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Abstract

Arbuscular mycorrhizal fungi (AMF) of the
Glomeromycotina subphylum are one of the
oldest fungal lineages for which the mechanis-
tic underpinning of genetic diversity is
unknown. They are present in all terrestrial
ecosystems and interact with the majority of
land plants, significantly impacting global
nutrient cycling. The study of genomes of
AMF is of fundamental importance for under-
standing their evolutionary history and the
molecular bases of symbiosis. Here we sum-
marize the current knowledge of AMF genome
organization, regulation, and transmission. We
discuss the implications of recent findings in
our understanding of AMF biodiversity, adap-
tation, and evolution.
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4.1 Introduction

Fossil evidence and molecular phylogenies sug-
gest that mycorrhizal symbioses were established
with the earliest plants to colonize the earth land
surface>450 Mya, initiating long-term co-evolu-
tion (Morris et al. 2018; Rich et al. 2021; Selosse
and Le Tacon 1998; Strullu-Derrien et al. 2018).
While plants and other fungal groups have expe-
rienced extinction, radiation events, and diversifi-
cation, fungi from the Glomeromycotina appear
to have poorly diversified morphologically
(Kruger et al. 2012). Yet, their ecological success
is undeniable since today arbuscular mycorrhizal
fungi (AMF) are present on all continents, in
environments ranging from tropical forests to
Antarctica. Despite their ecological importance
(Smith and Read 2008), the molecular
mechanisms underlying AMF adaptation and
evolution are still elusive. This is partly because
AMF defy many of the cellular and molecular
approaches that are possible for other eukaryotes.

The definition of the cell in AMF is peculiar.
Hyphae form a non-septate mycelium (syncy-
tium) where nuclei and cytoplasmic contents
flow bidirectionally. AMF spores contain
hundreds of nuclei, and the transition from one
‘generation’ to the next involves carrying over of
multiple nuclear genomes (Ehinger et al. 2012;
Jany and Pawlowska 2010; Marleau et al. 2011).
The concept of the individual is also blurry: com-
patible mycelial networks can fuse (a process
called anastomosis) (Bago et al. 1999; Cardenas-
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Flores et al. 2011; Purin and Morton 2013; Sbrana
et al. 2018), allowing for horizontal exchange of
genetic material which can give rise to a network
bearing more than one nucleotype (heterokaryon)
(Croll et al. 2009; Hijri and Sanders 2005; Ropars
et al. 2016; Serghi et al. 2021). At least three
AMF species can anastomose (Rhizophagus
irregularis, Rhizophagus clarus, and
Funneliformis mosseae) although heterokaryosis
has been reported so far only in R. irregularis. It
is unclear whether these processes occur in other
fungi of the Glomeromycotina. As obligate
biotrophs, AMF are not amenable to genetic
transformation approaches that require cultivation
outside the host. The AMF lifecycle is dependent
on interaction with plants and the provision of
fatty acids (Bravo et al. 2017; Jiang et al. 2017;
Keymer et al. 2017; Luginbuehl et al. 2017).
Axenic culture is therefore limited to in vitro
spore germination experiments (Dallaire et al.
2021; Kamel et al. 2017; Nadal et al. 2017),
which can be extended up to a single next gener-
ation of spores by the addition of specific fatty
acids and plant-derived hormones (Kameoka
et al. 2019; Sugiura et al. 2020). AMF can be
grown in co-culture with transformed host hairy
roots, a system that is useful for symbiosis-related
research, but which likely does not fully recapitu-
late the metabolic and developmental complexity
of symbiotic relationships occurring in nature.
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These features make AMF a unique biological
mystery, with the unfortunate drawback of being
intractable to molecular genetics approaches.
Transcriptomic, proteomic, and metabolomic
analyses have therefore proven most useful to
reveal molecular components involved in AMF
biology. The recent accessibility of genome
sequencing technologies that can resolve com-
plex repeats and haplotype heterozygosity
promises to enable genome-scale analyses of the
Glomeromycotina phylum and accelerate our
understanding of AMF genetic diversity and evo-
lution. Comparative and population genomics are
therefore the next frontier to bridge molecular
biology and evolutionary genetics of AMF. In
this chapter, we discuss key observations of

genome organization, regulation, and transmis-
sion in AMF and identify gaps in our understand-
ing of symbiotic genome evolution and lifestyles
(Fig. 4.1).

4.2 Organization of the Genome

To date, few AMF species have been isolated and
sustainably cultivated. While over 200 AMF spe-
cies have been defined so far (Davison et al. 2015;
Öpik and Davison 2016), full genome sequences
are available for only nine AMF species—
Diversispora epigaea, R. irregularis, R. clarus,
R. cerebriforme, R. diaphanus, R. proliferus,
Gigaspora margarita, Gigaspora rosea, and
Geosiphon pyriformis (Chen et al. 2018b;
Kobayashi et al. 2018; Lin et al. 2014; Malar
et al. 2021; Morin et al. 2019; Prasad Singh
et al. 2019; Sun et al. 2019; Tisserant et al.
2013; Venice et al. 2020). AMF genomes have
been difficult to assemble because of their high
content of repetitive sequences. Thanks to long-
read sequencing and chromatin proximity-guided
scaffolding, this problem is now solved and five
strains of the model species R. irregularis have
been assembled to chromosome-scale (Yildirir
et al. 2022). Given their widespread distribution
across the globe, considerable genetic diversity
remains to be explored, and the community will
greatly benefit from large-scale isolation and (re)-
sequencing projects.

Fungi from the Glomeromycotina have some
of the largest genome sizes in the fungal kingdom
(Stajich 2017). The model AMF, R. irregularis,
has telomeres with the classical (TTAGGG)n
sequence (Yildirir et al. 2022), but centromeric
structures are still undefined (Friedman and
Freitag 2017). In the early-diverging fungal
phyla Chytridiomycota and Mucoromycota, the
coding space is characterized by the retention of
ancestral introns and high intron densities (Lim
et al. 2021). Intron retention is proposed to corre-
late with reduced rates of evolutionary change,
whereas fast-evolving lineages experienced more
intron loss (Lim et al. 2021). Supporting the



notion that Glomeromycotina fungi are slow
evolving, recent analyses of small subunit rRNA
gene diversity showed that their speciation rates
are one order of magnitude lower than those of
other eukaryotes (Perez-Lamarque et al. 2022).
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Comparative analyses revealed that AMF have
lost genes required for plant cell wall degradation,
thiamine biosynthesis, secondary metabolism,
and lipid production (Lin et al. 2014; Tisserant
et al. 2013; Wewer et al. 2014). These results
proved to be physiologically relevant, since it
was later discovered that the obligate biotrophy
of AMF relies on the provision of lipids by plants
(Bravo et al. 2017; Jiang et al. 2017; Keymer et al.
2017; Luginbuehl et al. 2017). AMF genomes
also contain gene family expansions with
predicted protein functions in signalling, protein–
protein interaction, and RNA interference (RNAi)
(Chen et al. 2018b; Maeda et al. 2018; Morin
et al. 2019; Tisserant et al. 2013).

Evidence of within-strain phenotypic and
genetic diversity has been accumulating for
decades (Angelard and Sanders 2011; Angelard
et al. 2014; Boon et al. 2010; Corradi et al. 2007;
Corradi and Sanders 2006; Croll et al. 2009; Koch
et al. 2004; Mathieu et al. 2018; Ropars et al.
2016; Savary et al. 2018; Wyss et al. 2016).
Recently, methods of prokaryotic pangenome
analysis have been applied to R. irregularis and
other fungi to investigate the functional outcome
of intraspecific genetic variation. The pangenome
is the distinction between a set of “core” genes
found among all strains or individuals of a spe-
cies, and a set of “accessory” genes, found in a
subset of, but not all strains of a species. Acces-
sory genes might encode functions that are not
essential, but which confer selective advantages,

such as adaptation to different niches, resistance
to pathogens, or host range expansion (Medini
et al. 2005). Knowledge of the content and the
dynamics of a pangenome informs on the selec-
tive pressures experienced by a population. Evi-
dence for pangenomic structure was found in five
species of fungi. The accessory gene sets of the
non-pathogenic fungi Saccharomyces cerevisiae,
Candida albicans, Cryptococcus neoformans,
and Aspergillus fumigatus species range between
10% and 20% (McCarthy and Fitzpatrick 2019),
while the major wheat pathogen Zymoseptoria
tritici contains up to 40% accessory genes
(Bergstrom et al. 2014; Dunn et al. 2012; Peter
et al. 2018; Plissonneau et al. 2018; Song et al.
2015). In Z. tritici and Fusarium species, entire
chromosomes have been deemed accessory
because they show extensive presence/absence
variation and rearrangements among strains, and
encode accessory virulence factors (Ma et al.
2010; Moller et al. 2018; Plissonneau et al.
2018). A pangenomic analysis of five
R. irregularis strains revealed up to 50% of acces-
sory coding sequence (Chen et al. 2018b). These
accessory genes are part of large family
expansions with predicted functions in signalling
and signal transduction, and small secreted
proteins (Chen et al. 2018b). Since their expres-
sion tends to be induced in planta, these genes
were proposed to play adaptive roles in commu-
nication and exchange with host plants (Chen
et al. 2018b; Mathieu et al. 2018; Reinhardt
et al. 2021). Contrary to Z. tritici, the number of
R. irregularis chromosomes appears stable in
strains studied so far (Yildirir et al. 2022), lessen-
ing the possibility of extreme genome instability
in AMF. Nevertheless, chromosomal



rearrangements have been observed in high-
quality long-read-based assemblies (Yildirir
et al. 2022), and further analyses of strain-specific
structural variation may explain presence/absence
variation of accessory genes.
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In R. irregularis, core and accessory genes
have different distributions relative to repetitive
elements: accessory genes tend to be sparsely
distributed and located next to specific
transposable elements (TEs), while core genes
form denser clusters in less repetitive regions
(Dallaire et al. 2021; Yildirir et al. 2022). In
filamentous/eukaryotic plant pathogens, viru-
lence effectors are sometimes embedded into
TE-rich regions, and this effectively increases
the likelihood of their sequences being reshuffled
(Dong et al. 2015; Faino et al. 2016). The
increased mutation rate observed in TE-rich
regions was therefore proposed to support an
evolutionary arms race with correspondingly
highly variable immune associated gene sets in
the host plant. In AMF, the molecular rate of
evolution of TE-linked accessory genes remains
to be investigated and may reflect the selective
pressures associated with an obligate mutualist
lifestyle.

4.3 Regulation of the Genome(s)

Eukaryotic genomic DNA is folded and
compacted to form chromatin, which regulates
gene expression, as well as DNA replication and
repair. Chromatin is divided into euchromatin and
heterochromatin, where euchromatin is generally
gene-rich, permissive to transcription, and
localized towards the periphery of the nucleolus,
whereas heterochromatin is typically gene-poor,
repeat-rich, and refractory to the transcription
machinery. Historically, TEs were the first
genetic elements shown to be enriched in hetero-
chromatin (McClintock 1951), a location that
restrains their activity and maintains genomic sta-
bility. Since then, the presence or absence of
specific histone modifications, DNA methylation,
pericentromeric regions, and targeting by small
RNAs have also been used to distinguish hetero-
chromatin from euchromatin in various

organisms, including fungi (Tamaru 2010). In
the model AMF R. irregularis, DNA folding
was assessed using chromosome conformation
capture (Hi-C), which revealed a checkerboard
pattern consistent with intra- and inter-
chromosomal contacts (Yildirir et al. 2022).
Two compartments named A and B were
detected, which reflect the folding of the
chromosomes into euchromatin and heterochro-
matin, respectively.

Consistent with the fact that the location of
DNA sequences within chromatin coincides
with particular transcriptional states, genes and
TEs of R. irregularis were shown to be differen-
tially partitioned into A and B compartments
(Dallaire et al. 2021; Yildirir et al. 2022). The
euchromatic A compartment preferentially
comprises genes with higher expression levels,
lower DNA methylation frequencies, and fewer
repeats. Strikingly, accessory genes and genes
up-regulated during symbiosis were found to be
enriched in heterochromatic B compartments,
suggesting that their repression by epigenetic
mechanisms and chromosome topology might
be environmentally-responsive, even perhaps
host-responsive. Although the formation of het-
erochromatin is essential for regulating gene
expression and silencing mobile genetic
elements, some heterochromatic regions can
retain the potential to switch into a euchromatic
state following certain cues. Genes that are
regulated developmentally or in a cell-type-spe-
cific manner are often found in such facultative
heterochromatin (Trojer and Reinberg 2007). The
regulation of facultative heterochromatin in AMF
may involve histone modification, DNA methyl-
ation, and small and long non-coding RNAs that
modulate boundary formation between different
chromatin domains (Cohen and Jia 2014; Freitag
et al. 2004; Klocko et al. 2016; Saksouk et al.
2015; Smith et al. 2011).

AMF genomes encode DNA cytosine
methyltransferases and an expanded repertoire
of RNAi pathway genes (Dallaire et al. 2021;
Silvestri et al. 2019, 2020; Tisserant et al. 2013).
Whole-genome epigenomic profiling of
R. irregularis provided direct evidence of
5-methylcytosine (5mC) DNA methylation and



small RNA production which occurs mostly at TE
loci, suggesting ongoing epigenetic regulation
(Dallaire et al. 2021; Silvestri et al. 2019; Yildirir
et al. 2022). In the AMFG. margarita, most small
RNA-generating loci are intergenic and show
similarity to fungal repetitive elements (Silvestri
et al. 2020), indicating a conserved contribution
of RNAi in suppressing TE activity. In both
G. margarita and R. irregularis, few genes were
found to be highly methylated or to be targeted by
small RNAs (Dallaire et al. 2021; Silvestri et al.
2020), and in R. irregularis these genes did not
encode proteins with a clear enrichment for spe-
cific domains or functions (Dallaire et al. 2021).
The biological relevance of DNA methylation
and RNAi in regulating AMF gene expression is
therefore still elusive. DNA
N6-methyldeoxyadenine (6 mA), a modification
with very low abundance and an unclear role in
eukaryotes (Zhao et al. 2020), was also
investigated as a potential epigenetic mark in
R. irregularis and other early-diverging fungi
and Dikarya (Chaturvedi et al. 2021; Mondo
et al. 2017). In R. irregularis, the presence of
6 mA on DNA is associated with a subset of
transcriptionally active genes with predicted
functions in phosphate regulation (Chaturvedi
et al. 2021). It is important to consider that in
mammalian cells, genomic m6A was shown to
originate from the misincorporation of ribo-N6-
methyldeoxyadenine from degraded, modified
RNA (Musheev et al. 2020). So far, none of the
proposed m6A methyltransferase enzymes have
been biochemically shown to act as a DNA
methyltransferase. Therefore, the detection of
genomic m6A on specific sets of genes may be a
consequence of their active transcription, which
can cause DNA damage and repair with low-level
misincorporation of modified nucleotides
(Sebastian and Oberdoerffer 2017). While the
presence of 6 mA on DNA may have biological
consequences, its causative regulatory effect
should be carefully interpreted.
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In AMF, genome expression and regulation
need to be considered in the context of a multinu-
cleate, syncytial state, and occasional heterokary-
osis. Throughout the different life stages ranging
from spore germination and hyphal growth, to

symbiotically engaged mycelial networks, AMF
nuclei experience different environments and
stresses. Nuclei that are localized at the root inter-
face would likely transcribe different gene sets
than those at a foraging hyphal growth tip. How-
ever, since AMF nuclei travel freely and coexist
in one large cytoplasm, it is puzzling to imagine
how gene expression is effectively regulated in
space and time. To compartmentalize functions,
transcriptionally regulated responses of fungi to
either their environment or their host likely need
to be coupled with transport of messenger ribo-
nucleoprotein complexes, localized translation,
post-transcriptional and post-translational regula-
tion. In filamentous fungi, the subcellular com-
partmentalization of functions depends on
microtubule-dependent mRNP transport for the
fast polar growth of hyphae (Becht et al. 2005,
Becht et al. 2006; Feldbrugge et al. 2008; Konig
et al. 2009), on vesicles and endosomes for RNA
transport (Bethune et al. 2019; Haag et al. 2015),
and on RNA-binding proteins for post-
transcriptional regulation (Hall and Wallace
2022). In other words, the position of a nucleus
within a mycelium might dictate the stability and
fate of its transcriptional output (Schuurs et al.
1998). In AMF, single-molecule techniques will
help identify the subcellular locations where
RNAs are transcribed and proteins are
synthesized, and will pinpoint the specialized cel-
lular tasks that are required in different fungal
structures.

In dikaryotic AMF strains, genome expression
and regulation bear an additional layer of com-
plexity since different alleles can be transcribed
from different nuclear genomes. Allelic expres-
sion can therefore depend on the ratio of nuclei
present in the mycelium, as well as differential
transcriptional activity from either nucleus. The
transcriptional output of both nuclear genomes
would be subject to regulation by common
components of cytoplasmic regulatory
mechanisms (e.g. translation, RNA decay),
which can theoretically buffer transcriptional
imbalances. In R. irregularis dikaryons, the
expression ratios of bi-allelic genes largely corre-
spond to the ratios of nuclear genomes present
(Robbins et al. 2021). Interestingly, the



expression of a small number of bi-allelic genes
deviated from nuclear genotype ratios, suggesting
that transcriptional or post-transcriptional
mechanisms can differentially impact the output
of either nuclear genome.
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So far, nuclear ratios of heterokaryotic strains
have proven stable over time, indicating compati-
bility between coexisting genotypes, rather than
genomic conflict. In addition, the dikaryotic state
was associated with higher growth rates, which
might provide a fitness advantage (Serghi et al.
2021). However, while the dikaryotic state and its
associated genetic diversity intuitively translate to
AMF having greater resilience and ecological
success, dikaryotic strains are relatively rare in
AMF culture collections (four out of
114 R. irregularis strains; (Kokkoris et al.
2021)), and the real prevalence of dikaryons ver-
sus monokaryons still needs to be assessed at the
population level, in natural systems. Although
cooperation might be the most apparent state of
so far described dikaryons, it is possible that
genomic conflict arising from incompatible
genotypes leads to strong selective pressure, and
will simply never be observed. Experiments that
aim to recreate existing dikaryotic strains from
homokaryotic parents, or to create new dikaryotic
strains, will inform on the nuclear dynamics that
occur at the onset of dikaryosis. Additionally,
investigating the existence of dikaryosis in spe-
cies other than R. irregularis will indicate
whether this evolutionary strategy is widely
used in AMF. Although nuclear ratios of AMF
dikaryons are stable under standard laboratory
conditions, they can be affected by host shifts
(Kokkoris et al. 2020, 2021) and abiotic
conditions such as pH, phosphorus concentration
and temperature (Cornell et al. 2022).
Mechanisms that regulate the relative number of
coexisting nuclei are unknown, but could include
asynchronous replication and mitosis, and nuclear
degradation (Kokkoris et al. 2020). The ability to
acquire and maintain more than one genotype
may provide functional and adaptive benefits to
AMF, but doing so may also create great oppor-
tunity for selection. It will be relevant to assess
how stable the dikaryotic state is in planta and in
the wild, as opposed to in vitro culture conditions,

in order to understand the parameters acting on
AMF adaptation and evolution. Since variations
in nuclear ratios can be experimentally triggered,
it will be interesting to test whether they are
accompanied by corresponding variation in allelic
gene expression, and whether these processes are
reversible. Such a system could provide an ele-
gant demonstration as to how dikaryotic AMF
can make use of available genotypes to adapt to
new environmental conditions (Fig. 4.2).

4.4 Transmission of the Genome

In the fungal kingdom, the existence of diverse
nucleotypes within one mycelium creates geno-
typic diversity and possibly phenotypic plasticity
(Croll et al. 2009; Maheshwari 2005; Rayner
1991; Roper et al. 2011). The potential for genetic
variation to be acquired within the lifetime of a
single fungus was proposed to play a role in
adaptation to the environment. The coexistence
of multiple genotypes within one mycelium can
cause competitive and cooperative genome
dynamics, and differential segregation and selec-
tion of genotypes may also be adaptive (James
et al. 2008; Jinks 1952; Roper et al. 2011; Samils
et al. 2014). A possible outcome of nuclei
coexisting as a heterokaryon is that they can
fuse, undergo karyogamy, mitotic recombination,
and ploidy reduction, resulting in haploid and
aneuploid genomes that are different from the
parental ones (Anderson et al. 2019; Forche
et al. 2008; Strom and Bushley 2016). This pro-
cess called parasexuality is independent of sexual
reproduction, but retains hallmarks of meiosis and
typically yields transiently aneuploid cells which
then undergo ploidy reduction, creating de novo
genetic diversity (Hickman et al. 2015; Hirakawa
et al. 2017; Mishra et al. 2021). In most cases, the
heterokaryon stage is expected to precede nuclear
fusion, meiosis, and completion of a sexual life
cycle. AMF can experience a dikaryotic life stage,
express meiosis-related genes, and can recombine
genetic material (Chen et al. 2018a; Corradi and
Brachmann 2017; Dallaire et al. 2021; Halary
et al. 2011; Hofstatter and Lahr 2019; Mateus
et al. 2020; Ropars et al. 2016; Yildirir et al.



2020). However, since direct evidence of nuclear
fusion, karyogamy, meiosis, or a sexual structure
is lacking, the current assumption is that AMF are
at least partially clonal and may undergo either
parasexual or sexual reproduction at a low fre-
quency and under unknown developmental or
environmental conditions. Experimental crosses
of homokaryotic AMF may reveal signs of geno-
mic cooperation or conflict between nuclear and
cytoplasmic (e.g. mitochondria) elements, and if
recombination occurs, whether it is accompanied
by transient aneuploidy or not (suggesting para-
sexual or sexual mechanisms, respectively). Lim-
ited recombination over long evolutionary
timescales is problematic because each genera-
tion may generate too little genetic variation to
adapt to environmental change, possibly leading
to extinction. It is therefore reasonable to expect
that low-frequency recombination occurs in
AMF, and that alternative mechanisms may also
generate the plasticity and genomic heterogeneity
required for these fungi to adapt to incredibly
varied environments and hosts (Fig. 4.3).
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Fig. 4.2 AMF genome compartmentalization and epige-
netic regulation. Genes and transposable elements (TEs)
are partitioned into euchromatin (A compartments, open)
and heterochromatin (B compartments, closed), respec-
tively. Contrary to core genes, accessory genes tend to be
located in B compartments, where their expression can be

affected by the spreading of heterochromatin, in cis or
trans. Genes in B compartments may experience more
sequence disturbance caused by TE activity and proxim-
ity, and therefore have higher rates of evolutionary change.
Figure inspired by Liang and Fu (2021). mCG, methylated
CG dinucleotides

4.5 Perspectives on Adaptation
and Evolution

Knowledge of the mechanisms, rates, and
consequences of AMF evolution is crucial to
understand which functional traits are under
selection, and for predicting the capacity of
AMF to support ecosystems in the face of rapid
environmental change. While AMF display
remarkable persistence over long time periods,
the mechanisms underlying short-term evolution-
ary dynamics are still elusive. Are extant AMF in
an evolutionary stasis, or diversifying? Is coevo-
lution with plants constraining or promoting evo-
lutionary divergence of AMF, and how can we
use this information to predict and support ecosys-
tem functioning? At the molecular level, evolu-
tion manifests itself in a variety of changes in
DNA sequence, ranging from point mutations to
chromosomal rearrangements. Understanding
how different mechanisms contribute to genome
evolution and quantifying genomic diversity and
evolutionary rates will help explain AMF genome
organization in adaptive terms.
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Fig. 4.3 Potential mechanisms contributing to genome
evolution in AMF. (a) Mobile transposable elements
(TEs) can induce duplications, deletions, and chromosome
rearrangements. (b) Mutagenic mechanisms (shown in
red) include errors in DNA replication, errors in DNA
repair, but as well as (not shown here) base deamination,
oxidative DNA damage, and base methylation. (c) Sexual

or parasexual recombination can generate genetic diver-
sity, and the latter may be accompanied by asymmetric
segregation of chromosomes and transient aneuploidy.
Different coloured nuclei illustrate dikaryon formation,
which may be associated with TE activity and
recombination

AMF genes and TEs tend to be partitioned in
different regions of the genome. At present, epi-
genetic landscapes globally correlate with tran-
scriptional activity within these compartments
and may play direct roles in regulating core and
accessory gene expression (Kumar et al. 2021).
While accessory genes are enriched in hetero-
chromatic compartments and display presence/
absence variation, it is still unclear whether they
have a higher molecular rate of evolution com-
pared to core genes, which would imply ongoing
selection pressure. In parallel, since TE expres-
sion was detected in R. irregularis spores,
suggesting ongoing or recent TE mobility

(Dallaire et al. 2021; Maeda et al. 2018),
quantifying new TE insertions in R. irregularis
strains would indicate which genomic regions
were most recently shaped by TEs and are there-
fore potentially still dynamically evolving. This is
important because in the absence of recombina-
tion, innovation could still be driven by TE activ-
ity or local mutagenesis, rather than
sex-dependent recombination. In other fungi, for
example, TEs tend to accumulate in accessory
chromosomes or accessory compartments in
core chromosomes (Croll and McDonald 2012;
Sanchez-Vallet et al. 2018), possibly identifying
candidate genes or genetic regions with adaptive



potential and evolutionary plasticity, and pointing
to regions where TEs are selected against.
Another mutagenic mechanism to be considered
is deamination of methylated cytosines. In
analyses of human somatic mutations, methylated
cytosines spontaneously deaminate at a higher
rate than non-methylated cytosines, and, when
not correctly repaired, result in mutations
(Alexandrov et al. 2015; Kong et al. 2012).
Excess mutagenicity can therefore be observed
at methylated CG dinucleotides. In Ascomycota
and certain Basidiomycota fungi, methylation of
transposons during meiosis is associated with
extremely high rates of C-T transitions and rapid
mutagenesis (Gladyshev 2017; Hood et al. 2005;
Horns et al. 2012). This process called repeat-
induced point (RIP) mutation has however not
been detected in the AMF G. margarita or in
species of the Mucoromycotina (Venice et al.
2020). Nevertheless, the endogenous rate of spon-
taneous deamination can account for some muta-
genesis in AMF, and likely influences point
mutation rates.
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Quantifying the rate of de novo mutation
occurring during AMF vegetative growth would
help estimate how much genetic diversity can be
expected to arise in the absence of sex, in com-
parison to rates of molecular evolution in fungi
and other eukaryotes (Bezmenova et al. 2020;
Hiltunen et al. 2019; Kasuga et al. 2002; Obbard
et al. 2012; Wolfe et al. 1987). The combination
of mutation rate analysis with intraspecific diver-
gence would help calibrate evolutionary models
of species divergence in AMF and provide valu-
able tools for the reconstruction of their natural
history. Since the rate of recombination of a spe-
cies is critical for estimates of mutation and geno-
mic change, further insights into nuclear
dynamics will also be important. Investigating
which of the dikaryotic or monokaryotic states is
prevalent in nature and across AMF species, the
extent to which inter-nuclear recombination
occurs, and whether AMF have an aneuploid
stage may require large numbers of isolates and
species to be analysed, but will provide invalu-
able insights into the frequency of recombination
among lineages, and whether clonal lineages arise
by recombination.

Until the advent of a stable transformation
protocol for AMF, increasing genomic sampling,
both in numbers and in geographical diversity, is
arguably the best way to accelerate our under-
standing of how AMF genomes work, how
genetic variation shapes their phenotypes, how
they evolve, and how systems-level patterns in
ecological diversity arise. Scaling up AMF biodi-
versity genomics will improve taxonomic delin-
eation of AMF, which will allow us to tackle
major questions about evolutionary selection
pressures that shape AMF biodiversity, adapta-
tion, and evolution. Reports on host plants affect-
ing the distribution of AMF communities are
accumulating (Alguacil et al. 2019; Croll et al.
2008; Koch et al. 2006; Munkvold et al. 2004;
Sanders 2003; Van Der Heijden and Scheublin
2007). Factors selecting AMF and driving their
diversification may therefore include a combina-
tion of components such as host plant identity,
environmental conditions and resources, interac-
tion with microbes (including other AMF), and us
(host breeding, agricultural systems). Identifying
which functional traits of AMF can be selected
and what pressures promote or diminish their
diversity in natural communities hold the poten-
tial we need for protecting these fungal networks
that sustain life on planet Earth.
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