perspectives, we critically analyze criteria for fungal individuality, the immunological integration of fungal 

holobionts, and the extension of physiological individuality across generations through heritable microbial 

symbionts. We propose that the fungal immune system, particularly NLR-based surveillance and regulated cell 

death pathways, plays a central role in dynamically defining the boundaries of the fungal self by determining which 

microbes are tolerated as symbionts and which are rejected as pathogens. Adopting a fungal holobiont perspective 

provides a framework for understanding fungal biology and offers insights into the evolutionary and ecological 

significance of persistent fungal-microbe associations. 
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The term holobiont was introduced by Margulis and Fester (1991) to describe symbiotic assemblages composed of 

a host organism and its associated microorganisms. Originally applied to corals and later extended to plants and animals, 

the holobiont concept has gained traction as evidence has accumulated for the ubiquity and functional importance of 

host-associated microbiomes (Vandenkoornhuyse et al. 2015, Sánchez-Cañizares et al. 2017). Within this framework, 

particular fungi can be considered holobionts when persistent microbial partners substantially contribute to their 

physiology or ecological interactions (Bonfante and Desirò 2017, Deveau et al. 2018). However, the presence, 

persistence and functional significance of microbial partners may vary among fungal individuals and species. This 

nested organization, microbiomes within microbiomes, appears to be a general feature of biological systems (Moran et 

al. 2008, O’Malley 2015). 

The study of fungal endosymbionts has a rich history predating the holobiont concept. Bacterial endosymbionts in 

fungi were first observed via microscopy in 1970, with the description of bacteria-like structures associated with 

mycorrhizal fungi (Mosse 1970, Bianciotto et al. 1996). Mycoviruses were formally described in 1962, when virus-like 

particles were observed in cultivated mushrooms suffering from La France disease (Hollings 1962, Ghabrial et al. 2015). 

However, it is only during the past two decades, with the advent of molecular techniques and high-throughput 

sequencing,that the true diversity and functional importance of fungal-associated microbes have begun to emerge 

(Myers et al. 2020, Kelliher et al. 2023). 

In this analytic review, we synthesize current knowledge on fungal holobionts, with emphasis on both bacterial and 

viral endosymbionts and their implications for understanding fungal individuality and immunity. We address the 

following four key questions: (1) How does the holobiont concept challenge traditional notions of fungal individuality? 

(2) What are the criteria for recognizing fungal holobionts as biological individuals? (3) How do fungal immune systems 

shape the boundaries of the fungal self? (4) How do endohyphal bacteria and mycoviruses modulate fungal phenotypes? 

 

CRITERIA FOR FUNGAL HOLOBIONT INDIVIDUALITY 

Several criteria have been proposed for recognizing holobionts as biological individuals (Chiu and Eberl 2016, 

Suárez and Stencel 2020). Applying these criteria to fungal holobionts reveals the complexity of fungal individuality as 

follows (Table 1). 

1. Physiological integration 

The host and its symbionts function as a coordinated physiological unit, with metabolic interdependencies and shared 

biochemical pathways (Stencel and Proszewska 2018, Triviño and Suárez 2020). In fungal holobionts, EHB contribute 

to nitrogen fixation, vitamin synthesis, and toxin production, while receiving carbon and other nutrients from their hosts 

(Lackner et al. 2011, Sharmin et al. 2018). Mycoviruses may impose metabolic costs or provide benefits under specific 

conditions (Espino-Vázquez et al. 2020, Valadez-Cano et al. 2024). Genome-scale metabolic modelling of the 

Rhizopus microsporus holobiont has revealed metabolic integration among the fungus, its bacterial endosymbiont 

Mycetohabitans rhizoxinica, and its viral symbionts (Narnaviruses), predicting metabolic dependencies and resource 

exchanges that may not be apparent when individual components are studied in isolation (Valadez-Cano et al. 2024). 

2. Immunological tolerance 

The host immune system can tolerate persistent microbial associations while responding to other interacting organisms, 

providing one possible framework for considering the boundaries of an immunological individual (Pradeu 2016, 2019). 

In fungi, NOD-like receptors (NLR)-based surveillance systems have been shown to monitor the integrity of key cellular 

components and to participate in self/non-self recognition and allorecognition (Heller et al. 2018, Daskalov et al. 2020, 

Greslehner 2020, Schneider 2021). However, direct evidence that these systems generally distinguish tolerated symbionts 

from rejected pathogens in fungal holobionts remains limited. The observation that bacteria-free R. microsporus can be 

reinfected with Mycetohabitans suggests that the association can be re-established, indicating that host -symbiont boundaries 

may be dynamic rather than fixed (Partida-Martinez et al. 2007, Mondo et al. 2017). Similarly, mycoviruses that 

establish persistent infections interact with fungal defense mechanisms (Uehling et al. 2017, Daskalov 2023). 

3. Vertical transmission 

Symbionts transmitted across host generations contribute to the continuity of the holobiont lineage (Bright and 

Bulgheresi 2010, Funkhouser and Bordenstein 2013). Many fungal endosymbionts are vertically transmitted through 

spores, ensuring their persistence across generations (Bianciotto et al. 2004, Pawlowska et al. 2018, Espino-Vázquez et 

al. 2020). In R. microsporus, both Mycetohabitans bacteria and Narnaviruses are inherited in sporangiospores and 

zygospores, maintaining the symbiotic assemblage through fungal reproduction (Partida-Martinez et al. 2007, Espino-

Vázquez et al. 2020). Studies on endophytic fungi have also documented the presence of EHB over several rounds of 

subculturing, suggesting persistent vegetative transmission routes (Pakvaz and Soltani 2016). 
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4. Co-evolution 

Host and symbionts exhibit signatures of co-evolution, including genome reduction in symbionts and the evolution 

of specialized interaction mechanisms (Naito et al. 2015, Torres-Cortés et al. 2015). The genomes of obligate EHB 

show extreme reduction (0.7–1.2 Mb) and dependence on host functions (Kuo 2015, Naito et al. 2017). Some endobacteria 

harbor genes from their fungal hosts, and strikingly, these genes often carry heterokaryon incompatibility (HET)  

domains, suggesting ancient exchanges between immune and symbiotic systems (Naito et al. 2015, Torres-Cortés et al. 

2015). Mycoviruses also show signatures of co-evolution with their fungal hosts, including codon usage adaptation and 

the evolution of persistent lifestyles (Roossinck 2011, Ghabrial et al. 2015). 

 

Table 1. Criteria for fungal holobiont individuality. 

Criterion 
Evidence in fungal 

holobionts 
Description References 

Physiological 

integration 

EHB dependence on host; 

metabolic modeling of R. 

microsporus holobiont 

Metabolic interdependencies 

between host and symbionts 

Lackner et al. (2011), Sharmin et al. 

(2018), Stencel and Proszewska 

(2018), Triviño and Suárez (2020), 

Valadez-Cano et al. (2024) 

Immunological 

tolerance 

NLR-based surveillance; 

re-establishment of 

symbiosis in cured fungi 

Immune system tolerates 

 symbionts while responding to 

pathogens 

Partida-Martinez et al. (2007), 

Mondo et al. (2017), Pradeu (2016, 

2019), Greslehner (2020), Schnei-

der (2021) 

Vertical 

transmission 

EHB and Narnaviruses 

transmitted through spores 

in R. microsporus; vertical 

transmission in AMF 

Symbionts transmitted across 

host generations 

Bianciotto et al. (2004), Partida-

Martinez et al. (2007), Bright and 

Bulgheresi (2010), Pawlowska et al. 

(2018), Espino-Vázquez et al. 

(2020) 

Co-evolution 

Genome reduction in 

obligate EHB;  

host-derived genes in  

endobacterial genomes 

Signatures of co-evolution 

between host and symbionts 

Kuo (2015), Naito et al. (2015), 

Torres-Cortés et al. (2015), Naito et 

al. (2017) 

 

ENDOHYPHAL BACTERIA: KEY PROKARYOTIC SYMBIONTS 

Endohyphal bacteria (EHB) are bacteria that live within fungal hyphae, establishing intimate associations with their 

hosts, ranging from facultative to obligate (Hoffman and Arnold 2010, Pakvaz and Soltani 2016). Based on their  

phylogenetic affiliations and genomic features, EHB can be classified into three major classes (Desirò et al. 2014, Shaffer 

et al. 2016). 

1. Class 1 EHB: Mollicutes-related endobacteria (MRE) 

These obligate endobacteria are observed primarily in arbuscular mycorrhizal fungi (AMF) and other members of 

Mucoromycota (Naumann et al. 2010, Desirò et al. 2014). They have highly reduced genomes (approximately 0.7–1.2 Mb), 

reflecting metabolic reliance on their fungal host (Kuo 2015, Naito et al. 2015). MRE are globally distributed and 

vertically transmitted through fungal spores (Desirò et al. 2014). 
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2. Class 2 EHB: Burkholderiaceae and related bacteria 

Class 2 EHB include members of the family Burkholderiaceae, including the genus Mycetohabitans, that associate 

with fungi from Glomeromycota, Mortierellomycota, and Mucoromycota (Bianciotto et al. 2003,  Santos et al. 2018). 

These bacteria have larger genomes (1.4–3.8 Mb) and can be transmitted both vertically and horizontally (Bianciotto et 

al. 2004, Arendt et al. 2016). 

3. Class 3 EHB: Diverse facultative associates 

Class 3 EHB comprise a phylogenetically diverse group of bacteria that associate with hyphae of diverse Dikarya fungi 

(Ascomycota and Basidiomycota) (Barbieri et al. 2000, 2002, Bertaux et al. 2005, Sharma et al. 2008). These bacteria 

have the largest genomes (3.9–8.5 Mb) and show no significant genome reduction, indicating facultative associations 

with horizontal transmission (Hoffman et al. 2013, Arendt et al. 2016, Boynton et al. 2019). Studies on endophytic fungi 

from Cupressaceae have also revealed diverse EHB with bioactive potential (Pakvaz and Soltani 2016, Soltani 2017). 

4. Functional roles 

EHB can influence fungal phenotypes, affecting growth, reproduction, metabolism, stress tolerance, and 

interactions with other organisms (Mondo et al. 2017, Arora and Riyaz-Ul-Hassan 2019). In AMF, the EHB 

Candidatus Glomeribacter gigasporarum enhances fungal ATP synthesis, detoxification of reactive oxygen species, 

and sporulation (Salvioli et al. 2016). The Rhizopus-Mycetohabitans interaction provides a well-characterized example, 

with bacterial control of toxin production and asexual reproduction (Partida-Martinez and Hertweck 2005, Partida-

Martinez et al. 2007). EHB can also modulate fungal stress tolerance (Lupini et al. 2022), alter carbon substrate use 

(Shaffer et al. 2017), and enhance the production of phytohormones such as indole-3-acetic acid (Hoffman et al. 2013). 

A summary of well-characterized EHB and their effects on fungal hosts is presented in Table 2. 

 

Table 2. Functional effects of endohyphal bacteria on fungal hosts phenotypes. 

Fungal host EHB partner Functional effect References 

Rhizopus microsporus Mycetohabitans rhizoxinica 
Toxin production, asexual 

 reproduction, sexual success 

Partida-Martinez and Hertweck 

(2005, 2007), Partida-Martinez 

et al. (2007), Mondo et al. (2017)  

Gigaspora margarita 

(AMF) 

Candidatus Glomeribacter 

gigasporarum 

Enhanced ATP synthesis, ROS 

 detoxification, sporulation 

Salvioli et al. (2016), Sharmin et 

al. (2018) 

Mortierella elongata Mycoavidus cysteinexigens 
Metabolic integration  

(vitamin B12, biotin) 
Sharmin et al. (2018) 

Fusarium keratoplasticum Chitinophaga sp. Altered carbon substrate use Shaffer et al. (2017) 

Pestalotiopsis neglecta Luteibacter sp. Enhanced IAA production Hoffman et al. (2013) 

Endophytic fungi from 

Cupressaceae 
Diverse EHB 

Antifungal and antibacterial  

activity 
Pakvaz and Soltani (2016) 
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MYCOVIRUSES: THE VIRAL COMPONENT OF FUNGAL HOLOBIONTS 

Mycoviruses are viruses that infect fungi, residing within fungal cells as persistent endosymbionts (Ghabrial and 

Suzuki 2009, Pearson et al. 2009, Golpayegani et al. 2026). Since their first formal description in 1962 (Hollings 1962), 

mycoviruses have been found in all major fungal phyla (Ghabrial et al. 2015, Myers et al. 2020, Golpayegani et al. 

2026). Most known mycoviruses possess RNA genomes, either double-stranded (dsRNA) or single-stranded (ssRNA), 

with only a few having single-stranded DNA (ssDNA) genomes (Yu et al. 2010, Kondo et al. 2022). 

1. Major groups and transmission 

dsRNA mycoviruses belong to several families including Partitiviridae, Totiviridae, and Chrysoviridae, typically 

forming icosahedral particles (Chiba et al. 2018, Vainio et al. 2018a). (+)ssRNA mycoviruses include Hypoviridae, 

which lack true virions and are enclosed in host-derived lipid vesicles (Hillman and Suzuki 2004, Nuss 2005). ( -

)ssRNA mycoviruses, though less common, have been increasingly recognized (Kondo et al. 2013, Liu et al. 2014), 

while ssDNA mycoviruses (Genomoviridae) represent a recent discovery with significant biocontrol potential (Yu et al. 

2010, Krupovic et al. 2015). Mycoviruses lack extracellular transmission mechanisms and depend on horizontal trans-

mission through hyphal anastomosis or vertical transmission through spores (Pearson et al. 2009, Ghabrial et al. 2015). 

2. Functional effects on fungal hosts 

Mycoviruses can exert diverse effects on their fungal hosts, ranging from cryptic infections to significant phenotypic 

alterations. Table 3 provides a comprehensive summary of major mycoviruses and their effects on fungal phenotypes. 

The most celebrated effect is hypovirulence, i.e. reduced pathogenicity of fungal plant pathogens. Cryphonectria 

hypovirus 1 (CHV1) infection of Cryphonectria parasitica reduces fungal virulence, allowing infected chestnut 

trees to recover from blight (Nuss 2005, Bryner et al. 2012, Rigling and Prospero 2018). Similarly, Sclerotinia 

sclerotiorum hypovirulence-associated DNA virus 1 (SsHADV-1) converts Sclerotinia sclerotiorum from a 

necrotrophic pathogen into a beneficial endophyte (Yu et al. 2010, Zhang et al. 2020). 

Some mycoviruses can induce hypervirulence, increasing fungal pathogenicity. In Magnaporthe oryzae, Totivirus 

infection enhances production of tenuazonic acid mycotoxin (Ninomiya et al. 2020, 2021). In the entomopathogenic 

fungus Beauveria bassiana, Polymycovirus infection increases pathogenicity toward insect hosts (Kotta-Loizou and 

Coutts 2017, Filippou et al. 2018). 

A striking example of mycovirus-mediated stress tolerance comes from the endophytic fungus Curvularia protuberata, 

which colonizes panic grasses in geothermal soils (Márquez et al. 2007). The fungus confers heat tolerance to its 

host plant only when infected with Curvularia thermal tolerance virus (CThTV) (Márquez et al. 2007, Roossinck 2011). 

This three-way symbiosis shows that mycoviruses can be essential for holobiont function in particular ecological 

systems. 

Mycoviruses can also alter fungal secondary metabolism. In Saccharomyces cerevisiae, the L-A virus and its satellite 

M dsRNA confer the killer phenotype, where infected yeasts produce mycotoxins that kill competing sensitive strains 

(Schmitt and Breinig 2002, 2006). In Aspergillus fumigatus, multiple mycoviruses cause phenotypic alterations through 

host-specific mRNA silencing (Özkan et al. 2017, Zoll et al. 2018). 
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Table 3. Functional effects of mycoviruses on fungal phenotypes. 

Fungal host Mycovirus Family 
Phenotypic 

effect 
References 

Cryphonectria parasitica Cryphonectria hypovirus 1 (CHV1) Hypoviridae Hypovirulence 

Nuss (2005), 

Rigling and 

Prospero 

(2018) 

Sclerotinia sclerotiorum 
Sclerotinia sclerotiorum hypovirulence-

associated DNA virus 1 (SsHADV-1) 
Genomoviridae 

Hypovirulence; 

conversion to 

endophyte 

Yu et al. 

(2010), Zhang 

et al. (2020) 

Rosellinia necatrix 
Rosellinia necatrix megabirnavirus 1 

(RnMBV1) 
Megabirnaviridae Hypovirulence 

Chiba et al. 

(2009), 

Kanematsu et 

al. (2014) 

Heterobasidion annosum 
Heterobasidion partitivirus 

(HetPV13-An1) 
Partitiviridae 

Growth  

debilitation; 

reduced virulence 

Hyder et al. 

(2013), Vainio 

et al. (2018b) 

Magnaporthe oryzae Magnaporthe oryzae virus (MoV) Totiviridae 

Hypervirulence; 

enhanced  

mycotoxin  

production 

Ninomiya et al. 

(2020) 

Beauveria bassiana 
Beauveria bassiana polymycovirus 1 

(BbPmV-1) 
Polymycoviridae Hypervirulence 

toward insects 

Kotta-Loizou 

and Coutts 

(2017), 

 Filippou et al. 

(2018) 

Saccharomyces cere-

visiae 

Saccharomyces cerevisiae virus L-A 

(ScV-L-A) 
Totiviridae Killer 

 phenotype 

Schmitt and 

Breinig (2002, 

2006) 

Aspergillus fumigatus Aspergillus fumigatus mycoviruses Various 

Altered 

 sporulation; 

 reduced  

pigmentation 

Özkan et al. 

(2017), Zoll et 

al. (2018) 

Curvularia protuberata 
Curvularia thermal tolerance virus 

(CThTV) 
Unassigned 

Thermal 

tolerance  

symbiosis 

Márquez et al. 

(2007),  

Roossinck 

(2011) 

Rhizopus microsporus 
Rhizopus microsporus 20S/23S 

Narnaviruses 
Narnaviridae 

Reduced asexual 

sporulation; 

 influence on  

sexual reproduction 

Espino-

Vázquez et al. 

(2020), 

Valadez-Cano 

et al. (2024) 
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THE RHIZOPUS MICROSPORUS HOLOBIONT: A MODEL SYSTEM 

Rhizopus microsporus has emerged as a well-studied example of a fungal holobiont, harboring both bacterial and 

viral endosymbionts that influence its biology (Espino-Vázquez et al. 2020, Partida-Martinez 2024). Research on 

rhizoxin-producing strains revealed that the biosynthetic genes required for rhizoxin production are not of fungal origin, 

but belong to the bacterial endosymbiont Mycetohabitans rhizoxinica (Partida-Martinez and Hertweck 2005, 2007, 

Lackner et al. 2009). The fungus provides enzymes for the biosynthesis of the 2,3-oxirane ring of the rhizoxin precursor, 

indicating close metabolic cooperation (Scherlach et al. 2012). 

Strains of R. microsporus that lack their bacterial symbionts can no longer reproduce asexually (Partida-Martinez et 

al. 2007, Mondo et al. 2017). Sexual reproduction is also influenced by the presence of both bacterial and viral symbionts, 

as zygospore production is compromised if both symbionts are eliminated (Espino-Vázquez et al. 2020, Valadez-Cano 

et al. 2024). The Narnaviruses associated with R. microsporus reduce asexual spore production, imposing a metabolic 

cost on the fungus while being vertically transmitted alongside the bacterial symbionts (Espino-Vázquez et al. 2020). 

This system demonstrates the complex interdependencies that can evolve within particular fungal holobionts. 

Currently, R. microsporus-Mycetohabitans should be considered a well-characterized model system rather than a 

universal representation of fungal-bacterial associations. The occurrence, stability, transmission and functional  

significance of microbial partners vary among fungal lineages and among host individuals. 

 

FUNGAL INNATE IMMUNITY AND THE DEFINITION OF SELF 

Fungal cells possess sophisticated mechanisms for recognizing and responding to non-self elements, maintaining 

cellular integrity, and coordinating regulated cell death (RCD) (Uehling et al. 2017, Daskalov 2023). This recognition 

system serves multiple functions, including defense against pathogens and predators, limiting mycoviral transmission, 

maintaining individual integrity, and potentially regulating symbiotic associations. 

1. NOD-like receptors (NLR)-based immunity 

Fungal NOD-like receptors (NLRs) are tripartite proteins containing a central nucleotide-binding domain (NBD), 

an N-terminal effector domain, and a C-terminal repeat domain. Fungal NLRs exhibit remarkable diversity, with at least 

12 N-terminal effector domains (Dyrka et al. 2014, Wojciechowski et al. 2022). A subset of functionally validated het 

(heterokaryon incompatibility) genes encodes NLR proteins that control allorecognition. In Neurospora crassa, the 

PLP-1 NLR recognizes the essential SNARE protein SEC-9, and perturbation of SEC-9 by incompatible interactors can 

trigger RCD (Daskalov 2023, 2026, Daskalov et al. 2017, 2020, Heller et al. 2018). 

The “guard model,” originally developed for plant immunity, provides a mechanistic framework for understanding 

fungal NLR function (Jones and Dangl 2006, Daskalov et al. 2020). According to this model, NLRs “guard” essential 

host proteins (guardees) against perturbation by pathogens or incompatible interactors. When a guardee is disrupted, 

the NLR initiates RCD, eliminating compromised cells. Experimental evidence in fungi supports NLR -mediated 

surveillance of essential cellular components, including SEC-9 surveillance during allorecognition (Heller et al. 2018). 

However, whether such surveillance generally functions as a guard mechanism for distinguishing tolerated symbionts 

from pathogens in fungal holobionts remains to be experimentally established. 

2. Evolutionary connections 

Fungal immune components exhibit striking evolutionary relationships with cell-death pathways in other kingdoms. 

Fungal gasdermin-like proteins (fGSDMs) controlling allorecognition in Podospora anserina and N. crassa share deep 

evolutionary connections with pyroptosis in mammals (Daskalov et al. 2020, Clavé et al. 2022). The HeLo domain, 

found in fungal cell-death effectors like HET-S, shares structural similarity with the four-helix bundle domain of MLKL, 

the executioner of necroptosis in mammals (Daskalov et al. 2016, Wojciechowski et al. 2022). The key components of 

fungal innate immune systems, including NLRs, HET/TIR domains, HeLo domains, and gasdermins, are summarized 

in Table 4. 

3. The iceberg model 

Paoletti and Saupe (2009) proposed that allorecognition systems may have evolved from pre-existing gene networks 

with roles outside allorecognition, likely dedicated to xenorecognition. This hypothesis is represented as a conceptual 

iceberg, with the visible portion corresponding to characterized allorecognition systems, whereas the submerged portion 

corresponds to broader immune networks from which these systems emerge (Uehling et al. 2017, Daskalov 2023). This 

model provides a conceptual framework for considering how fungi may regulate interactions with beneficial and harmful 

organisms, although its relevance to general symbiont tolerance remains to be established experimentally. 
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Table 4. Key components of fungal innate immune systems. 

Component 
Domain  

architecture 
Fungal examples 

Homologs in 

other kingdoms 
Function References 

NLRs 

N-terminal effector,  

NB domain, C-terminal 

repeats 

PLP-1 (N. crassa), 

NWD2 (P. anserina) 

Animal NLRs, 

plant R proteins 

Pathogen sensing, 

allorecognition 

Dyrka et al. (2014), 

Uehling et al. (2017), 

Heller et al. (2018) 

HET/TIR do-

mains 

~150–200 amino acid 

 domain 

HET domain proteins 

(N. crassa, P. anserina) 

TIR domains 

(TLRs, SARM1) 

NAD+ hydrolase, 

signalling 

Paoletti and Saupe 

(2009), Daskalov (2023) 

HeLo/HELL do-

mains 
Four-helix bundle HET-S (P. anserina) 

MLKL 4HB  

domain (mammals) 

Membrane  

permeabilization 

Daskalov et al. (2016), 

Wojciechowski et al. 

(2022) 

Gasdermins 

(fGSDMs) 

Pore-forming domain + 

inhibitory domain 

HET-Q1 (P. anserina), 

RCD-1 (N. crassa) 

Mammalian 

gasdermins 

Pyroptosis-like 

cell death 

Daskalov et al. (2020), 

Clavé et al. (2022) 

 

IMMUNOLOGICAL INDIVIDUALITY AND SYMBIONT TOLERANCE 

The (dis)continuity theory of immunity, proposed by Pradeu (2012, 2019), offers a framework for understanding 

how symbionts may become immunologically integrated into holobionts. According to this theory, immune responses 

are triggered by sudden changes in molecular motifs interacting with immune receptors, rather than by self/nonself 

discrimination per se. Microbes that do not trigger such changes are tolerated and may become integrated as parts of the 

physiological individual (Pradeu and Carosella 2006, Pradeu 2010). 

Applying this framework to fungi provides a conceptual model for considering how endohyphal bacteria and 

mycoviruses might become immunologically integrated (Greslehner 2020, Schneider 2021). However, direct empirical 

evidence linking the (dis)continuity theory specifically to fungal symbiont tolerance remains limited. Their presence 

does not necessarily elicit strong immune responses because they may maintain continuity of molecular interactions 

with fungal cells. In contrast, pathogens or incompatible conspecific strains that disrupt this continuity may trigger RCD 

aimed at restoring cellular integrity. In the Rhizopus holobiont, the association with Mycetohabitans provides a useful 

system for examining these questions (Partida-Martinez and Hertweck 2005, Lackner and Hertweck 2011). The 

observation that bacteria-free fungi can be reinfected with Mycetohabitans suggests dynamic rather than fixed 

immunological boundaries (Partida-Martinez et al. 2007, Mondo et al. 2017). 

 

TRANSGENERATIONAL IMMUNITY AND HOLOBIONT CONTINUITY 

Fungi display forms of physiological and defense-related individuality that may extend across generations through 

non-genetic inheritance mechanisms (Veigl 2022a, b). Growing evidence indicates that epigenetic processes, particularly 

RNA interference (RNAi) mediated by small interfering RNAs (siRNAs), can generate heritable phenotypic variation 

in fungi, including defense- and resistance-associated traits, without changes to the underlying DNA sequence (Luna et 

al. 2012, Yu et al. 2013, Cooper and Ton 2022). Although such processes do not constitute immune memory in the 

classical sense described for animals, they nevertheless demonstrate that prior environmental or biotic interactions can 

influence defense-related phenotypes in subsequent generations. 

These forms of transgenerational epigenetic inheritance have important implications for the fungal holobiont concept 

(Veigl 2022a, b). Beyond host-derived epigenetic effects, vertically transmitted endosymbionts may contribute to  

intergenerational continuity by carrying their own molecular patterns across host generations, thereby shaping  

host-symbiont interactions over extended evolutionary timescales.  Consequently, the fungal defense landscape may 
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reflect not only the contemporary symbiont community but also persistent associations inherited across generations. In 

Rhizopus microsporus, vertical transmission of both the Mycetohabitans bacterial endosymbiont and Narnaviruses has 

been demonstrated, ensuring continuity of the association across generations (Partida -Martínez et al. 2007, 

Espino-Vázquez et al. 2020). 

Such persistent, multigenerational host-symbiont associations have significant implications for understanding fungal 

individuality, adaptation and evolution (Booth 2014, Suárez 2020). 

 

PART-DEPENDENT ACCOUNTS OF HOLOBIONT INDIVIDUALITY 

Suárez and Stencel (2020) have proposed a part-dependent account of holobiont individuality, recognizing that 

different components of a holobiont may exhibit different degrees of integration. Applied to fungal holobionts, this 

perspective suggests that: 

From the fungal-host perspective, the holobiont may be seen as an immunological individual, with endosymbionts 

contributing to host immunity and fitness (Suárez and Stencel 2020). Fungal NLRs and RCD pathways may contribute 

to the maintenance of cellular integrity and the regulation of interactions with other organisms (Uehling et al. 2017, 

Daskalov 2023). 

From the endosymbiont perspective, the fungal holobiont may appear as a loose ecological community, with bacteria 

and viruses pursuing their own evolutionary interests while contributing to collective functions (Chiu and Eberl 2016, 

Skillings 2016). Endosymbiont genomes show signatures of adaptation to the host environment while retaining elements 

of autonomy (Moran and Sloan 2015, Douglas and Werren 2016). For mycoviruses, this perspective is particularly 

relevant, as viral replication depends entirely on host cellular machinery while viral genomes evolve independently 

(Roossinck 2011, Ghabrial et al. 2015). 

An alternative interpretation is that physiological integration between a fungal host and its microbial partners does 

not necessarily imply evolutionary individuality. From the host perspective, persistent symbionts may contribute to an 

integrated physiological system, whereas from the symbiont perspective, the same association may retain features of an 

ecological community in which different partners maintain partially independent evolutionary interests (Moran and 

Sloan 2015, Chiu and Eberl 2016, Douglas and Werren 2016, Skillings 2016). Thus, the fungal holobiont concept can 

accommodate different degrees of integration without requiring that every host-microbe association constitute a single 

biological individual. 

 

PHILOSOPHICAL IMPLICATIONS: RETHINKING FUNGAL INDIVIDUALITY 

The fungal holobiont concept challenges traditional notions of biological individuality by emphasizing that fungal 

boundaries may be neither fixed nor purely genetic. Rather, fungi (at least some characterized model fungi) can be 

understood as integrated physiological and defense-related units whose boundaries may be influenced by immune 

processes and persistent symbiotic associations. The unit of physiological integration in fungi is therefore not the fungal 

mycelium alone, but the fungal holobiont comprising the host and its enduring microbial partners. This perspective 

aligns with historical traditions that emphasized the open organization and aggregative character of plants and, more 

broadly, of fungi (Plessner 1928, Gilbert and Epel 2015). 

Second, immunity may contribute to defining biological boundaries. Fungal immune mechanisms, including  

NLR-based surveillance and RCD pathways, can contribute to the recognition of genetically distinct cells and the 

maintenance of cellular integrity, and may therefore influence interactions with microbial associates (Pradeu 2012, 

Heller et al. 2018, Daskalov 2023). Whether these mechanisms generally determine which microbial associates are 

tolerated as symbionts versus rejected as pathogens remains an open empirical question. 

Third, vertical transmission of symbionts and heritable immune responses may extend fungal physiological individuality 

across generations. This transgenerational continuity provides an important perspective for understanding  host-

symbiont associations, although it does not by itself establish that fungal hosts and their symbionts constitute single 

evolutionary units (Suárez 2020, Veigl 2022a, b). 

Fourth, the nested nature of holobionts, with fungi serving as both hosts and symbionts within larger assemblages, 

suggests that biological individuality may be multi-layered and context-dependent. A fungal host may participate in a 

fungal -microbial association while simultaneously forming part of larger ecological systems (e.g. plants). Thus,  

individuality may emerge from specific physiological and ecological relationships rather than being an intrinsic property 

expressed identically at every biological level. 

The holobiont concept also raises questions concerning fungal species concepts. Because microbial associates may 

vary among individuals within a fungal species, the presence of a particular bacterium or mycovirus cannot necessarily 

be treated as a defining criterion of fungal species identity. The holobiont perspective may therefore complement rather 

than replace existing fungal species concepts by drawing attention to biologically important host–microbe associations 

that occur within species boundaries. 
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CONCLUSIONS 

1. Fungi can form persistent and functionally important associations with microbial partners, including endohyphal 

bacteria and mycoviruses. These associations provide empirical support for considering fungal-microbial systems as 

holobionts that has profound implications for understanding fungal biology. However, currently, this do not establish 

that every fungal individual is necessarily a holobiont or that every holobiont constitutes a single biological individual.  

2. Key criteria for fungal holobiont individuality include physiological integration, immunological tolerance, vertical 

transmission of symbionts, and signatures of co-evolution between host and microbial partners. 

3. Both endohyphal bacteria and mycoviruses can modulate fungal phenotypes, affecting growth, reproduction,  

metabolism, stress tolerance, and pathogenicity. The diversity of reported effects indicates that microbial partners can 

substantially influence fungal biology in particular systems, although the direction and magnitude of these effects vary 

among host-microbe associations. 

4. The fungal immune system, through NLR-based surveillance of essential cellular components and regulated cell 

death pathways, contributes to self/non-self recognition and cellular integrity. Whether these mechanisms generally 

determine which microbes are tolerated as symbionts versus rejected as pathogens remains to be established. 

5. Vertical transmission of microbial symbionts and heritable epigenetic immune responses may extend fungal physiological 

individuality across generations, providing continuity to particular host-symbiont associations. 

6. A part-dependent perspective allows the fungal holobiont to be viewed as an integrated physiological-immunological 

system from the host perspective while retaining features of a multispecies ecological community from the perspective 

of its microbial partners. 

7. The nested architecture of host-microbe associations suggests that biological individuality can be multi-layered and 

context-dependent, with the degree of integration depending on specific physiological, ecological and evolutionary  

relationships. 
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 چکیده 

ها،  و مایکوویروس  یهیفهای درون ای از ارتباطات میکروبی پایدار، از جمله باکتری عنوان میزبان مجموعه ای به طور فزایندهها بهقارچ

پرسششناخته می این موضوع  این مسئله مطرح میشوند.  نیز  و  قارچی  فردیت  درباره  را  اندازه میهای مهمی  تا چه  که  توان کند 

  .ای پیچیده متشکل از یک میزبان و میکروبیوتای همراه آندر نظر گرفت؛ یعنی مجموعه ت  هولوبیون  را  میکروب- های قارچکنشبرهم

های سنتی مبتنی بر محوریت موجود این تغییر نگرش مفهومی که ریشه در مباحث فلسفی دیرینه درباره فردیت زیستی دارد، دیدگاه

شناختی و  فیزیولوژیک، ایمنی  نظر از یکپارچه بالقوه واحدهایی  عنوانبه  را میکروب- های قارچکشد و برخی سامانهزنده را به چالش می

و    به کنکاش و    کردهبندی  ها را جمع سلولی قارچهای درون، دانش کنونی درباره همزیستحاضر  مقاله  .کند شناختی بازتعریف میبوم

کنند و بر فرایندهایی  های قارچی را تعدیل میپنهان، فنوتیپناشناخته و  این شرکای اغلب    این موضوع می پردازد که چگونه  تحلیل

بیماری و  تنش  تحمل  متابولیسم،  تولیدمثل،  رشد،  میزبان  زایی  همچون  میقارچ  بهره  .گذارندتأثیر  همبا  دیدگاهگیری  از  های  زمان 

های قارچی و گسترش شناختی هولوبیونت شناختی و فلسفی، در این مقاله معیارهای تعریف فردیت قارچی، یکپارچگی ایمنیزیست 

ما بر این دیدگاه    .شوند صورت انتقادی بررسی میپذیر بههای میکروبی وراثتها از طریق همزیستفردیت فیزیولوژیک در طول نسل

شده، نقشی محوری و مسیرهای مرگ سلولی تنظیم NLR هایویژه پایش مبتنی بر گیرندهایمنی قارچ، به یستمکنیم که ستأکید می

تحمل    قارچ  عنوان همزیستها بهپویای مرزهای »خود« قارچی دارد. این سامانه با تعیین اینکه کدام میکروبگری  و تنظیمدر تعیین  

اتخاذ دیدگاه هولوبیونت قارچی    .کند صورت پویا حدود »خود« قارچی را تعریف میدفع شوند، بهبیمارگر  عنوان  یک بهشوند و کدام

شناختی ارتباطات پایدار میان  تری از اهمیت تکاملی و بوم آورد و درک عمیقها فراهم میشناسی قارچچارچوبی برای درک بهتر زیست 

 .دهدها به دست میارگانیسمها و میکروقارچ

 

 . شدهمرگ سلولی تنظیم، ها مایکوویروس ،فردیت زیستی، NLR های پروتئین، هیفیهای درونباکتری  واژگان کلیدی:
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