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The evolution of multicellularity has been one of the major transitions in the history of life.

In contrast to animals and plants, how multicellularity evolved in fungi and how it com-

pares to the general principles distilled from the study of more widely studied model sys-

tems, has received little attention. This review broadly discusses multicellular functioning

and evolution in fungi. We focus on how fungi solved some of the common challenges

associated with the evolution of multi-celled organisms and what unique challenges follow

from the peculiar, filamentous growth form of fungi. We identify and discuss seven key

challenges for fungal multicellular growth: apical growth, compartmentalization, long-

distance mass transport, controlling mutational load, cell-to-cell communication, differen-

tiation and adhesion. Some of these are characteristic of all multicellular transitions,

whereas others are unique to fungi. We hope this review will facilitate the interpretation

of fungal multicellularity in comparison with that of other multicellular lineages and will

prompt further research into how fungi solved fundamental challenges in one of the major

transitions in their evolutionary history.

ª 2020 The Authors. Published by Elsevier Ltd on behalf of British Mycological Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction structures. Multicellularity arose convergently several times
The evolution of multicellularity is invariably considered one

of the major transitions in the history of life, that allowed the

evolution of complex life forms (Grosberg and Strathmann,

2007; Knoll, 2011; Szathm�ary and Smith, 1995). Life started

as unicellular and has given rise to multicellular forms of

various complexity levels, from simple aggregates of cells to

colonies, filaments and sheets and complex, 3-dimensional
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during evolution in almost all of the major lineages

(Grosberg and Strathmann, 2007; Nagy et al., 2018; Niklas

and Stuart, 2019; Ratcliff et al., 2012; Rokas, 2008; Umen,

2014). Estimates for the number of independent origins range

from a dozen to >30, both among pro- and eukaryotes. Most

multicellular lineages are relatively simple, comprised of clon-

ally generated colonies, filaments or other aggregates,

whereas a small number of lineages reached significantly
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higher complexity (Claessen et al., 2014; Herron et al., 2019;

Knoll, 2011; Nagy et al., 2018; Taylor and Ellison, 2010; Umen,

2014). These lineages are referred to as complex multicellular

and comprise animals, plants, red and brown algae, as well as

fungi (Knoll, 2011; Nagy et al., 2018).

The large number of independent origins of multicellu-

larity have even led some to question whether it is a major

transition in terms of genetics (Grosberg and Strathmann,

2007), or if there are mechanisms that make this transition

easier somehow (Cavalier-Smith, 2017; Knoll, 2011; Mer�enyi

et al., n.d.; Nagy et al., 2018; Ratcliff et al., 2012). Each instance

of multicellularity involves somewhat different evolutionary

and molecular mechanisms, which result from lineage-

specific traits, environmental conditions and reflect predispo-

sition effects of themolecular toolkits of ancestors (Niklas and

Newman, 2013; Niklas and Stuart, 2019; Ruiz-Trillo et al.,

2007). Among the ensemble of multicellular forms, two major

modes of evolving multicellularity are distinguished (Brunet

and King, 2017; Du et al., 2015; Niklas, 2014; Niklas and

Newman, 2013; Seb�e-Pedr�os et al., 2017, 2013). Clonalmulticel-

lularity refers to groups of genetically related cells that remain

stuck together or fail to separate from each other after cytoki-

nesis. Most multicellular lineages (e.g. choanoflagellates, fila-

mentous bacteria, green plants, red and brown algae)

including the largest ones (e.g. animals, plants) evolved via

this route, probably because kinship reduces genetic conflicts

among individuals and thus lead to more stable associations

(Fisher et al., 2013). In contrast, aggregative multicellular line-

ages feed as individual cells and aggregate in response to

external cues into multi-celled assemblages (e.g. Dictyostelium

(Du et al., 2015)). Cells in these assemblages are not neces-

sarily close relatives of each other, which is a potential source

of genetic conflict and evolutionary instability (Du et al., 2015;

Fisher et al., 2013).

How fungi fit into this picture has been debated for a long

time (Knoll, 2011; Nagy et al., 2018, 2017), partly due to the

unique growth form of fungi and partly because little research

has been devoted to understanding fungal multicellularity.

Recently, a number of steps have been taken to remedy this

profound lack of information, although several questions

remain open for further research. In this article, we systemat-

ically review multicellularity-related traits of fungi with spe-

cial emphasis on their evolution and comparison with other

multicellular lineages (mainly plants and animals). We do

not provide a detailed overview of any multicellularity-

related trait or its genetic bases, rather, provide a synthesis

of current knowledge and orientation towards more specific

and detailed literature. In many cases, the biology of fungi

has been traditionally approached from the perspective of

medical or biotechnological perspectives. Here we also intend

to scrutinize accumulated knowledge in these fields from the

perspective of the evolution of multicellularity.

This review is intended for fungal biologists interested in

how fungal multicellularity compares to that of other lineages

and for biologists interested in basic principles of multicel-

lular growth in fungi. We discuss seven challenges that had

to be overcome by multicellular fungi during evolution.

Some of these are challenges other multicellular linages face

too (e.g. cell-to-cell communication, differentiation, long-

distance transport, controlling mutational load, adhesion),
but some are unique to fungi (e.g. apical growth or septation)

and there are several idiosyncrasies of fungal multicellularity,

which will be emphasized in more detail.
2. Multicellularity in fungi and other lineages

Multicellularity evolved convergently several times, of which

fungi represent a single clade. Each of the multicellular line-

ages shows a unique combination of genetic and mechanistic

solutions tomajor hurdles tomulticellularity, which is depen-

dent on the lineage’s ecology, ancestry, genetic heritage and

the geological conditions under which they evolved

(Grosberg and Strathmann, 2007; Nagy, 2017; Niklas, 2014;

Niklas and Newman, 2013; Parfrey and Lahr, 2013). However,

some similarities come up in all or most lineages that reflect

common barriers to the evolution of multicellularity.

A recurrent theme theorizes that the evolution of stably

multicellular organisms involves a sequence of evolutionary

innovations in adhesion e communication e differentiation

(Abedin and King, 2010; Knoll, 2011; Niklas and Newman,

2013; Parfrey and Lahr, 2013) (Fig. 1A). Adhesion is the first

step for most lineages for forming multi-celled assemblages

and is usually mediated by sticky cell surface molecules (pro-

teins, glycoproteins, polysaccharides, etc). Some of the multi-

celled clusters are transient, whereas others are stable

throughout the life cycle (Fig. 1B). In the growing colonies con-

flict naturally arises between individual cells as competition

for resources or for reproduction ensues (Michod and Roze,

2001; Ratcliff et al., 2012). Lineages that successfully resolved

these conflicts evolved mechanisms for cell-to-cell communi-

cation (with the potential exception of volvocine algae), which

enabled a division of labor between cells and higher level dif-

ferentiation (e.g cell types, tissues) and eventually a geneti-

cally encoded developmental program that choreographs the

emergence of species-specific morphologies.

This model scenario largely emerged from research on the

animal lineage, in which choanoflagellate-like morphologies

are hypothesized to represent intermediate forms (Brunet

and King, 2017; Knoll, 2011; Niklas and Newman, 2013; Seb�e-

Pedr�os et al., 2017). It seems to apply well to most lineages of

clonal multicellular organisms in general (e.g. Fig. 1A, C).

Fungi have been interpreted as a lineage of clonally multicel-

lular organisms (Brunet and King, 2017) (because of the

continuous multiplication of nuclei within a thallus) that

grow as apically extending hyphae. However, due to their

peculiar growth form, the emergence of multicellularity in

fungi followed somewhat different principles. First, the evolu-

tion of multicellular fungi probably started with the gradual

elongation of root-like chytrid structures (Dee et al., 2015;

Harris, 2011; Kiss et al., 2019) and the evolution of an efficient

cellular machinery that enables fast apical extension of hy-

phae (see below). Because of the coenocytic nature of hyphae,

clonality in fungi need to be interpreted at the level of nuclei

(in coenocytic hyphae) rather than at the level of cells (as

e.g. in choanoflagellates).

Also as a consequence of hyphal growth, the emergence of

the first multi-celled fungi did not involve the adhesion of

cells to each other. Adhesion, therefore, likely had little

importance in the first steps of the evolution of multicellular



Fig. 1 e A general scheme for the evolution of multicellularity in various lineages. A, the evolution of clonal multicellularity

generally requires evolutionary innovations in cell adhesion, communication (marked by arrows in neighboring cells) and

differentiation. B, Transient multicellularity in aggregative multicellular lineages. C, scheme for the evolution of clonal

multicellularity through the example of green algae, starting from unicellular Chlamydomonas-like state through undiffer-

entiated multi-celled clusters (e.g. Yamagishiella spp) to Volvox-like complex morphologies.
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fungi. Consistent with this, reconstructed ancestral reper-

toires of adhesion-related and kinase genes are low in fungi,

with no apparent gene family expansion coincident with the

evolution of multicellular hyphae (Kiss et al., 2019). The emer-

gence of multicellular fungi, however, required mechanisms

for closing cellular compartments off of each other by septa

and for synchronizing cellular behaviors via communication.

Cell-to-cell adhesion in fungal multicellularity became impor-

tant in 3-dimensional structures, such as fruiting bodies,

mycorrhizae, sclerotia, etc, which emerged much later during

fungal evolution (Kiss et al., 2019; Krizsan et al., 2019; Nagy

et al., 2018). Therefore, we suggest that instead of the common

sequence of innovations in adhesion, communication and dif-

ferentiation, the evolution of multicellular fungi may have

been choreographed by key innovations in elongation,

compartmentalization, communication, differentiation and

adhesion. From this it follows that a number of hurdles to
multicellularity affected fungi differently than they did in

other lineages. In the next sections, we will discuss these

and the mechanisms that fungi evolved, with comparisons

to other multicellular lineages.
3. Complex or simple multicellularity: where
are the limits?

Along the continuum of complexity levels of multicellular or-

ganisms, simple and complexmulticellularity are often distin-

guished. Even though nature usually resists discretely

categorizing its diversity, a distinction between simple and

complex multicellularity seems practical for many reasons.

Knoll (Knoll, 2011; Knoll and Hewitt, 2013) exhaustively dis-

cussed this distinction and provided a definition that is easy

to apply to any organism. In simple words, he considers 3-
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dimensional, compact structures as complex multicellular

and everything else as simple multicellular. Technically, the

key consideration of his definition is whether or not all cells

of the organism are in direct contact with the environment.

In simple multicellularity, each of the cells can interact with

the environment and acquire nutrients or oxygen, whereas

in complex multicellularity there are cells which share con-

tact only with other cells (Fig. 2B). Cells that are separated

from the environment by several cell layers can not acquire

oxygen and nutrients simply by diffusion, necessitating

mechanisms that circumvent this limitation.

The term complex multicellularity has been used with

various meanings in fungi. For example, Nguyen et al.

(Nguyen et al., 2017), Etxebeste et al. (Etxebeste et al., 2019),

Goncalves et al. (Gonçalves et al., 2019) recently considered
Fig. 2 e Complex vs. simple multicellularity in fungi. A, Comple

mycelium (Aspergillus niger, left), simple developmental process

development (fruiting bodies, Coprinopsis cinerea, right) B, exam

animals, green plants, red and brown algae), with key traits of
all fungi that produce a vegetative mycelium as complex

multicellular. Goncalves et al. and Etxebeste et al. emphasized

the genetically programmed, albeit simple, developmental

program that occurs in asexually sporulating fungi as a key

complex trait. We followed Knoll in considering only three-

dimensional structures, such as fruiting bodies, sclerotia,

ectomycorrhizae, etc, of Asco-(Mer�enyi et al., n.d.;

Nowrousian, 2018; Taylor and Ellison, 2010) and Basidiomy-

cota (Kiss et al., 2019; Krizsan et al., 2019; K€ues et al., 2018a;

Nagy, 2017; Nagy et al., 2018) as complex multicellular. The

seemingly conflicting application of the term roots in the

unique dimensionalities and the continuumof developmental

complexity levels that exist in fungi (Fig. 2). First, vegetative

mycelia follow fractal-like branching patterns (Harris, 2019;

Laundon et al., 2019; Obert et al., 1990) and are, therefore,
xity levels of multicellular fungi, ranging from vegetative

es (conidiation of A. niger, middle) and complex multicellular

ples of the five main complex multicellular lineages (fungi,

complex multicellularity shown beneath for each.
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not clearly 3-dimensional. Analyses of hyphal growth using

fractal geometry reported fractal dimensionalities ranging

from1.2 to 2.0 (Papagianni, 2006; Prosser, 1995). Second, genet-

ically encoded developmental programs exist in most fungi

(even unicellular chytrids or yeasts) and their products range

from simple sporangia and conidiophores to the most com-

plex mushroom morphologies of the Agaricomycotina.

However, only in some fungal developmental structures

harbor cells that are not in direct contact with the environ-

ment. Therefore, it appears that fungi comprise a case that

is hard to unambiguously squeeze into discrete categories

created for other lineages. However, if we interpret

complexity at the level of different developmental stages,

then dimensionalities and cell-to-cell or cell-to-environment

contacts can provide a clear picture for guiding classifications.

Vegetative mycelia, reproductive structures made up of indi-

vidual hyphae (e.g. conidiophores, scattered basidia) as well

as yeast colonies and biofilms seem to be closer to simple

multicellular than complex, whereas fruiting bodies (both

asexual and sexual), rhizomorphs, ectomycorrhizae, sclerotia,

and other 3-dimensional structures are complex multicel-

lular. Given that organisms rarely evolve to be fit into ‘boxes’,

yet other, hard to classify, intermediate forms may still exist.
4. Apical growth and terrestrialization

Much of the uniqueness of fungal multicellularity derives

from the fractal-like growth patterns of hyphae. Hyphal

growth via polarized apical extension is undoubtedly a key

innovation for fungi, with similar solutions being limited

across the tree of life (e.g. Oomycota, pollen tubes or axons).

It is important to note that hyphae are not analogous to other

forms of filamentous multicellularity that evolved in several

prokaryotic (cyanobacteria) or algal lineages: these emerge

by the failure of cell division to complete with cell separation

(Claessen et al., 2014; Niklas, 2014; Rossetti et al., 2011),

whereas hyphae grow at the tip and cellular compartments

get closed off by cross-walls in a sequential manner.
What could have driven the evolution of hyphae?

Apical growth is achieved by the coordinated secretion and

incorporation of cell wall materials in the tip region. The

cellular mechanisms of hyphal growth have been reviewed

in detail recently (Harris, 2011; Riquelme et al., 2018;

Steinberg, 2007; Sudbery, 2011), here we focus on the putative

driving forces of the evolution of hyphae. The first question to

examine is why a hyphal thallus represents the optimal solu-

tion for fungal multicellularity? Three important factors

driving the evolution of hyphaemight have been the evolution

of the cell wall, that of osmotrophy (feeding by the uptake of

the products from the extracellular decomposition of macro-

molecules, more precisely, lysotrophy (Berbee et al., 2017;

Kiss et al., 2019; Leonard et al., 2018; Nagy et al., 2018;

Richards and Talbot, 2018)) and the invasion of land (Dee

et al., 2015; Harris, 2011; Kiss et al., 2019; Sekimoto et al.,

2011). Mutualistic interactions between fungi and plants are

widely accepted as a prerequisite for plant terrestrialization,

which, in turn, might have also required that the fungal
partner evolves efficient mechanisms for nutrient acquisition

across patchy habitats. Evolutionary precursors of fungi were

probably wall-less, phagotrophic opisthokonts. The evolution

of osmotrophy and that of a rigid cell wall first emerged in a

part of the life cycle (Richards et al., 2017) (e.g. sporangia of

chytrid or Blastocladiomycota fungi), probably way before hy-

phae. The combination of a sessile, walled thallus and osmo-

trophic feeding habit constrains how nutrients can be

obtained, especially in terrestrial habitats. It follows that the

acquisition of patchy terrestrial nutrients required mecha-

nisms for traversing larger distances, for which fast apical

growth of tubular hyphae might have offered a solution. Hea-

ton et al. recently showed by computational modeling that in

the presence of patchy and recalcitrant resources a hyphal

advantage emerges, which explains mechanistically why fila-

mentous fungi, not unicellular microbes dominate hard-to-

digest food sources (Heaton et al., 2020). A complementary

consideration is that the cell wall and osmotrophy have

passively driven the emergence of hyphae by constraining

the potential evolutionary trajectories fungi might have taken

on their route to invading land (Kiss et al., 2019).

Avoiding conflicts and maximizing the efficiency of

acquiring soluble goodsmight have also favored the evolution

of a filamentous growth form in evolution. The production of

extracellular enzymes is costly, and it is the interest of the or-

ganism to optimize investment/nutrient uptake ratios. Hy-

phal filaments fill available space in a fractal-like manner,

ensuring that soluble nutrient compounds generated by

secreted lytic enzymes can be most efficiently absorbed.

Related to this concept, competition for food by neighboring

cells can lead to intra-group conflicts (Rokas, 2008). By

fractal-like growth, neighboring hyphaeminimize the amount

of conflict that might arise within the colony. Whether maxi-

mizing nutrient acquisition efficiency, minimizing conflicts or

both, drove the evolution of fractal-like growth patterns of hy-

phae is hard to speculate, nevertheless, hyphal multicellular

systems display both properties.

In which groups did hyphae evolve?

Looking across the fungal tree of life, the earliest diverging

clades in which we find hyphae-like structures are the Blasto-

cladio- and Chytridiomycota, suggesting that hyphae evolved

already in these groups (Harris, 2011; Stajich et al., 2009). In

these clades we find a remarkable diversity of hyphae-like

forms, from thin aseptate ones resembling Mucoromycota hy-

phae to wide, sausage-like, zoospore-bearing structures of

Allomyces. However, the phylogenetic distribution of hypha-

like structures in these clades is patchy, indicating an intricate

evolutionary history of hyphae. For example, phylogenetic an-

alyses indicated that unicellular and hyphal Monoblepharido-

mycetes (Chytridiomycota) are sister taxa, which implies an

independent origin of hyphae in this class (Dee et al., 2015).

The Monoblepharidomycetes and other taxa with hypha-like

structures provide evidence for convergence of hyphae in

early-diverging clades (Dee et al., 2015; Kiss et al., 2019), which

probably evolved in response to common driving forces

mentioned above. Hyphae become dominant in the Mucoro-

mycota (Stajich et al., 2009), which contain some of the com-

mon molds that grow on dung or damaged fruits. Most early



156 L. G. Nagy et al.
hyphae were aseptate, although it’s worth noting that septa

can develop between reproductive and vegetative structures

already in the earliest fungal clades. Hyphae remained

conserved across most fungi, with a few apparent losses in

yeast-like lineages, although it appears that hyphal growth

is rather suppressed in these lineages instead of being irre-

versibly lost (Kiss et al., 2019; Nagy et al., 2014).
What could have been the precursor to hyphae?

What morphological structure hyphae derive from has inter-

ested mycologists for a long time. Both hypotheses that have

been put forth on the morphogenetic origins of hyphae desig-

nate chytrid fungi as precursors (Dee et al., 2015; Harris, 2011)

(Fig. 3). Harris posited that substrate-anchoring rhizoids of

chytrids were the morphological precursors of hyphae

(Harris, 2011, 2008). Rhizoids are thin, apically growing struc-

tures that anchor chytrid sporangia to various substrates

(Fig. 3). The fractal-like branching typical of hyphae emerged

at least as early as substrate-anchoring rhizoids of chytrid

fungi and it was recently shown that the chytrid Rhizoclosma-

tidum globosum can control rhizoidmorphogenesis in response

to starvation (Laundon et al., 2019), just like hyphae do. These

collectively suggest that a morphogenetic link between

nutrient uptake and fractal-like growth emerged already in

chytrids that did not yet have real hyphae. These observations

on chytrid rhizoid biology combined with other similarities

(e.g. actin cytoskeleton structure (Dee et al., 2019)) between

rhizoids and hyphae suggest that rhizoid-like structures

were likely precursors to fungal hyphae (Dee et al., 2019,

2015; Harris, 2011, 2008; Kiss et al., 2019; Nagy et al., 2018,

2017; Stajich et al., 2009). In marginal support of this hypothe-

sis, rhizoidal hyphae also exist in some Mucoromycota (e.g.

Rhizopus stolonifer, see Fig. 3), which anchor the coenocytic fila-

mentous thallus to the substrate (Hernandez-Lauzardo et al.,

2006). The other hypothesis posits that hyphae-like
Fig. 3 e Key stages of the evolution of multicellularity in fungi.

zoids of unicellular chytid fungi (left). Rhizoids exist in some M

evidence for probable morphological precursors towards filame
connections between thalli of polycentric chytrids (e.g. Physo-

cladia spp.) were intermediates to true hyphae (Dee et al.,

2015).

When did hyphae evolve?

Fossils, unfortunately, provide little information, despite

recent discoveries of very old fossils that convincingly appear

fungal (Bonneville et al., 2020; Loron et al., 2019) and push the

fossil record of fungi back by 250e500myr. One of the recently

discovered fossils (Bonneville et al., 2020) from the Neoproter-

ozoic (810e715 million year old) is a filamentous network con-

taining traces of chitin and partial septa. Based on

morphology, a similarity of this fossil to extant Blastocladio-

mycota has been noted. This fossil, if truly was a hyphal fun-

gus, represents a step towards closing the gap between the

fossil record andmolecular clock estimates. Recent molecular

clock studies provided age estimates ~700million years for the

last common ancestor of the Dikarya and the Mucoromycota

(Chang et al., 2015), which conceivably had true hyphae (also

supported by phylogenetic analyses, see (Berbee et al., 2017;

Dee et al., 2015; Kiss et al., 2019)). Other hyphal remains of

fungi, resembling Blastocladio- and Glomeromycota, have

been reported from the Devonian Rhynie chert, ~407 million

years ago (Berbee et al., 2017; Strullu-Derrien et al., 2018).

What genetic innovations underlie the evolution of hyphae?

Comparisons of the genomes of filamentous and unicellular

fungi revealed surprising conservation of genes related to hy-

phal growth in plesiomorphically unicellular fungi and related

eukaryotes (Kiss et al., 2019). Hyphal growth involves various

molecular processes and components, such as polarity estab-

lishment and maintenance, septum formation, microtubules,

the actin cytoskeleton, vesicle transport, cell wall biogenesis

and modification as well as corresponding transcriptional
Hyphae presumably evolved from substrate-anchoring rhi-

ucoromycota species, (e.g. Rhizopus spp, middle) providing

ntous fungi (e.g. Aspergillus spp., right).



Fig. 4 e The tip of an Armillaria rhizomorph. The yellow

subapical region represents a slowly dividing group of cells.
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regulators and signaling pathways. By systematically recon-

structing the evolution of genes related to these functions,

we showed that most genes used by extant fungi for hyphal

growth are deeply conserved among eukaryotes (Kiss et al.,

2019). Most of these gene families showed no or little duplica-

tion in correlation with the emergence of hyphae, indicating

that fungi likely co-opted conserved eukaryotic genes for hy-

phal growth during evolution. While very few duplications

were observed, the emergence of hyphae coincided with

some changes to the sequence properties (gene lengths,

domain composition, and intron properties) of hyphal

morphogenesis genes. Only a small number of hypha-

related families (17) were found to have originated in correla-

tion with the emergence of hyphae.

These observationsmirror patterns seen in the evolution of

multicellular animals (Seb�e-Pedr�os et al., 2017): most

multicellularity-related genes seem to have been co-opted

from ancestral, unicellular precursorswith limited innovation

through duplication. A surprising pattern that seems to be

characteristic of fungi is the delayed expansion of kinases,

cell surface receptors and adhesion-related genes. These

genes are expanded in most multicellular lineages, ranging

from animals (Grau-Bov�e et al., 2017; Miller, 2012), plants

(Umen, 2014) and brown algae (Cock et al., 2010), however, in

filamentous fungi we did not observe any diversification coin-

cident with the emergence of hyphae. Kinases and adhesion-

related genes expanded in the Agarico- and Pezizomycotina,

presumably reflecting the origins of complex multicellular

fruiting bodies in these clades, which require more sophisti-

cated signaling and adhesion mechanisms (Kiss et al., 2019).
5. Compartmentalization and network
formation

As explained above, the first challenge for fungi to overcome

may have been the patchy distribution of nutrients on land,

for which apically growing hyphae might have been an

optimal solution. However, in parallel with the emergence of

a hyphal network, new challenges also arose. Early fungal

thalli were probably filamentous cellular syncytia, in which

the flow of cytoplasm and that of organelles were hardly regu-

lated (Riquelme et al., 2018; Roper et al., 2015). While a syncy-

tial continuity of the cytoplasm facilitates growth and

communication (see below), it potentially also allows the

fast spread of pathogens through the network or the ‘bleeding’

of cytoplasmic contents upon an injury. Fungi evolved various

mechanisms to compartmentalize hyphae and to regulate the

flow of organelles and cytoplasm.

Fungi form individual cells by septation, the process of

compartmentalizing hyphae by various septal structures and

occlusions. The mechanisms of septum formation have

recently been reviewed in detail (Riquelme et al., 2018;

Steinberg et al., 2017). Briefly, septum formation is analogous

to cytokinesis in animal and yeast cells and involves the for-

mation of a contractile actomyosin ring that leaves a central

pore on the cross-wall between adjacent cells. From an evolu-

tionary perspective, a continuum of septum morphologies

and diameters exist; from narrow invaginations that hardly

interfere with flow, to complete closure of neighboring hyphal
cells. Mechanisms for completely plugging the septa evolved

in the Dikarya (Berbee and Taylor, 2010; Jedd, 2011; Stajich

et al., 2009), whereas earlier diverging fungi in the Mucoromy-

cota, Zoopagomycota, Chytridiomycota and Blastocladiomy-

cota mostly form incomplete septa. Both main phyla in the

Dikarya, the Asco- and Basidiomycota, evolved complex

mechanisms for septal pore gating. Although these evolved

for the same general function, the two phyla evolved different

solutions: while Ascomycota (Pezizomycotina) haveWoronin-

bodies, the Basidiomycota evolved various septal pore cap

structures, which presumably differentiate from the endo-

plasmic reticulum (Jedd, 2011).

Besides apical growth and branching, the third funda-

mental process that contributes to the topology of the myce-

lium is fusion (Fleibner and Glass, 2007; Read et al., 2009).

Hyphal fusion increases the connectivity of the network,

which contributes to network robustness and has a number

of positive consequences, for example, in how fast mass

flow can be rewired across the network. Interconnections be-

tween hyphae appear key for long-distance nutrient translo-

cation by providing pathways along which reallocation of

soluble good can be organized (Fricker et al., 2017). Hyphal

fusion starts with a communication process that is relatively

well known in filamentous fungi. The process is best studied

inNeurospora crassawhich provides amodel system for under-

standing fungal communication (Daskalov et al., 2017; Fischer

and Glass, 2019; Fleibner et al., 2008; Glass and Dementhon,

2006). Fusion of genetically identical cells in Neurospora and

Sordaria includes >70 genes (e.g. the STRIPAK complex

(Elramli et al., 2019; Reschka et al., 2018; K€uck et al., 2016))

and is tightly integrated with the recognition of non-

compatible partners, although the signal molecule is not

known. Interactions between genetically incompatible cells,

on the other hand, can trigger cell death (Glass and

Dementhon, 2006; Gonçalves et al., 2017), an important trait

of multicellular organisms for removing unnecessary cell

(populations), sculpting morphological structures, or contain-

ing the spread of infections or cheater genotypes.
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6. Controlling mutational load

Eachmulticellular organism faces the challenge of preventing

the accumulation of deleterious mutations resulting from

DNA copy errors during cell division. Animals achieve this

by segregating a quiescent germ-line from somatic cells early

in their development (Weismann, 1893). Plants also segregate

a slowly dividing cell population, called meristem, that effec-

tively decreases the number of mutations passed on to the

next generation (Lanfear, 2018; Walbot, 1985).

Fungal mycelia continuously accumulate mutations as

nuclei divide, requiring mechanisms for avoiding mutational

meltdown. Although measuring the mutation rate of filamen-

tous fungi is difficult, estimates suggest that they have

remarkably robust genomes: the mutation rate per site per

mitosis was estimated between 1.1e4.2 � 10�11 for Aspergillus

(�Alvarez-Escribano et al., 2019), 7.2 � 10�11 for Neurospora

crassa (Drake, 1991), with significantly lower estimates,

3 � 10�14 for Armillaria gallica (Aanen, 2014; Anderson and

Catona, 2014) and 3.8 � 10�12 for Marasmius oreades (Hiltunen

et al., 2019). For comparison, the mutation rate of human so-

matic tissues varies between 1.6 � 10�7 and 3.5 � 10�9 per

site per mitosis (Werner and Sottoriva, 2018), it is 7 � 10�9

for Arabidopsis thaliana somatic cells (Ossowski et al., 2010),

and 3.3 � 10�11 for human germline cells (Milholland et al.,

2017)
Fig. 5 e Long-distance mass transport in fungi. Non-resource-u

overgrowth nutrient pour areas, while other species (B) can exp

distance mass transport can be achieved at the level of myceliu

sources with long-distance transport structures (LTS) (D). LTS c

developing fruiting bodies or the growing mycelium. Red arrow

driven by several mechanisms, but regulation at the whole org
Due to the apical growth of hyphae, fungi are not able to

segregate slowly dividing cell populations, necessitating

differentmechanisms for keepingmutations in check. Several

hypotheses have been put forth in fungi (Aanen, 2014;

Hiltunen et al., 2019). One possibility is that DNA repair mech-

anisms evolved higher fidelity, for example through the in-

crease of DNA repair gene copy numbers, as it was reported

for long lived animals (Abegglen et al., 2015), though recent

data does not seem to support this (Hiltunen et al., 2019).

Armillaria rhizomorphs (shoestring-like underground organs

for clonal dispersal), were hypothesized to harbor a slowly

dividing apical cell population and that cell divisions take

place in the subapical zone, minimizing the number of cell di-

visions, similarly to plant shoots (Anderson and Catona, 2014)

(Fig. 4). However, most fungi lack rhizomorphs, suggesting the

existence of other, more universal mechanisms in fungi.

Another possibility to explain the lownumber ofmutations

in fungi is the non-random segregation of sister-chromatids

during cell division. DNA-replication is a semi-conservative

process and results twoDNA duplexes, each containing a tem-

plate and a daughter strand. After these newly formed DNA

duplexes are replicated once more, one of the sister chroma-

tids will contain the ‘‘old’’ template strand, therefore sister

chromatids will differ in age. In case of non-random segrega-

tion of sister chromatids duringmitosis, the template contain-

ing sister chromatids co-segregate. To investigate the

behavior of sister chromatids in fungi, Rosenberger and Kessel
nit-restricted species (A) can exploit new food sources by

loit new resources exclusively via spore propagation. Long-

m (C) with e.g. trunk hyphae or between different food

an connect different food sources, mycorrhizal partners, the

s show the presumed direction of mass flow, which can be

anism level is barely known.
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labeled the nuclei ofAspegillus nidulans by radioactive adenine.

Inoculating uninucleate conidia e that contain labeled DNA e

on non-radioactivemedia theywere able to follow the original

chromosome set during 4 and 8 rounds of mitosis. They have

found that the labeled DNA is not dispersed randomly along

the hyphae, instead, it can be found near the growing tip.

This process can be explained by the non-random segregation

of sister chromatids duringmitosis and suggests the existence

of a mechanism that can differentiate and position “old”

nuclei to the tip of the hyphae (Rosenberger and Kessel,

1968). Later, Cairns proposed the immortal strand hypothesis,

which posits that, via the co-segregation of sister chromatids

containing “old” DNA, stem cells retain the original genome to

prevent the accumulation ofmutations passed on to next gen-

erations (Cairns, 1975). This hypothesis was invoked recently

to explain the extremely low mutation rates in M. oreades

(Hiltunen et al., 2019) and A. gallica (Anderson and Catona,

2014).

In the context of fungal hyphae, the immortal strand hy-

pothesis would imply that the old DNA strands are retained

at the growing tip. However, in a mycelial colony hyphae

branch extensively. During branching, one of the tips inevi-

tably receives the copy strands, resulting in a mutational

load in each hyphal tip proportional to the branching events,

which still results in the accumulation of mutations over

time. To resolve this contradiction, Aanen propounded that

in a radially growing colony, after reaching an optimal hyphal

density, the number of branching events needed to maintain

it, decreases (Aanen, 2019). Together, non-random segrega-

tion of sister chromatids and the decrease in the number of

branching events as the mycelial colony expands might keep

the number of accumulated mutations low at the growth

front.

In amycelial colony, the growth front continuously renews

and expands the colony that can reach extreme sizes and age

(Anderson and Catona, 2014). Therefore, it is crucial to keep

relatively intact genetic material at that region. The non-

random segregation of sister chromatids and the positioning

of the “old” DNA to hyphal tips can be seen as a nucleus level

mechanism for “germline-soma segregation” in fungi, that

might spatially control the accumulation of new mutations

resulting from the increasing number of cell divisions. Howev-

er, more experimental support is needed to understand how

conserved this mechanism is among fungi.
7. Long-distance transport

While increased body size might have been the main driver of

the evolution of long-distance transport in most multicellular

organisms, the patchiness of food sources probably played a

major role in fungi. Feeding over patchy nutrients requires

the ability of efficient long-distance mass transport to bridge

over nutrient rich areas (even meters away). Species capable

of that (referred to as non-resource-unit-restricted

(Anderson et al., 2018; Boddy, 1999; Heaton et al., 2010;

Olsson, 2001), can flexibly react to spatial changes in food

availability and could gain advantages over others in spatially

diverse environments (Heaton et al., 2020). Fungi, just like an-

imals and plants, evolved a range of long-distance mass
transport mechanisms (Fig. 5) (Fricker et al., 2017; Monahan-

Earley et al., 2013; Raven, 2018). Motor-driven transport can

outperform diffusion, but it has a limited capacity (up to

1.44 cm h�1). Mass-flow is themost effective solution in plants

and animals, but the driving force can vary a lot. In animals

mass transport can be driven by pressure generated by con-

tractile tissues or organs (Monahan-Earley et al., 2013;

Sherman, 1981), while in plants various models of transport

based on actively/passively generated pressure differences,

evaporation or cohesion were proposed (for detailed descrip-

tion see e.g.(De Schepper et al., 2013; Raven, 2018). In fungi,

mass-flow can also be driven by several mechanisms: evapo-

ration or guttation at specific sites of the mycelium (Brownlee

and Jennings, 1981; Coggins et al., 1980), or in the fruiting body

(Cowan et al., 1972; Geer et al., 1990), low pressure generated

by a mycorrhizal partner (Cairney, 1992; Whiteside et al.,

2019) or a negative pressure created by the expanding hyphal

tip (referred to as growth-induced mass flow (Heaton et al.,

2010). These mechanisms can potentially work simulta-

neously in one fungal thallus, but their regulation at thewhole

organism level remains unknown. Some mechanisms have

been described which can regulate mass flow locally (Fricker

et al., 2007), like the insulation of hyphae by hydrophobins

(Bayry et al., 2012) or pigments (Cordero and Casadevall,

2017); forming septa and changing their permeability (Daly

et al., 2020; van Peer et al., 2009); creating anastomoses

(Simonin et al., 2012); moving water against the free energy

gradient via the activity of chloride-cation cotransporters

(Hartmann et al., 2014) or non-circadian oscillatory control

of the direction of transport (Schmieder et al., 2019; Tlalka

et al., 2003).

Besides the abovementionedmechanisms, mass transport

can also be facilitated by specialized structures (Fig. 5). These

include transporting hyphae, hyphal aggregates, strands,

cords or rhizomorphs. Transport-specialized trunk hyphae,

in which the direction of transport altered in every 3 h, were

characterized in Coprinopsis cinerea (Schmieder et al., 2019).

More complicated structures differ in morphological

complexity or the mode of development, but we here discuss

them under the term long-distance transport structures (LTS).

The simplest LTS are homogeneous aggregates of hyphae,

whereas more complex LTS contain vessel, tendril or fiber hy-

phae (Cl�emencon et al., 2012; Fricker et al., 2017) and may be

differentiated into rind, cortex andmedulla (e.g.Armillaria rhi-

zomorphs) (Yafetto, 2018). These structures could be key for

reaching a high velocity (from 2 to 148 cm h�1) of mass trans-

port in fungi (Fricker et al., 2017).

To our best knowledge no study on the evolutionary origins

of long-distance transport in fungi exists. LTS could have

existed in the SilurianeDevonian periods based on fossil evi-

dences (Tortotubus protuberans (443e359 mya) (Auxier et al.,

2016; Smith, 2016), or Glomites rhyniensis (419e393 mya)

(Taylor et al., 1995)), however how long-distance transport

evolved in hyphae or in LTS is still unknown. It is conceivable

that long-distance transport could have evolved in parallel

with other fungal traits (septum formation, hyphal fusion,

etc.), which made exploration of food resources and living in

heterogeneous environments possible by circumventing the

limitation of diffusion and connecting resource rich and

poor sites within the fungal body.
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8. Communication

Cell-to-cell communication is key in multicellular organisms,

for organizing group behaviors, the division of labor, differen-

tiation or defense (Du et al., 2015; Knoll, 2011). Cells need to be

able to send and sense signals that inform them and their

neighbors on spatial coordinates, nutritional status, morpho-

genetic states and a range of other attributes that multicel-

lular organisms need to coordinate. Cell-to-cell

communication and associated signal transduction pathways

have been extensively studied in multicellular animals and

plants (Bich et al., 2019; Bloemendal and K€uck, 2013; Brunet

and King, 2017; Seb�e-Pedr�os et al., 2017; Tong et al., 2017),

whereas comparatively less knowledge is available in fungi.

Fungi engage in a wide range of communication processes to

relay information between their own cells as well as towards

other microbes they share their habitat with (Cottier and

M€uhlschlegel, 2012; K€ues et al., 2018b). Here we focus on

cell-to-cell communication that happens among cells of the

same fungal individual. Inter-species communication and

warfare (e.g. via secondary metabolites) is an intensely

researched field, but is not strictly a multicellular function,

so we only refer to recent reviews on this topic (Bahn et al.,

2007; Biswas et al., 2007; Brown et al., 2018) and not discuss

it further here.

In animals and plants the main channels for communica-

tion are gap junctions and plasmodesmata, respectively, be-

sides secreted molecules in both kingdoms. The best known

intercellular channel for cell-to-cell communication in fungi

are pores at septa and associated septal pore structures that

separate hyphal compartments from each other

(Bloemendal and K€uck, 2013). Septal pores allow the regulated

flow of molecular signals, cytoplasm and even organelles

(Jedd, 2011). However, communication through septal pores

enables the streaming of information only along the hyphal

axis. Fungal hyphae fill a 3-dimensional space, necessitating

mechanisms for communication between neighboring or

even more distantly spaced hyphae, similarly to what occurs

in plants and animals through hormones and other secreted

molecules. However, this mode of communication in fungi is

much less known.

Signal transduction pathways became significantly more

diverse in multicellular species compared to unicellular

ones, and comparative genomic analyses have shown that

this diversity stems from an expansion of corresponding

gene families coincident with the emergence of multicellu-

larity. Cell surface receptors (e.g. G-protein coupled receptors,

GPCRs), receptor kinases as well as tyrosine and

serineethreonine kinases have expanded in multicellular an-

imals (Brunet and King, 2017; deMendoza et al., 2014; King and

Carroll, 2001; Miller, 2012; Pincus et al., 2008; Seb�e-Pedr�os

et al., 2010; Suga et al., 2012; Tong et al., 2017), plants

(Bowles et al., 2020; Coates et al., 2015; De Clerck et al., 2018;

Umen, 2014) and even in brown algae (Cock et al., 2010). While

receptor kinases (proteins that contain both a receptor and an

intracellular kinase domain) are central to plant and animal

signal transduction (De Clerck et al., 2018; Miller, 2012;

Pincus et al., 2008; Shiu and Bleecker, 2001), we recently did

not find evidence for the presence of receptor kinases (except
the low diversity histidine kinases) in fungi (Kiss et al., 2019;

Krizsan et al., 2019). Orthologs of animal tyrosine kinases

seem to be missing in fungi (Krizsan et al., 2019; Miller, 2012;

Zhao et al., 2014), however, tyrosine kinase-like kinases

(TKLs) show characteristic expansions in complex multicel-

lular fungi. Fungi also show expansions in unique kinase fam-

ilies, including the FunK1 family, which seems to be specific to

fungi and is greatly expanded in some lineages (Stajich et al.,

2010).

While recent comparative genomic analyses uncovered

significant expansions of intracellular kinases in complex

multicellular fungi (e.g. (Krizsan et al., 2019)), whether these

kinases are functionally linked to the higher complexity level

of these fungi remain to be established. Further, while the

observed kinase expansions conform to the expectations of

multicellular evolution we derived from animal and plant lin-

eages (e.g. (Miller, 2012)), what proteins transmit extracellular

signals remain completely unknown. It is a challenge for the

coming years to identify the receptors involved in multicel-

lular functioning and test whether they have undergone cor-

responding evolutionary expansions. GPCRs are one of the

main cell surface receptor families. While animals and plants

harbor diverse GPCR repertoires (>500 genes/species),

described GPCR diversity of fungi (see recent reviews (Brown

et al., 2018; Dilks et al., 2019; Krishnan et al., 2012; Xue et al.,

2008)) is simply too limited (3e30 genes/species) to explain

their complexity. A comparative analysis of GPCRs across 71

fungal and animal genomes recently revealed a surprising

contrast between GPCR expansions in multicellular fungi

and animals: whereas significant GPCR expansion coincides

with the emergence of multicellular animals, a similar expan-

sion was not observed in fungi (Kiss et al., 2019), suggesting

that further GPCRs or other receptor classes should be

involved in organizing multicellular complexity in fungi.

A large number of signal molecules have been described

that are produced by or that mediate various processes in

fungi (see e.g. (Hogan, 2006; Ugalde, 2006)), although their

exact mode of action or the corresponding receptors are

poorly known. These are chemically diverse compounds

(Cottier and M€uhlschlegel, 2012; Gessler et al., 2017; K€ues

et al., 2018b; Tsitsigiannis and Keller, 2007), including lipids

(e.g. oxylipin), short peptides (e.g. mating pheromones), alco-

hols (e.g. farnesol), volatiles and gases (CO2, nitrogen oxides).

Much of our knowledge on fungal communication comes from

yeast-like fungi, which, although spendmost of their life cycle

as unicellular yeasts, are capable of multicellular hyphal

growth and/or behaving as communities with synchronized

developmental transitions (e.g. in biofilm formation or the

white-to-opaque transition in Candida (Gulati and Nobile,

2016; V�achov�a and Palkov�a, 2018)). A large body of knowledge

has also been accumulated on regulatory compounds of spore

germination and colony morphogenesis in filamentous fungi

(Hogan, 2006). Quorum sensing appears to be a main mecha-

nism of communication in yeast-like fungi like Candida albi-

cans (Albuquerque and Casadevall, 2012; Kruppa, 2009;

Padder et al., 2018) or Cryptococcus neoformans (Albuquerque

et al., 2013; Tian et al., 2018).

Taken together, although a large number of fungal

communication strategies, signal transduction pathways

have been described and several signal molecules have been
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characterized, our knowledge on fungal cell-to-cell communi-

cation is far from complete. A very exciting but particularly

poorly known aspect is how communication and signal trans-

duction mechanisms correlate with multicellular complexity

and what receptors and ligands might underlie the develop-

ment of complex structures.
9. Differentiation and development

One of the fundamental advantages that multicellularity con-

fers to organisms is the possibility for labor division between

cells and therefore higher functional versatility at the organ-

ism level (Brunet and King, 2017; Ispolatov et al., 2012; Knoll,

2011). The division of labor requires that cells specialize for

specific functions by differentiating their phenotypic outputs.

Differentiation results in the generation of a genetically

encoded diversity of cell types, the emergence of which is un-

der tight spatial and temporal regulation.

The evolutionary origins of cell-type determination are

among the hardest questions in biology, which has been puz-

zling scholars for decades even in multicellular groups that

received the most attention historically (Brunet and King,

2017; Seb�e-Pedr�os et al., 2018, 2016; Sogabe et al., 2019). Like

other multicellular organisms, fungi differentiate a range of

different cell types, which include both vegetative (e.g. hy-

phae, yeasts), resting (e.g. sclerotia) and reproductive cell

types. Current estimates of cell type diversity in fungi are

based on counting of morphologically distinct cellular mor-

phologies in fungal colonies. Precise estimates of cell type di-

versity, especially in complex multicellular fruiting bodies,

are, at the moment missing. Nevertheless, even using simple

approaches, 13, 28 and 30 morphologically distinct cell types

could be recognized in the ascomycetes Sordaria (Lord and

Read, 2011), Neurospora (Bistis et al., 2003) and in the basidio-

mycete Coprinopsis (K€ues and Navarro-Gonz�alez, 2015),

respectively. The rapid development of ingle-cell technologies

will facilitate the understanding of cell type diversity in fungi,

similarly to plants and animals. A remarkable feature of

fungal cell type specification is that it does not result in termi-

nally differentiated cells, rather, most fungal cells retain their

totipotency and are able to revert into vegetative cell types

(Money, 2002).

Cell differentiation instructions are clearly genetically

encoded in the organisms’ genomes. They collectively

comprise a developmental program that determines species-

specific morphologies. Knoll (2011) considers this as one of

the defining features of complex multicellular organisms.

What genes and genetic interactions comprise the organism’s

developmental program is among the classic questions for

any multicellular lineage. Development is usually orches-

trated by highly interconnected networks of regulatory genes

(e.g. kinases, phosphatases, transcription factors), which

generate specific transcriptional outputs for precisely regu-

lating the abundance and localization of structural proteins

(Levine and Davidson, 2005). Some of the best known develop-

mental gene networks in fungi are from simple model sys-

tems, animal or plant pathogens. For instance, detailed

studies have been performed on transitions between yeast

and (pseudo)hyphae in Saccharomyces cerevisiae, Candida
albicans, Histoplasma capsulatum (Sil, 2019), Cryptococcus neofor-

mans, the development of specialized plant-penetrating cells,

appressoria, of the rice blast fungus Magnaporthe oryzae (now

Pyricularia oryzae), or asexual sporulation of Ascomycota. Prob-

ably the best understood developmental process of fungi is

asexual sporulation in the Ascomycota, which involves the

sequential activation of three transcription factors of the cen-

tral regulatory pathway (BrlA, AbaA and WetA) and hundreds

of downstream regulators or structural genes (Adams et al.,

1998; Etxebeste et al., 2019; Ojeda-L�opez et al., 2018).

These studies provided key insights into the general princi-

ples of morphogenesis in fungi, providing foundations for

studying more complex developmental programs. In compar-

ison, less information is available on the development of com-

plexmulticellularity in fungi. Most of whatwe know is coming

from studies of Asco-(Nowrousian, 2018; P€oggeler et al., 2018,

2006) and Basidiomycete fruiting bodies (Krizsan et al., 2019;

K€ues, 2000; K€ues and Liu, 2000; K€ues and Navarro-Gonz�alez,

2015; Mer�enyi et al., n.d.; Nagy et al., 2018; Ohm et al., 2010).

Profiling transcriptomic changes, the genes and gene regula-

tory networks underlying the development of sexual fruiting

bodies of Ascomycota, including cleistothecia (Krijgsheld

et al., 2013; Lord and Read, 2011), perithecia (Dyer and

O’Gorman, 2012; Nowrousian, 2018; Nowrousian et al., 2012;

P€oggeler et al., 2006; Teichert et al., 2014; Trail et al., 2017;

Wang et al., 2018) and apothecia (Rodenburg et al., 2018;

Traeger et al., 2013) is providing an ever more precise picture

on sexual reproduction in the most taxonomically diverse

fungal clade. Similarly, developmental processes in the Basi-

diomycota are being illuminated by a growing amount of in-

formation on basidiome development (Krizsan et al., 2019;

K€ues, 2000; K€ues and Liu, 2000; Morin et al., 2012; Ohm et al.,

2011, 2010; Sipos et al., 2017), basidium formation (Liu et al.,

2018) or ectomycorrhiza morphogenesis (Martin et al., 2016).

Despite these advances, understanding the development of

Basidiomycota fruiting bodies lags behind that of Ascomycota

fruiting bodies, which, in turn lags behind that of asexual

development. The development of sexual fruiting bodies in

both Asco- and Basidiomycota are orders of magnitudes

more complex than that of asexual conidiophores. This, on

the one hand, explains why the instruction set of sexual fruit-

ing bodies is harder to decode, but, on the other, also high-

lights the pressing need for more emphasis on sexual

development. As high-throughput tools are becoming avail-

able for interrogating several types of genomic data, including

cis- (e.g. (Bartlett et al., 2017; Buenrostro et al., 2015)) and trans

(Schuster and Kahmann, 2019)- elements of gene expression

regulation, we can expect an acceleration in discovery in

this field in the next few years.

At themoment, little information is available for compara-

tive discussions of development among multicellular line-

ages, especially on the molecular level. Open questions

remain as to the (multiple) origins of fruiting body formation

in fungi (Nagy et al., 2018). For example, although the tradi-

tional view is that Agarico- and Pezizomycotina fruiting

bodies evolved completely independent of each other, recent

comparative transcriptomic analyses suggest that many of

the developmentally regulated genes are shared between the

two phyla, despite ~650 million years of divergence (Mer�enyi

et al., n.d.). This level of similarity among the transcriptomes
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suggested that intricate evolutionary mechanisms, potential

predisposition and latent homologies might underlie the

repeated evolution of fruiting bodies. How fruiting bodies

emerged e not only in the two mentioned clades, but others

as well - will require further research.
10. Adhesion

Cell adhesion is one of the key processes in the evolution of

early multi-celled clusters in clonally multicellular lineages

(Abedin and King, 2010; Grosberg and Strathmann, 2007;

Knoll, 2011; Nagy et al., 2018; Seb�e-Pedr�os et al., 2017) (e.g.

choanoflagellates, animals). We discussed above that fungal

multicellularity evolved via a mechanism that did not involve

the adhesion of related cells to each other. This entails that

cellecell adhesion might have been of limited importance in

the early evolution of multicellular fungi, which is supported

by recent genomic analyses of the evolution of hyphae (Kiss

et al., 2019). This is a fundamental difference from other

multicellular lineages: while for most multicellular lineages

the first step to group formation is adhesion, the ancestral

role of adhesion in fungi is probably attachment to various

non-fungal surfaces rather than to cells of the same fungal in-

dividual. Adhesion is of great importance in the attachment of

hyphae, reproductive (e.g. conidia) and infectious structures

(e.g. appressoria) to host surfaces and the substrate (Braun

and Howard, 1994; Nicholson, 1996; Tronchin et al., 2008)

and in complex multicellular structures (Nagy et al., 2018).

While the former is beyond the scope of this review (and has

been reviewed elsewhere (de Groot et al., 2013; Jones, 1994;

Lipke, 2018)), adhesion in fruiting bodies and other 3D struc-

tures is a poorly known but interesting aspect of multicellular

development.

In 3-dimensional structures, genetically encoded mecha-

nisms for hypha-to-hypha adhesion are crucial to sculpting

species-specific morphologies. Whereas adhesion in animals

is traditionally discussed in the context of an extracellular

matrix, little information on the existence and composition

of extracellular matrix exists in fungi. Clear-cut evidence on

extracellularmatrix in biofilms formed by diverse filamentous

and yeast-like pathogens (Mitchell et al., 2016a, 2016b;

Riquelme et al., 2018) indicates that fungi are clearly able to

produce extracellular matrix, but it’s quite poorly understood

in the context of complex development. There is some evi-

dence for extracellular matrix deposition in both perithecial

Ascomycota (Lichius et al., 2012) and mushroom-forming

Basidiomycota (Boulianne et al., 2000), however, their compo-

sition and role in development are hardly known.

There are several gene families with reported sticky prop-

erties that are abundantly expressed in fruiting bodies, mak-

ing them potential mediators of adhesion. Lectins’

adhesivity to diverse carbohydrates might, for example,

make them important families in hyphal adhesion (Hassan

et al., 2015; Nagy et al., 2018) although theymight alsomediate

signal transduction events (Walser et al., 2005). Hydrophobins,

unique fungal cell surface proteins have been hypothesized to

be involved in adhesion in fruiting bodies, although theymore

likely function in forming air channels or providing hydropho-

bicity to fruiting bodies (Bayry et al., 2012; Lugones et al., 1999).
Several fasciclin genes are also specifically expressed in fruit-

ing bodies, possibly reflecting adhesion-related functions

(Mer�enyi et al., n.d.; Miyazaki et al., 2007; Trail, 2013). The

wide range of fruiting body-expressed laccases and glycoside

hydrolasesmight also be involved in adhesion (e.g. by creating

fruiting body-specific cell wall architectures or crosslinking

walls of neighboring hyphae (Krizsan et al., 2019; Thurston,

1994), although mechanistic evidence for that is currently

lacking.

Compared to adhesion within fruiting bodies, a much

larger body of literature deals with attachment of conidia,

appressoria and other infection structures to host surfaces.

Based on the widespread ability of adhesion of conidia and

other propagules to various surfaces, it is conceivable that

adhesion mechanisms were ancestral in fungi. We hypothe-

size that these adhesion mechanisms could have been easily

co-opted for hypha-to-hypha adhesion in fruiting bodies,

ectomycorrhizae and other 3D structures (Mer�enyi et al.,

n.d.). This hypothesis entails that adhesion in complex multi-

cellular structures builds on more ancestral mechanisms for

the attachment to external (e.g. host) surfaces. There is

limited evidence supporting this hypothesis at the moment

(e.g. the expression of Aspergillus HsbA homologs in fruiting

bodies of Armillaria (Sipos et al., 2017) or widespread fasciclin

expression (Mer�enyi et al., n.d.)), so more research is needed

before we can obtain a conclusive answer.
11. Conclusions

Fungi represent one of the several multicellular lineages that

evolved on Earth. Single-celled organisms needed to over-

come some of the same hurdles to evolve multicellularity,

such as the formation of groups (e.g. by adhesion), cell-to-

cell communication, the division of labor and cell differentia-

tion, among others. Fungi may be best viewed as a lineage of

clonal multicellular organisms, in which clonality, however,

should be interpreted at the level of individual nuclei rather

than at the level of cells. This derives from the unique, fila-

mentous growthmode of fungi and themechanisms by which

hyphae emerged through evolution. The hyphal thallus has

brought about several idiosyncrasies that characterize fungal

multicellularity, compared to most other multicellular line-

ages. For example, while adhesion or the non-separation of

daughter cells might have been the first step in the evolution

of most multicellular lineages (including animals and green

plants), adhesion probably played a minor role in the forma-

tion of early fungal hyphae and became important only in lin-

eages that form complex multicellular structures, such as

fruiting bodies.

Although significant strides have been made in under-

standing key multicellular traits of fungi, their evolution and

the underlying genetics, several broad questions remain

open for further investigations. In our subjective opinion,

among the least understood multicellular functions of fungi

include cell-to-cell communication systems and gene regula-

tory networks that underlie the differentiation and develop-

ment of complex morphological structures, for which we

anticipate breakthrough results to be published in the near

future.
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