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Abstract

Background The colonization of land and the diversification of terrestrial plants is intimately linked to the
evolutionary history of their symbiotic fungal partners. Extant representatives of these fungal lineages include
mutualistic plant symbionts, the arbuscular mycorrhizal (AM) fungi in Glomeromycota and fine root endophytes in
Endogonales (Mucoromycota), as well as fungi with saprotrophic, pathogenic and endophytic lifestyles. These fungal
groups separate into three monophyletic lineages but their evolutionary relationships remain enigmatic confounding
ancestral reconstructions. Their taxonomic ranks are currently fluid.

Results In this study, we recognize these three monophyletic linages as phyla, and use a balanced taxon sampling
and broad taxonomic representation for phylogenomic analysis that rejects a hard polytomy and resolves
Glomeromycota as sister to a clade composed of Mucoromycota and Mortierellomycota. Low copy numbers of genes
associated with plant cell wall degradation could not be assigned to the transition to a plant symbiotic lifestyle but
appears to be an ancestral phylogenetic signal. Both plant symbiotic lineages, Glomeromycota and Endogonales, lack
numerous thiamine metabolism genes but the lack of fatty acid synthesis genes is specific to AM fungi. Many genes
previously thought to be missing specifically in Glomeromycota are either missing in all analyzed phyla, or in some
cases, are actually present in some of the analyzed AM fungal lineages, e.g. the high affinity phosphorus transporter
Pho89.

Conclusion Based on a broad taxon sampling of fungal genomes we present a well-supported phylogeny for AM
fungi and their sister lineages. We show that among these lineages, two independent evolutionary transitions to
mutualistic plant symbiosis happened in a genomic background profoundly different from that known from the
emergence of ectomycorrhizal fungi in Dikarya. These results call for further reevaluation of genomic signatures
associated with plant symbiosis.
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Background

Plants colonized land in the Ordovician period (ca.
475 MYA) together with associated filamentous fungi
assumed based on fossil evidence representing ances-
tors of today’s arbuscular mycorrhizal (AM) fungi [1,
2]. The deep evolutionary origin of symbiosis between
fungi and plants is further supported by the fact that the
plant fungal signaling pathway that initiates AM symbio-
sis is ancestral to all living land plant lineages [3-6]. AM
fungi are obligate mutualistic plant symbionts that can-
not complete their life cycle without their plant partner.
These fungi are ubiquitous in terrestrial ecosystems and
have received much scientific interest because they pro-
vide nutrients (e.g. phosphorous, nitrogen) to their pho-
tosynthetic partners in exchange for fixed carbon and
contribute to the overall plant fitness, during biotic (e.g.
infections) or abiotic (e.g. salinity and drought) stresses
[7, 8]. In the symbiosis, carbon for nutrient exchange
happens in the colonized root cells where an apoplas-
tic compartment is formed between plant and fungal
membranes [9]. Here, the fungi obtain their energy and
carbon in the form of sugars and lipids exuded by the
plant host [10-12]. Genomic evidence for the obligate
biotrophic nature of AM fungi include their loss of the
ability to independently synthesize multidomain fatty
acids [13] and thiamine [14]. Instead, AM fungi depend
on their host for certain fatty acids as demonstrated by
failed host colonization in plants with mutated fatty acids
synthase genes [10, 11]. Further, the difficulties to culture
AM fungi axenically has in part been attributed to their
lack of a thiamine metabolic pathway [15, 16]. A set of 39
Missing Glomeromycota Core Genes (MGCGs), includ-
ing fatty acids and thiamin synthesis, was proposed based
on genomes from three AM fungi, Gigaspora rosea, G.
margarita and Rhizophagus irregularis [16]. Re-analysis
with an additional Rhizophagus strain detected six of the
initial MGCGs among the analysed AM fungal genomes
[15]. An expanded taxon sampling is expected to increase
the confidence by which we can call MGCGs and deter-
mine if missing genes are uniquely missing in Glomero-
mycota while present in its sister lineages.

The unique role of AM fungi, as symbionts of the first
land plants, has been challenged by the observation that
fungi in Endogonales (Mucoromycota) also form ben-
eficial endosymbiotic associations with early-diverging
plant lineages, such as liverworts [17]. These fungi can
colonize a broad range of lineages of both vascular and
non-vascular plants as fine root endophytes (MFRE) and
form intracellular structures resembling those of AM
fungi [18, 19]. Interestingly, species within Endogonales
has also been observed to form ectomycorrhizal interac-
tions with woody plants [20, 21]. The broad host range
and morphological diversity observed in Endogonales, as
well as observations of dual colonization together with
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typical AM fungi in liverworts [22] further support the
notion that MFREs may represent the earliest diverg-
ing mycobionts that facilitated land colonization by
plants [18]. Symbiotic efficiency at different atmospheric
carbon dioxide concentrations has led to the hypoth-
esis that these ancestral mycorrhizal partners were later
replaced by the now ubiquitous AM fungi that diversi-
fied together with flowering plants that dominate terres-
trial ecosystems today [18]. AM fungi in Glomeromycota
and MFREs in Endogonales (Mucoromycota) are mor-
phologically and functionally distinct [23], and it is now
well established that both form mutualistic interactions
with a broad range of extant terrestrial plants [21]. The
ancestor of these two mutualistic fungal lineages likely
diverged before the origin of terrestrial plants [24], and
ancestral reconstruction of the mycorrhizal state of land
plants supports Mucoromycota as the initial symbiont
[25]. However, a reconstruction where both lineages
were involved cannot be ruled out, and an alternative
scenario is that early land plants interacted with their
common ancestor [25]. Understanding the evolutionary
relationship between the two lineages and genomic sig-
natures associated with symbiotic lifestyle can increase
our understanding of the evolutionary events that shaped
plant symbiotic life style in the analyzed fungal lineages.
In contrast to the endomycorrhizal symbiosis, the
ectomycorrhizal (ECM) lifestyle is a mutualistic symbio-
sis between fungi and vascular plants that has evolved
multiple times, mostly from diverse saprotrophic and
endophytic ancestral fungal lineages predominantly
in Dikarya but also in the Mucoromycota in the case
of Endogonales [26-28]. Saprotrophic and pathogenic
fungi have large repertoires of genes coding for Carbo-
hydrate-Active enZymes (CAZyme), many of which are
directly involved in the degradation of plant cell walls e.g.
Plant Cell Wall Degrading Enzymes (PCWDEs) [29, 30].
Among fungal lineages in Basidiomycota and Ascomy-
cota, the transition from saprotrophic growth to an ECM
lifestyle is associated with a loss of PCWDEs, genome
size expansion as a result of increased repeat content and
a diversification of small secreted proteins (SSP) [26, 31,
32]. Analysis of a subset of CAZymes (45 families) indi-
cate that PCWDEs were also lost during this indepen-
dent origin of the mycorrhizal lifestyle in Endogonales
[20]. However, it was noted that the numbers of CAZyme
genes in Mucoromycota was generally low across species
having plant-associations and saprotrophic lifestyle, and
the reconstructed reduction in gene copy numbers was
much smaller compared to that associated with the evo-
lution of ECM lineages in Dikarya [20]. Similarly, a lim-
ited repertoire of genes involved in degradation of plant
cell walls are detected in genomes of AM fungi [14, 33,
34] as well as in the related Nostoc-associated Geosiphon
pyriformis [34]. The low CAZyme gene numbers have
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been attributed to the symbiotic lifestyle of AM fungi,
but so far limited access to genome data has prevented
a comprehensive analysis of contractions and expansions
of CAZyme gene families of Glomeromycota and their
sister lineages. In addition, no expansion of SSPs was
observed in mycorrhizal as compared to non-mycorrhi-
zal Mucoromycota, and together with large number of
species-specific SSPs, indicates that genomic signatures
of symbiotic lifestyle are different in Mucoromycota com-
pared to Basidiomycota and Ascomycota [20].

AM fungi form a monophyletic clade but their taxo-
nomic rank is currently fluctuating in the literature.
Classified either as phylum Glomeromycota [35-37] or
as the sub-phylum Glomeromycotina that together with
Mortierellomycotina and Mucoromycotina, comprise the
Mucoromycota [38-40]. The phylum Glomeromycota
was first proposed based on early phylogenetic analysis of
the rDNA genes that resolved the AM fungi as a mono-
phyletic clade sister to Dikarya [41]. On the other hand,
the phylogenomic analysis based on conserved ortholo-
gous genes, could later resolve two monophyletic clades
among the paraphyletic Zygomycota [42]. With the ambi-
tion to recognize the minimum number of monophyletic
phyla, the authors proposed Mucoromycota to encom-
pass Glomeromycotina, Mucoromycotina and Mortierel-
lomycotina, as sister to Dikarya [42]. Other authors have
argued that fungi should instead be classified into mono-
phyletic phyla that are also informative of divergence
times [37]. Irrespective of taxonomic rank, phylogenomic
analyses of the Kingdom Fungi resolve the three lineages
as monophyletic clades based on Maximum Likelihood
(ML) analysis with concatenated data and coalescence
methods, but the evolutionary relationships among the
three lineages remain enigmatic and a hard polytomy
cannot be rejected [40]. Further, it is worth noting that
the placement of Glomeromycota in the fungal tree of
life remains sensitive to the evolutionary model used
and filtering of fast evolving sites [43]. Morphologically,
the three lineages share characters such as coenocytic
hyphae and predominantly plant-based ecologies with
mycorrhizal associations in two of the sister lineages
[42, 44]. However, Glomeromycota stand out as a lin-
eage of obligate symbionts of photosynthesizing partners,
dominated by AM fungi that associates with plants [44]
but also including G. pyriformis that associates with the
nitrogen-fixing cyanobacteria Nostoc [45, 46]. Contrary
to expectations, phylogenomic analysis across Glomero-
mycota did not place G. pyriformis as the sister to all
other AM fungi and comparative analyses suggest that
the genome signature of obligate biotrophy characteris-
tic of the group was already present in the MRCA of the
symbiotic clade [34]. The taxonomic classification of AM
fungi to phylum Glomeromycota remains the most fre-
quently used in mycorrhizal literature, and based on their
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unique biology we adhere to this classification and treat
the three lineages as separate phyla that share a common
ancestor and branch as sister to the Basidibolales, Zoo-
pagomycota [40]. Here, Mucoromycota corresponds to
Mucoromycotina [42], which encompass the mycorrhi-
zal lineage Endogonaceae [20] and saprotrophic genera
including Mucor, Rhizopus, Umbelopsis and others. It is
relevant to note that Mortierellomycota, correspond-
ing to Mortierellomycotina [42], have also been shown
to encompass species with beneficial interactions with
plants as root endophytes [47, 48]. However, these fungi
are not known to form specialized structures within plant
roots and to our knowledge nutrient for energy exchange
has not yet been documented.

The aim of this study is to address the evolutionary
relationships among extant representatives of the three
fungal lineages and to analyze derived genome signa-
ture of the obligate mutualistic AM fungi. To obtain
a clear picture of the early evolutionary relationships
among the three phyla we carefully selected a balanced
taxon sampling from all three lineages, primarily includ-
ing taxa known to inhabit soil environments, in order
to minimize confounding effects of adaptations to other
habitats. With the selected dataset we infer the evolu-
tionary relationships among Glomeromycota, Mortierel-
lomycota and Mucoromycota, and examine gene family
evolution for CAZymes and peptidases in order to iden-
tify coarse genomic signatures associated with the sym-
biotic lifestyle of Glomeromycota and Endogonales. We
explore the distribution of previously identified Missing
Glomeromycota Core Genes (MGCGs) across analyzed
taxa and highlight interesting differences in gene content
across different AM fungal lineages.

Results

Three evolutionary distinct lineages

The three sister lineages are recovered as well-supported
monophyletic clades with high internode supports, in
both ML and coalescent-based phylogenomic analy-
sis (Fig. 1). A polytomy scenario between the three was
rejected (p=0.01) and Glomeromycota is recovered
as sister to the other two phyla (posterior probabil-
ity=0.98) (Fig. 1A). Within Glomeromycota, G. pyrifor-
mis is recovered as sister of Ambisporaceae (BS=100%,
LPP=1, quartet support=0.87), with Paraglomeraceae
as sister of the two lineages (BS=92%, LPP=0.96, quar-
tet support=0.42) (Fig. 1B). Together these three lineages
are recovered as sister to the rest of the Glomeromy-
cota (BS=100%, LPP=1, quartet support=0.92). Within
Mucoromycota, Endogonales represented here by Endo-
gone sp., Jimgerdemannia flammicorona and J. lacti-
flua branched as a sister to all other taxa in the phylum
(BS=100%, LPP=1, quartet support=0.79). In Mortierel-
lomycota, Actinomortierella capitata separated as a sister
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Fig. 1 Phylogenetic relationships among the three sister phyla Glomeromycota, Mucoromycota and Mortierellomycota with Basidiobolus meristosporus
as outgroup. (A) Testing support for three alternative phylogenetic relationships among the three sister phyla, based on all individual gene trees of 243
single copy orthologs (SCOs). Quartet support for the three topologies (T1-3) is summarized in the bar chart with the dashed line representing the ex-
pectation of hard polytomy. T1 corresponds to both the best ML topology and the ASTRAL topology illustrated in B.T2 and T3 correspond to alternative
topologies obtained in ASTRAL. (B) Best maximum likelihood IQTREE phylogeny from a concatenated alignment of 243 SCOs shared at least among 50%
of all forty-six taxa. Support values are shown above branches (bootstrap support from the ML analysis/local posterior probability/quartet support from
the ASTRAL analysis). For details on the genomes representing taxa see Table S1

to the rest of the taxa in the phylum (BS=100%, LPP=1,
quartet support=0.99) (Fig. 1B).

Compiled assembly statistics indicates some important
differences between the three phyla (Table S2). Across all
genomes, Glomeromycota have lower GC content, with
an average of 27%, compared to 48 and 40% in Mortierel-
lomycota and Mucoromycota respectively. However, the
two assemblies representing Paraglomeraceae stand out
from the other Glomeromycota with a higher GC content
at 37%. Further, assembly size and predicted number of
genes were higher in Glomeromycota compared to both
Mortierellomycota and Mucoromycota and in both cases

the estimates for Paraglomeraceae were markedly lower
than the rest of the taxa in Glomeromycota (Table S2).

Genomic signatures of biotrophy

Among 39 genes previously identified as MGCGs, only
13 could not be detected in any of the analyzed Glomero-
mycota, while being detected in the two sister lineages
(Supplementary datafile 1). Interestingly, six of these
were also not detected in the three analyzed genomes
representing Endogonales, including five genes involved
in thiamin metabolism (Table S3), suggesting that thia-
min auxotrophy is a signature of plant biotrophy among
these phyla rather than a genomic signature unique to
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Glomeromycota. Similarly, a gene involved in sulfo-
nate catabolism (JLP1) was not detected in any of the
mycorrhizal forming taxa analyzed. The remaining seven
MGCGs were only missing in Glomeromycota, include
the two fatty acid synthesis genes FAS1 and FAS2, four
genes involved in detoxification and stress response, and
one involved in ER quality control (Table S3). Of the 39
original MGCGs, five genes involved in sugar, alcohol and
uracil metabolism and allantoin permease were missing
in Glomeromycota, as well as in the analyzed genomes
of Mortierellomycota and eight genes were missing in all
three phyla (Table S3). Further, five of the genes previ-
ously identified as MGCGs were recovered in more than
one, but not all, of the analyzed Glomeromycota genome
assemblies (Figure S1). These include two genes (ARO8
and ARQ9) involved in aromatic amino acid metabolism
that were detected in Paraglomus and Ambispora as well
as the high affinity sodium symporter PHO89 was recov-
ered in Acaulosporaceae, Claroideoglomeraceae, Glom-
eraceae and Ra. fulgida.

Overall, the number of predicted genes annotated
as CAZymes is lower in Glomeromycota compared to
Mucoromycota and Mortierellomycota (Figure S2).
Among the CAZyme gene families, polysaccharide
lyases stand out in the current analysis, since none were
detected in any of the Glomeromycota. A handful of
genes assigned to different PL families were annotated
in the two sister phyla, with 2—6 genes in Mortierellomy-
cota and 4-12 in Mucoromycota (Supplementary data 2).
The gene copy number in CAZyme in the class CE are
slightly more abundant in Mucoromycota and Mortierel-
lomycota compared to Glomeromycota but numbers are
overall low (Figure S2). Further our CAFE v5 (Computa-
tional Analysis of gene Family Evolution) analysis (Figure
S$3-S14) showed that CE4 significantly contracted in the
most recent common ancestor of Glomeromycota (Figure
S8). CAZymes in the class GH follow a similar pattern,
interestingly, invertase (GH32) was not detected in any
taxa of Glomeromycota or Mortierellomycota, nor was it
detected in Mucoromycota, with the exception of the two
Umbelopsis species that had two copies each (Supple-
mentary data 2). The lack of GH32 genes indicates that
irrespective of ecological strategy, these taxa largely lack
the ability to metabolize sucrose. Numbers of enzymes
with auxiliary activities (AA) on the other hand, were
slightly higher in Glomeromycota compared to Mucoro-
mycota and Mortierellomycota. Interestingly, two fami-
lies in this class, AA3: involved in oxidation of alcohols
or carbohydrates while simultaneously forming hydrogen
peroxide [49] and AA?7: involved in chitin degradation
[50] were identified by the CAFE analysis as significantly
expanding within specific lineages of Glomeromycota
(Figures S5-S6). Similarly, two families of glycoside trans-
ferase (GT1 and GT2-chitin synthase [51] significantly
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expanded in Gigasporaceae (Fig. 2, S12, S13). While
most of the Glomeromycota have lower gene counts for
the class GT, the Gigasporaceae have gene counts similar
to the other two phyla. Overall, all three phyla have low
gene copy numbers for CBM (Figure S2).

Based on our CAFE analysis, we detected one expan-
sion and 39 contractions in CAZyme gene families at
the branch leading to the Glomeromycota (Figure S3).
We also detected 15 expansions of CAZyme gene fami-
lies and 17 contractions at the branch leading up to the
Mortierellomycota. In Mucoromycota we detected four
expansions and three contractions of CAZyme gene
families. However, in the branch leading to Endogo-
nales we detected two expansions and 27 contractions in
CAZyme gene families (Figure S3). In our dataset, eleven
CAZyme gene families showed significant changes in
number (Figures S4-S14), but only three had significant
changes at the nodes discussed above, for example AA7
and AA11 significantly contracted on the branch leading
to Mucoromycota, and CE4 and AA11 significantly con-
tracted in the most recent common ancestor of the three
phyla (Mucoromycota, Mortierellomycota and Glomero-
mycota) (Figure S6-S8).

Out of the 17 CAZyme gene families classified as
PCWDEs and previously analyzed in relation to bio-
trophic lifestyle switches [14, 20, 26, 32], eleven were
recorded at very low numbers in a handful of genomes
and were not recorded at all in the outgroup (Table S4).
Thus, the absence of these gene families, including typi-
cal PCWDEs such as GH6, GH7 and CBM1, in genomes
from Glomeromycota cannot be interpreted as an evolv-
ing signature of their obligate biotrophic lifestyle, since
they were not present in the most recent common ances-
tor of these phyla. Of the remaining six gene families,
CE1 and GH3 are absent or near absent in Glomero-
mycota, GH5 is recorded at somewhat lower numbers
in Glomeromycota compared to the other phyla while
AA1, which includes laccases, and peroxidases in AA2
and acetyl esterase in CE16 are recovered in all analyzed
genomes (Fig. 2). AA1 is significantly expanded in the
ancestor of Diversisporales and Glomerales, and further
expanded in Diversisporales (Figure S4).

We identified twelve CAZyme gene families putatively
missing in Glomeromycota while found in the other two
phyla (Table S5). These include two families of chitin
binding modules (CBM5 and 12), eight glycoside hydro-
lase families and two polysaccharide lysase families (PL14
and 36). Most of these gene families are small and rare
across all phyla but the bacterial glycoside hydrolase GH8
and PL14 may deserve further analysis that may reveal if
these are novel genes uniquely missing in Glomeromy-
cota (Table S5).

Overall, the copy numbers in peptidases gene fami-
lies as identified based on the MEROPS database, were
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Fig. 2 Gene copy numbers across eleven CAZyme gene families, six representing PCWDEs detected across the analyzed phyla (AA1, AA2, CE1, CE16,
GH3 and GHS5, Table S4) and five selected because of expansions in Gigasporaceae, here indicated with * (AA3, AA7, GT1, GT2 Chitin synthetase and
GT25). Circle sizes are proportional to the number of genes annotated in each assembly, scaled individually for each gene family for readability with the
maximum number of genes indicated at the bottom of each column. Estimated BUSCO completeness (Table S2) of the analyzed genome assemblies is
indicated by bars to the right. Species are organized according to the phylogenetic tree in Fig. 1 and Endogonales as well as orders in Glomeromycota are
highlighted by colored boxes, each color correspond to different taxonomic families

similar across all three phyla (Figure S15). Among the
families of proteolytic enzymes, the asparagine pep-
tide lyases (APL) gene family stands out with no genes
detected in Mucoromycota and Mortierellomycota (Fig-
ure S15). In Glomeromycota on the other hand, APL
(N9) was detected in all taxa except Ac. colombiana,
Diversispora epigaea and D. eburnea. In R. irregularis

(A1) APL (N6) was found and APL (N11) was detected in
G. pyriformis. On the branch leading to Glomeromycota
we detected four expansions and 35 contractions. On the
branch leading to Mortierellomycota we identified 22
expansions and nine contractions, while on the branch
leading to Mucoromycota we identified three expansions
and six contractions (Figure S16). For Endogonales, we
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detected nine expansions and 24 contractions of pep-
tidase gene families (Figure S16). In the most recent
common ancestor of the three phyla, we observed 27
contracting peptidases families and no expansions (Fig-
ure S16). Based on the CAFE analysis, 16 peptidases
show significant changes in number, three of them have
significantly expanded on the branch leading to Mor-
tierellomycota (M13, S09X and S12; Figures S17-19) and
five show significant expansions on the branch leading to
Gigasporaceae (S09X, A01A, C19, S09C and S10; Figures
S$18, S20-523).

Discussion

In this paper, we use broad taxon sampling to ana-
lyze the evolutionary relationships of Glomeromycota,
Mucoromycota and Mortierellomycota, which together
represent a monophyletic lineage whose relationships
have remained unresolved despite increasing genomic
resources [40]. Importantly, recent phylogenomic analy-
sis support Basidiobolales, Zoopagomycota as the sis-
ter to these three clades [39, 40], revising the earlier
placement of the three as sister to Dikarya [38]. Using a
balanced taxon sampling with broad taxonomic repre-
sentation of recently released genome assemblies of all
three lineages and with B. meristosporus as the outgroup,
we were able to reject a hard polytomy and present a phy-
logenetic analysis supporting Glomeromycota as sister
to a clade composed of Mortierellomycota and Mucoro-
mycota (Fig. 1). This relationship has not previously been
supported in phylogenomic analyses including taxa of
Glomeromycota, possibly due to the limited represen-
tation of Mortierellomycota and Mucoromycota taxa in
those analyses [34, 40, 52]. In line with earlier studies, our
phylogenomic analyses support that the symbiotic fungi
in Glomeromycota and Endogonales (Mucoromycota)
represent two independent origins of mutualistic plant
symbiotic lifestyles. The alternative scenario that the two
lineages represent one evolutionary event appears less
likely given their functional and morphological differ-
ences [23].

The recovered relationships within Glomeromycota
are well supported and in line with earlier findings [52].
Among these obligate plant symbionts, G. pyriformis
stands out by forming a symbiotic interaction with Nos-
toc cyanobacteria instead of plants. Nevertheless, the
interaction does not appear to represent an ancestral
state as revealed by phylogenomic analysis [34]. With our
broad taxon sampling, G. pyriformis was recovered as a
well-supported sister to members of the Ambisporaceae
(BS=100%, LPP=1, quartet support=0.87) (Fig. 1). This
topology differs from a previous analysis in which G.
pyriformis was recovered as sister to Ambisporaceae and
Paraglomeraceae [34]. In a later analysis, however, G. pyr-
iformis was recovered as sister to Ambispora leptoticha
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and separate from Paraglomus occultum, which was
recovered as sister to other AM fungi [34]. In our analysis
on the other hand, Paraglomeraceae is recovered as sis-
ter to G. pyriformis and Ambisporaceae, and together the
three lineages are sister to all other AM fungi. However,
these relationships are not strongly supported (BS=92%,
LPP=0.96, quartet support=0.42) (Fig. 1). There are
several reasons for why the recovered topologies differ
among studies, including taxon sampling, strategies for
selecting orthologs, handling of missing data and phylo-
genetic inference methods used [53-55].

Our summary of assembly statistics supports previous
observations of high GC content, smaller assembly size
and lower number of genes in Paraglomeraceae com-
pared to other Glomeromycota [34]. These genome char-
acteristics make Paraglomeraceae more similar to taxa in
the other phyla analyzed in this study. To resolve the phy-
logenetic relationships among early divergent lineages of
Glomeromycota, future studies should include taxa from
currently missing lineages, such as the Archaeosporaceae
[56], and should carefully analyze the effect of selected
gene sets on phylogenetic reconstructions [55].

While Glomeromycota exclusively encompass obligate
biotrophic AM fungi and G. pyriformis, the other two
phyla represent different ecological lifestyles including
facultative mutualistic symbionts, endophytes, sapro-
trophs and opportunistic pathogens [20, 38]. In Dikarya,
switching to a mycorrhizal habit has occurred as mul-
tiple independent evolutionary events and is known to
be associated with genomic signatures such as contrac-
tions in CAZyme gene families, in particular those asso-
ciated with plant cell wall degradation [27]. Hence, the
absence of many typical PCWDEs in analyses of AM
fungal genomes has been interpreted as a functional
gene signature of obligate biotrophic lifestyle [14—16].
While we see contractions of CAZymes in the most
recent common ancestor of Glomeromycota (Figure S3),
these do not correspond to PCWDEs with the exception
of AA1 (Figure S4), that shows significant contractions.
Instead, we demonstrate that most of the PCWDEs gene
families are also absent in the sister phyla, as well as in
the outgroup. Thus, we suggest that the low numbers
of PCWDEs in AM fungi is not an adaptation to their
obligate plant symbiotic lifestyle, rather it represents an
ancestral phylogenetic signature. Ten different families of
PCWDESs were detected in Endogonales (Table S4), all of
them in low copy number. PCWDEs abundantly detected
among wood decay Basidiomycetes likely diversified early
in the evolutionary history of Dikarya [57], when the
three phyla studied here had already diverged and were
evolving as separate lineages [24]. An additional interest-
ing finding is the number of copies of GT25 in members
of Diversisporales (Fig. 2), this CAZyme family was not
present at the root of our tree, therefore an analysis with
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an expanded outgroup that includes members of Dikarya
will provide insights into the origin and evolution of this
family.

Other genomic signatures of symbiotic lifestyle are
likely to characterize mycorrhizal fungi in these lineages.
For instance, in line with earlier studies [34, 58—60], fatty
acid synthase homologous genes were not detected in any
of the analyzed Glomeromycota genomes. This further
supports the notion that the obligate nature of the AM
fungal symbiosis is maintained through the provision of
fatty acids as a source of energy and carbon from the host
[10-12]. Other core genes previously suggested to be
missing only in Glomeromycota, so called MGCGs, were
either found to be missing in all analyzed phyla, or were
actually present in some Glomeromycota genomes (Table
S3, Figure S1). With the increase in available genome
assemblies from a broad range of AM fungal taxa [52], it
would be timely to repeat the comprehensive analysis of
the genetic basis for auxotrophy among AM fungi previ-
ously performed on only a handful of taxa [15]. However,
such efforts were outside the scope of the current study.

Conclusion

Based on a broad taxon sampling we present a well-sup-
ported phylogeny with Glomeromycota, including all AM
fungi, as sister to a clade comprising Mucoromycota and
Mortierellomycota. We find that in these lineages the
evolutionary transitions to mutualistic plant symbiosis in
AM fungi and symbiotic MFRE Endogonales happened
in a genomic background profoundly different from that
known from the emergence of ectomycorrhizal fungi in
Dikarya. Specifically, losses of typical PCWDEs cannot
be attributed to the mycorrhizal symbioses, since they
were not inferred to be present in the ancestor of the
three phyla. With the expanded taxon sampling we found
that many genes previously thought to be missing in all
AM fungi are either present in some of them or missing
also in their sister lineages. These results call for further
reevaluation of genomic signatures associated with plant
symbiosis among early diverging fungi.

Materials and methods

Taxon sampling, gene prediction and functional
annotation

In our analysis, Glomeromycota is represented by 23
genome assemblies of 15 species across eight families
(Table S1). We included 17 genome assemblies with
BUSCO completeness estimates of at least 82% from AM
fungal genomes assembled from combined reads from
multiple separately amplified and sequenced nuclei [52,
61]. Further, we retrieved genome data from the Joint
Genome Institute (JGI) and GenBank, six from Glomero-
mycota [34, 58, 59, 62], 13 from Mucoromycota [20,
63—69] and nine from Mortierellomycota, six published
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[47, 63, 70] and three unpublished. The genome of Basid-
iobolus merisporus (Zoopagomycota) [63] was included
as an outgroup based on phylogenetic placement in a
recent analysis of the fungal tree of life [40] (Table S1).
Species names are updated following taxonomic revi-
sions [71].

For genomes published by Montoliu-Nerin and co-
workers [52, 61], gene prediction was performed using
an in-house annotation pipeline (v4.0) (https://bit-
bucket.org/scilifelab-Its/genemark_fungal annotation/
src/master/). In brief, RepeatModeler (v1.0.8) [72] was
used to predict repeats and transposable elements from
each assembly. The RepeatModeler library was thereaf-
ter filtered to obtain protein-coding genes before using
RepeatMasker (v4.0.7) [72] to mask each genome assem-
bly. MAKER (V3.01.1-beta) [73] was then used to align
Uniprot/Swiss-Prot databases [74, 75] to the repeat
masked genome assemblies. Thereafter, GeneMark-Es
(4.33-es_perl5.24.1) [76] was used to predict protein cod-
ing genes from repeat mask genome assemblies which
provided genome location of Uniprot/Swiss-Prot pro-
teins. In this step, a minimum contig size of 10 Mb from
each assembly was included in the training database of
GeneMark-Es. For the remaining genomes, we used pre-
dicted genes from the original sources (Table S1-S2). To
ensure consistent annotation for downstream analysis,
all predicted genes were annotated with Funannotate
v.1.8.9 [77], using the following databases: Swiss-Prot
[78], InterPro [79], pfam (ref), eggnog [80], MEROPS, the
peptide database, v.12 [81] and databases of automated
CAZyme annotation (dbCAN) v.9 [82].

Phylogenetic analysis and topology testing

Single copy orthologs (SCOs) of predicted genes were
identified with Orthofinder v.2.4.0 [83] using default
parameters. The identified SCOs present in at least 50%
of the taxa were used for phylogenetic inference. Amino
acid sequences were aligned with MAFFT v.7.407 using
the --auto setting [84, 85]. Poorly aligned regions were
removed with trimAl v.1.4.1 [86] with a gap threshold
(-gt) of 0.2. For maximum likelihood (ML) phylogenetic
analysis, the individual alignments were concatenated
into a supermatrix with the geneSticher.py script [87]. A
phylogenetic inference based on the concatenated data-
set was made with IQ-TREE v.2.0 [88] with 100 bootstrap
replicates. The best-fit model for each gene partition and
the best-fit partition scheme were estimated with Mod-
elFinder [89]. A second phylogenetic inference consis-
tent with the coalescent species model was performed
using ASTRAL III v.5.7.3 [90]. We inferred individual
gene trees with IQ-TREE using the automated detec-
tion for best-fit model (MFP). The topological robustness
was assessed with local posterior probabilities (LPP) and
quartet supports. We evaluated the support for the three
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possible relationships among Glomeromycota, Mucoro-
mycota and Mortierellomycota, based on the support
among individual gene trees for alternative branching
orders and performed a polytomy test with ASTRAL-III
v.5.7.3 [91].

Gene content analysis

To test for differences in gene content among Glomero-
mycota, Mucoromycota and Mortierellomycota, we used
three datasets, CAZyme, peptidases and Pfam domains,
generated from the functional annotation in Funanno-
tate. The CAZymes include five classes of enzymes that
metabolize carbohydrates and glycoconjugates organized
into the glycoside hydrolases (GHs), glycosyl transferases
(GTs), polysaccharide lyases (PLs), carbohydrate ester-
ases (CEs) and auxiliary activities (AAs) as well as genes
with carbohydrate-binding modules (CBMs) while the
peptidases include eight MEROPS families of proteolytic
enzymes with different starting points for the catalysis of
peptides. Manual inspection of the CAZyme and pepti-
dases summary tables with total number of genes per
family and genome assembly drew our attention to two
cases, firstly one gene belonging to the CAZyme polysac-
charide lyase gene class (PL3) and one belonging to the
auxiliary activities gene family AA9 was annotated in
only Acaulospora colombiana of the Glomeromycota and
two gene copies in the MEROPS Asparagine peptide lyase
family (NO9) was annotated in only one genome assem-
bly outside of Glomeromycota. To verify these annota-
tions, the three genes were extracted from A. colombiana
and the AA9 genes from the Podila verticillata genome
assemblies and blasted against the NCBI database using
both the highly similar and somewhat similar settings.
Subsequently, all genes with these annotations were
extracted from the dataset and separately aligned. Com-
plete genes could not be confirmed by targeted BLASTn
search and alignment, we thus conclude that it is possible
but unlikely that one gene in PL3 and AA9 is present in
a single Glomeromycota genome. Similarly, the aspara-
gine peptide lyase gene (NO9) from P. verticillata could
not be confirmed. We concluded that the annotation was
not reliable and removed the scored presence of the gene
from the output file prior to downstream analysis. The
gene family copy numbers for CAZymes and peptidases
were visualized across phyla.

In order to determine the distribution and abundance
of 39 genes previously identified as MGCGs [16], we
performed a BLASTp search on all analyzed genomes
assemblies using the Sacharomyces cerevisiae reference
sequences for the MGCGs as query. Similar to earlier
studies [15, 16], all BLAST hits with an e-value<107°
were evaluated and genes were counted as present in
a genome using a bitscore cut off at 100. These thresh-
olds captured distinct similarity gaps across the hits for
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all genes (Supplementary data 1). Detection of MGCGs
across the three phyla was based on average number of
gene copies per genome assembly and number of assem-
blies with gene copies.

To identify nodes of significant changes in gene fam-
ily sizes (so called rapidly evolving gene families), gene
family evolution analysis in the CAZyme and peptidase
datasets were computed using CAFE (Computational
Analysis of gene Family Evolution) analysis (v5) [92]
with a p-value cutoff of 0.05. Prior to this, the phylog-
eny inferred from the ML analyses was converted into
an ultrametric tree using r8s (v1.81) [93]. The optimal
smoothing parameter was obtained by cross-validation
analysis. Divergence times were estimated using a Penal-
ized Likelihood method, Truncated Newton algorithm,
smoothing parameter value of 2.50 and three calibration
points for Glomeromycota (407 MYA) based on the fossil
Glomites rhyniensis, Mucorales (315 MYA) based on the
fossil Protoascon missouriensis and Endogonaceae (247
MYA) based on the fossil Jimwhitea circumtecta [94].
CAZymes classified as PCWDEs have been found to be
completely or partially lost in lineages of Basidiomycota
ECM fungi [26] and similar patterns are observed for
ECM fungi in Ascomycota [32]. We specifically examined
the copy number of 17 CAZyme gene families classified
as PCWDEs in earlier studies of different mycorrhizal
lineages [14, 20, 26, 32] (Table S4).

Abbreviations

Aas auxiliary activities

AM arbuscular mycorrhiza

BS bootstrap support

CAFE Computational Analysis of gene Family Evolution

CAZymes  Carbohydrate-active Enzymes

CBMs carbohydrate-binding modules
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ECM ectomycorrhiza

GHs glycoside hydrolases
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MGCG Missing Glomeromycota Core Gene

ML Maximum likelihood

nMDS Non—-metric multidimensional
PCWDE Plant Cell Wall Degrading Enzyme
PLs polysaccharide lyases

SCOs single copy orthologs

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512864-024-10391-2.

Supplementary Material 1
Supplementary Material 2

Supplementary Material 3

Acknowledgements

We thank W. Wheeler at INVAM culture collection for taxonomic support.
Lovisa Lundberg for figure design and data presentation. The computational
analyses were performed by resources in project SNIC 2022-5-42 provided


https://doi.org/10.1186/s12864-024-10391-2
https://doi.org/10.1186/s12864-024-10391-2

Rosling et al. BMC Genomics (2024) 25:529

by the Swedish National Infra- structure for Computing (SNIC) at UPPMAX,
partially funded by the Swedish Research Council through grant agreement
no. 2018-05973. We would like to thank colleagues at department of Energy
(DOE) Joint Genome Institute (JGI), especially Kerrie Barry. Michigan State
University occupies the ancestral, traditional, and contemporary Lands of the
Anishinaabeg-Three Fires Confederacy of Ojibwe, Odawa, and Potawatomi
peoples. The University resides on Land ceded in the 1819 Treaty of Saginaw.

Author contributions

AR and MS-G designed the study together with SES and planned the taxon
sampling with GB. Unpublished genome data was generated and analyzed
by GB together with AD, AB, SM and IVG. SES performed the annotations and
phylogenomic analysis together with MS-G. FKK performed analysis of gene
family evolution and contributed to data analysis. AR synthesized the results
and wrote the manuscript together with SES and MS-G with substantial input
from GB. All authors read and approved the final version of the manuscript.

Funding

Open access funding provided by Uppsala University. Funding for this
project was provided by ERC (678792) to AR. This funding was fundamental
for the design of the study, analysis, and interpretation of data as well as
writing of the manuscript. Additional funding to SES was provided by the
Royal Swedish Academy of Sciences KVA BS2022-0049. Funding from JGI
for assembly and annotation of genomes Actinomortierella capitata (strain
AV005) and Mortierella alpina (strain AD266). This work (proposal: https://
doi.org/10.46936/10.25585/60001028) conducted by the U.S. Department
of Energy Joint Genome Institute (https://ror.org/04xm1d337), a DOE Office
of Science User Facility, is supported by the Office of Science of the U.S.
Department of Energy operated under Contract No. DE-AC02-05CH11231.
GB, AD, and AB acknowledge NSF DEB 1737898 and DOE SFA LANLF59T for
support. Data handling and computational analyses were performed on
resources provided by the Swedish National Infrastructure for Computing
(SNIC), partially funded by the Swedish Research Council through grant
agreement no. 2018-05973.

Open access funding provided by Uppsala University.

Data availability

Published genome datasets analyzed in the current study are available in

the public repositories listed in the associated publications for details see
Table S1. Unpublished genome datasets are available in the JGI MycoCosm
fungal genome resource (https://mycocosm.jgi.doe.gov/MorAD185_1_1/
MorAD185_1_1.home.html; https://mycocosm.jgi.doe.gov/Moralp1_1/
Moralp1_1.home.html and https://mycocosmjgi.doe.gov/Morcap1/Morcap].
home.html). FunnAnotate output files as well as alignment and tree files

are available in the associated FigShare project https://doi.org/10.17044/
scilifelab.23553426.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Ecology and Genetics, Uppsala University, Uppsala,
Sweden

’Department of Organismal Biology, Uppsala University, Uppsala, Sweden
*Department of Plant Soil and Microbial Sciences, Michigan State
University, East Lansing, MI, USA

“Department of Biochemistry and Molecular Biology, Michigan State
University, East Lansing, MI, USA

°Department of Energy (DOE) Joint Genome Institute (JGI), Lawrence
Berkeley National laboratory, Berkeley, CA, USA

Department of Plant and Microbial Biology, University of California
Berkeley, Berkeley, CA 94720, USA

Page 10 of 12

’Department of Forest Mycology and Plant Pathology, Uppsala Biocentre,
Swedish University of Agricultural Sciences, Uppsala, Sweden

Received: 21 June 2023 / Accepted: 8 May 2024
Published online: 29 May 2024

References

1. Pirozynski K, Malloch D. The origin of land plants: a matter of mycotrophism.
BioSystems. 1975,6(3):153-64.

2. Berbee ML, Strullu-Derrien C, Delaux P-M, Strother PK, Kenrick P, Selosse
M-A, Taylor JW. Genomic and fossil windows into the secret lives of the most
ancient fungi. Nat Rev Microbiol. 2020;18(12):717-30.

3. Wang B, Yeun LH, Xue JY, Liu Y, Ané JM, Qiu YL. Presence of three mycorrhizal
genes in the common ancestor of land plants suggests a key role of mycor-
rhizas in the colonization of land by plants. New Phytol. 2010;186(2):514-25.

4. Oldroyd GE. Speak, friend, and enter: signalling systems that promote benefi-
cial symbiotic associations in plants. Nat Rev Microbiol. 2013;11(4):252-63.

5. Delaux P-M, Séjalon-Delmas N, Bécard G, Ané J-M. Evolution of the plant—
microbe symbiotic ‘toolkit’ Trends Plant Sci. 2013;18(6):298-304.

6. AlabaS, Piszczalka P, Pietrykowska H, Pacak AM, Sierocka |, Nuc PW, et al. The
liverwort P ellia endiviifolia shares microtranscriptomic traits that are com-
mon to green algae and land plants. New Phytol. 2015;206(1):352-67.

7. Bonfante P, Genre A. Mechanisms underlying beneficial plant-fungus interac-
tions in mycorrhizal symbiosis. Nat Commun. 2010;1(1):1-11.

8. Smith SE, Read DJ. Mycorrhizal symbiosis: Academic; 2010.

9. Ivanov S, Austin J, Berg RH, Harrison MJ. Extensive membrane systems at the
host-arbuscular mycorrhizal fungus interface. Nat Plants. 2019;5(2):194-203.

10. Jiang J, Moore JAM, Priyadarshi A, Classen AT. Plant-mycorrhizal interactions
mediate plant community coexistence by altering resource demand. Ecol-
ogy. 2017;,98(1):187-97.

11. Keymer A, Pimprikar P, Wewer V, Huber C, Brands M, Bucerius SL, et al. Lipid
transfer from plants to arbuscular mycorrhiza fungi. Elife. 2017,6:¢29107.

12. Luginbuehl LH, Menard GN, Kurup S, Van Erp H, Radhakrishnan GV, Break-
spear A, et al. Fatty acids in arbuscular mycorrhizal fungi are synthesized by
the host plant. Science. 2017;356(6343):1175-8.

13. WewerV, Brands M, Dormann P Fatty acid synthesis and lipid metabolism in
the obligate biotrophic fungus Rhizophagus Irregularis during mycorrhiza-
tion of Lotus japonicus. Plant J. 2014;79(3):398-412.

14.  Tisserant E, Malbreil M, Kuo A, Kohler A, Symeonidi A, Balestrini R, et al.
Genome of an arbuscular mycorrhizal fungus provides insight into the oldest
plant symbiosis. Proc Natl Acad Sci USA. 2013;110(50):20117-22.

15. KobayashiY, Maeda T, Yamaguchi K, Kameoka H, Tanaka S, Ezawa T, et al.

The genome of Rhizophagus Clarus HR1 reveals a common genetic basis
for auxotrophy among arbuscular mycorrhizal fungi. BMC Genomics.
2018;19(1):1-11.

16. Tang N, San Clemente H, Roy S, Bécard G, Zhao B, Roux C. A survey of the
gene repertoire of Gigaspora Rosea unravels conserved features among
Glomeromycota for obligate biotrophy. Front Microbiol. 2016;7:233.

17.  Bidartondo MI, Read DJ, Trappe JM, Merckx V, Ligrone R, Duckett JG. The
dawn of symbiosis between plants and fungi. Biol Lett. 2011;7(4):574-7.

18. Field KJ, Pressel S, Duckett JG, Rimington WR, Bidartondo MI. Symbiotic
options for the conquest of land. Trends Ecol Evol. 2015;30(8):477-86.

19.  Orchard S, Hilton S, Bending GD, Dickie IA, Standish RJ, Gleeson DB, et al. Fine
endophytes (Glomus tenue) are related to Mucoromycotina, not Glomeromy-
cota. New Phytol. 2017,213(2):481-6.

20. Chang, Desiro A, Na H, Sandor L, Lipzen A, Clum A, et al. Phylogenomics of
Endogonaceae and evolution of mycorrhizas within Mucoromycota. New
Phytol. 2019,222(1):511-25.

21. Desiro A, Rimington WR, Jacob A, Pol NV, Smith ME, Trappe JM, et al. Multi-
gene phylogeny of Endogonales, an early diverging lineage offungi associ-
ated with plants. IMA Fungus. 2017;8:245-57.

22. Yamamoto K, Shimamura M, Degawa Y, Yamada A. Dual colonization of
Mucoromycotina and Glomeromycotina fungi in the basal liverwort, Haplo-
mitrium mnioides (Haplomitriopsida). J Plant Res. 2019;132(6):777-88.

23. Sinanaj B, Hoysted GA, Pressel S, Bidartondo M|, Field KJ. Critical research
challenges facing Mucoromycotina ‘fine root endophytes. New Phytol.
2021,232(4):1528-34.

24. ChangY,Wang S, Sekimoto S, Aerts AL, Choi C, Clum A, et al. Phylogenomic
analyses indicate that early fungi evolved digesting cell walls of algal ances-
tors of land plants. Genome Biol Evol. 2015;7(6):1590-601.


https://doi.org/10.46936/10.25585/60001028
https://doi.org/10.46936/10.25585/60001028
https://ror.org/04xm1d337
https://mycocosm.jgi.doe.gov/MorAD185_1_1/MorAD185_1_1.home.html
https://mycocosm.jgi.doe.gov/MorAD185_1_1/MorAD185_1_1.home.html
https://mycocosm.jgi.doe.gov/Moralp1_1/Moralp1_1.home.html
https://mycocosm.jgi.doe.gov/Moralp1_1/Moralp1_1.home.html
https://mycocosm.jgi.doe.gov/Morcap1/Morcap1.home.html
https://mycocosm.jgi.doe.gov/Morcap1/Morcap1.home.html
https://doi.org/10.17044/scilifelab.23553426
https://doi.org/10.17044/scilifelab.23553426

Rosling et al. BMC Genomics

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43
44,

45.

46.

47.

48.

49.

50.

51

(2024) 25:529

Feijen FA, Vos RA, Nuytinck J, Merckx VS. Evolutionary dynamics of mycor-
rhizal symbiosis in land plant diversification. Sci Rep. 2018;8(1):10698.

Kohler A, Kuo A, Nagy LG, Morin E, Barry KW, Buscot F, et al. Convergent losses
of decay mechanisms and rapid turnover of symbiosis genes in mycorrhizal
mutualists. Nat Genet. 2015;47(4):410-5.

Martin F, Kohler A, Murat C, Veneault-Fourrey C, Hibbett DS. Unearthing the
roots of ectomycorrhizal symbioses. Nat Rev Microbiol. 2016;14(12):760-73.
Strullu-Derrien C, Selosse MA, Kenrick P, Martin FM. The origin and evolution
of mycorrhizal symbioses: from palaesomycology to phylogenomics. New
Phytol. 2018;220(4):1012-30.

Zhao Z, Liu H, Wang C, Xu J-R. Erratum to: comparative analysis of fungal
genomes reveals different plant cell wall degrading capacity in fungi. BMC
Genomics. 2014;15(1):1-15.

Bentil JA. Biocatalytic potential of basidiomycetes: relevance, challenges and
research interventions in industrial processes. Sci Afr. 2021;11:e00717.
Martin F, Aerts A, Ahrén D, Brun A, Danchin E, Duchaussoy F, et al. The
genome of Laccaria bicolor provides insights into mycorrhizal symbiosis.
Nature. 2008;452(7183):88-92.

Miyauchi S, Kiss E, Kuo A, Drula E, Kohler A, Sdnchez-Garcia M, et al. Large-
scale genome sequencing of mycorrhizal fungi provides insights into the
early evolution of symbiotic traits. Nat Commun. 2020;11(1):1-17.

Rich MK, Nouri E, Courty P-E, Reinhardt D. Diet of arbuscular mycorrhizal
fungi: bread and butter? Trends Plant Sci. 2017;22(8):652-60.

Malar M, Kriiger M, Kriiger C, Wang Y, Stajich JE, Keller J et al. The genome of
Geosiphon pyriformis reveals ancestral traits linked to the emergence of the
arbuscular mycorrhizal symbiosis. Curr Biol. 2021.

Hibbett DS, Binder M, Bischoff JF, Blackwell M, Cannon PF, Eriksson OE,

et al. A higher-level phylogenetic classification of the Fungi. Mycol Res.
2007;111(5):509-47.

SchiBler A, Walker C. The Glomeromycota: a species list with new families
and new genera. Volume 19. Botanische Staatssammlung Munich, and
Oregon State University: The Royal Botanic Garden Kew; 2010.

Tedersoo L, Sénchez-Ramirez S, Koljalg U, Bahram M, Déring M, Schigel D, et
al. High-level classification of the Fungi and a tool for evolutionary ecological
analyses. Fungal Divers. 2018;90(1):135-59.

Spatafora JW, Chang Y, Benny GL, Lazarus K, Smith ME, Berbee ML, et al. A
phylum-level phylogenetic classification of zygomycete fungi based on
genome-scale data. Mycologia. 2016;108(5):1028-46.

James TY, Stajich JE, Hittinger CT, Rokas A. Toward a fully resolved fungal tree
of life. Annu Rev Microbiol. 2020;74.

LiY, Steenwyk JL, Chang Y, Wang Y, James TY, Stajich JE et al. A genome-scale
phylogeny of the kingdom Fungi. Curr Biol. 2021.

Schupler A, Schwarzott D, Walker C. A new fungal phylum, the Glomeromy-
cota: phylogeny and evolution. Mycol Res. 2001;105(12):1413-21.

Spatafora JW, Aime MC, Grigoriev IV, Martin F, Stajich JE, Blackwell M. The
fungal tree of life: from molecular systematics to genome-scale phylogenies.
Fungal Kingd. 2017:1-34.

Strassert JF, Monaghan MT. Phylogenomic insights into the early diversifica-
tion of fungi. Curr Biol. 2022;32(16):3628-35. €3.

Bonfante P, Venice F. Mucoromycota: going to the roots of plant-interacting
fungi. Fungal Biology Reviews. 2020,34(2):100-13.

Gehrig H, SchiBler A, Kluge M. Geosiphon pyriforme, a fungus forming
endocytobiosis withNostoc (Cyanobacteria), is an ancestral member of the
glomales: evidence by SSU rRNA analysis. J Mol Evol. 1996;43(1):71-81.
SchiBler A. The geosiphon-Nostoc endosymbiosis and its role as a model for
arbuscular mycorrhiza research. In: Hock B, editor. Fungal associations. The
Mycota. Volume 9. Berlin, Heidelberg: Springer; 2012. pp. 77-91.

Vandepol N, Liber J, Desiro A, Na H, Kennedy M, Barry K, et al. Resolving the
Mortierellaceae phylogeny through synthesis of multi-gene phylogenetics
and phylogenomics. Fungal Divers. 2020;104(1):267-89.

Zhang K, Bonito G, Hsu C-M, Hameed K, Vilgalys R, Liao H-L. Mortierella
elongata increases plant biomass among non-leguminous crop species.
Agronomy. 2020;10(5):754.

Levasseur A, Drula E, Lombard V, Coutinho PM, Henrissat B. Expansion of
the enzymatic repertoire of the CAZy database to integrate auxiliary redox
enzymes. Biotechnol Biofuels. 2013;6(1):1-14.

Martino E, Morin E, Grelet GA, Kuo A, Kohler A, Daghino S, et al. Comparative
genomics and transcriptomics depict ericoid mycorrhizal fungi as versatile
saprotrophs and plant mutualists. New Phytol. 2018;217(3):1213-29.
Martinez-Fleites C, Korczynska JE, Davies GJ, Cope MJ, Turkenburg JP, Taylor
EJ. The crystal structure of a family GH25 lysozyme from Bacillus anthracis

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 11 of 12

implies a neighboring-group catalytic mechanism with retention of ano-
meric configuration. Carbohydr Res. 2009;344(13):1753-7.

Montoliu-Nerin M, Sdénchez-Garcia M, Bergin C, Kutschera VE, Johannesson
H, Bever JD, Rosling A. In-depth phylogenomic analysis of arbuscular mycor-
rhizal fungi based on a comprehensive set of de novo genome assemblies.
Front Fungal Biology. 2021:53.

Streicher JW, Schulte JA, Wiens JJ. How should genes and taxa be sampled
for phylogenomic analyses with missing data? An empirical study in iguanian
lizards. Syst Biol. 2016;65(1):128-45.

Lemmon AR, Brown JM, Stanger-Hall K, Lemmon EM. The effect of ambigu-
ous data on phylogenetic estimates obtained by maximum likelihood and
bayesian inference. Syst Biol. 2009;58(1):130-45.

Prasanna AN, Gerber D, Kijpornyongpan T, Aime MC, Doyle VP, Nagy LG.
Model choice, missing data, and taxon sampling impact phylogenomic infer-
ence of deep Basidiomycota relationships. Syst Biol. 2020,69(1):17-37.
Redecker D, SchiiBler A, Stockinger H, Sttirmer SL, Morton JB, Walker C. An
evidence-based consensus for the classification of arbuscular mycorrhizal
fungi (Glomeromycota). Mycorrhiza. 2013;23(7):515-31.

Floudas D, Binder M, Riley R, Barry K, Blanchette RA, Henrissat B, et al. The
paleozoic origin of enzymatic lignin decomposition reconstructed from 31
fungal genomes. Science. 2012;336(6089):1715-9.

Morin E, Miyauchi S, San Clemente H, Chen EC, Pelin A, de la Providencia

|, et al. Comparative genomics of Rhizophagus Irregularis, R. cerebriforme,

R. diaphanus and Gigaspora Rosea highlights specific genetic features in
Glomeromycotina. New Phytol. 2019;222(3):1584-98.

Sun X, Chen W, lvanov S, MacLean AM, Wight H, Ramaraj T, et al. Genome
and evolution of the arbuscular mycorrhizal fungus Diversispora epigaea
(formerly Glomus Versiforme) and its bacterial endosymbionts. New Phytol.
2019;221(3):1556-73.

Venice F, Ghignone S, Salvioli di Fossalunga A, Amselem J, Novero M, Xianan
X, et al. At the nexus of three kingdoms: the genome of the mycorrhizal
fungus Gigaspora margarita provides insights into plant, endobacterial and
fungal interactions. Environ Microbiol. 2020,22(1):122-41.

Montoliu-Nerin M, Sdnchez-Garcia M, Bergin C, Grabherr M, Ellis B, Kutschera
VE, et al. Building de novo reference genome assemblies of complex eukary-
otic microorganisms from single nuclei. Sci Rep. 2020;10(1):1-10.

Chen EC, Morin E, Beaudet D, Noel J, Yildirir G, Ndikumana S, et al. High
intraspecific genome diversity in the model arbuscular mycorrhizal symbiont
Rhizophagus Irregularis. New Phytol. 2018,220(4):1161-71.

Mondo SJ, Lastovetsky OA, Gaspar ML, Schwardt NH, Barber CC, Riley R, et

al. Bacterial endosymbionts influence host sexuality and reveal reproductive
genes of early divergent fungi. Nat Commun. 2017;8(1):1-9.

Corrochano LM, Kuo A, Marcet-Houben M, Polaino S, Salamov A, Villalobos-
Escobedo JM, et al. Expansion of signal transduction pathways in fungi by
extensive genome duplication. Curr Biol. 2016;26(12):1577-84.

Lebreton A, Corre E, Jany J-L, Brillet-Guéguen L, Perez-Arques C, Garre V, et
al. Comparative genomics applied to Mucor species with different lifestyles.
BMC Genomics. 2020;21(1):135.

Ma L-J, Ibrahim AS, Skory C, Grabherr MG, Burger G, Butler M, et al. Genomic
analysis of the basal lineage fungus Rhizopus Oryzae reveals a whole-
genome duplication. PLoS Genet. 2009;5(7):e1000549.

Schwartze VU, Winter S, Shelest E, Marcet-Houben M, Horn F, Wehner S, et
al. Gene expansion shapes genome architecture in the human pathogen
Lichtheimia corymbifera: an evolutionary genomics analysis in the ancient
terrestrial mucorales (Mucoromycotina). PLoS Genet. 2014;10(8):e1004496.
Muszewska A, Steczkiewicz K, Stepniewska-Dziubinska M, Ginalski K. Cut-
and-paste transposons in fungi with diverse lifestyles. Genome Biol Evol.
2017,9(12):3463-77.

Navarro-Mendoza MI, Pérez-Arques C, Panchal S, Nicolas FE, Mondo SJ,
Ganguly P, et al. Early diverging fungus Mucor circinelloides lacks centromeric
histone CENP-A and displays a mosaic of point and regional centromeres.
Curr Biol. 2019;29(22):3791-802. e6.

Uehling J, Gryganskyi A, Hameed K, Tschaplinski T, Misztal P, Wu S, et al. Com-
parative genomics of Mortierella elongata and its bacterial endosymbiont
Mycoavidus cysteinexigens. Environ Microbiol. 2017;19(8):2964-83.
Btaszkowski J, Koztowska A, Niezgoda P, Goto BT, Dalpé Y. A new genus,
Oehlia with Oehlia diaphana comb. nov. and an emended description of Rhi-
zoglomus Vesiculiferum comb. nov. in the Glomeromycotina. Nova Hedwigia.
2018;107(3-4):501-18.

Smit A, Hubley R, Green P RepeatMasker Open-4.0. 2013-2015. http://www.
repeatmasker.org; 2015.


http://www.repeatmasker.org
http://www.repeatmasker.org

Rosling et al. BMC Genomics

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

(2024) 25:529

Cantarel BL, Korf 1, Robb SM, Parra G, Ross E, Moore B, et al. MAKER: an
easy-to-use annotation pipeline designed for emerging model organism
genomes. Genome Res. 2008;18(1):188-96.

Bateman RM, Rudall PJ, Bidartondo M, Cozzolino S, Tranchida-Lombardo

V, Carine MA, Moura M. Speciation via floral heterochrony and presumed
mycorrhizal host switching of endemic butterfly orchids on the azorean
archipelago. Am J Bot. 2014;101(6):979-1001.

UniProt Consortium. UniProt: the universal protein knowledgebase. Nucleic
Acids Res. 2018;46(5):2699.

Ter-Hovhannisyan V, Lomsadze A, Chernoff YO, Borodovsky M. Gene predic-
tion in novel fungal genomes using an ab initio algorithm with unsupervised
training. Genome Res. 2008;18(12):1979-90.

Palmer J, Stajich J. Funannotate v1. 8.1: eukaryotic genome annotation.
Zenodo. 2020.

Stockinger H, Altenhoff AM, Arnold K, Bairoch A, Bastian F, Bergmann S, et al.
Fifteen years SIB Swiss Institute of Bioinformatics: life science databases, tools
and support. Nucleic Acids Res. 2014;42(W1):W436-41.

Jones P, Binns D, Chang H-Y, Fraser M, Li W, McAnulla C, et al. InterPro-

Scan 5: genome-scale protein function classification. Bioinformatics.
2014,30(9):1236-40.

Huerta-Cepas J, Szklarczyk D, Heller D, Hernandez-Plaza A, Forslund SK, Cook
H, et al. eggNOG 5.0: a hierarchical, functionally and phylogenetically anno-
tated orthology resource based on 5090 organisms and 2502 viruses. Nucleic
Acids Res. 2019;47(D1):.D309-14.

Rawlings ND, Waller M, Barrett AJ, Bateman A. MEROPS: the database of
proteolytic enzymes, their substrates and inhibitors. Nucleic Acids Res.
2014,42(D1):D503-9.

YinY, Mao X, Yang J, Chen X, Mao F, Xu Y. dbCAN: a web resource for
automated carbohydrate-active enzyme annotation. Nucleic Acids Res.
2012,40(W1):W445-51.

Emms D, Kelly S. OrthoFinder2: fast and accurate phylogenomic orthology
analysis from gene sequences. BioRxiv. 2018:466201.

Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol.
2013;30(4):772-80.

85.

86.

87.

88.

89.

90.

91.

92.

94.

Page 12 of 12

Katoh K, Standley DM. A simple method to control over-alignment

in the MAFFT multiple sequence alignment program. Bioinformatics.
2016;32(13):1933-42.

Capella-Gutiérrez S, Silla-Martinez JM, Gabalddn T. trimAl: a tool for auto-
mated alignment trimming in large-scale phylogenetic analyses. Bioinformat-
ics. 2009;25(15):1972-3.

Schluter D. Phylogenetic tools Phylogenetic trees https://github.com/balles-
terus/Utensils2016 [https://github.com/ballesterus/Utensils.

Nguyen L-T, Schmidt HA, Von Haeseler A, Minh BQ. IQ-TREE: a fast and effec-
tive stochastic algorithm for estimating maximum-likelihood phylogenies.
Mol Biol Evol. 2015;32(1):268-74.

Kalyaanamoorthy S, Minh BQ, Wong TK, Von Haeseler A, Jermiin LS. Mod-
elFinder: fast model selection for accurate phylogenetic estimates. Nat
Methods. 2017;14(6):587-9.

Zhang C, Rabiee M, Sayyari E, Mirarab S. ASTRAL-III: polynomial time species
tree reconstruction from partially resolved gene trees. BMC Bioinformatics.
2018;19(6):15-30.

Sayyari E, Mirarab S. Testing for polytomies in phylogenetic species trees
using quartet frequencies. Genes. 2018,9(3):132.

Mendes FK, Vanderpool D, Fulton B, Hahn MW. CAFE 5 models

variation in evolutionary rates among gene families. Bioinformatics.
2020;36(22-23):5516-8.

Sanderson MJ. r8s: inferring absolute rates of molecular evolution and
divergence times in the absence of a molecular clock. Bioinformatics.
2003;19(2):301-2.

Taylor TN, Krings M, Taylor EL. Fossil fungi: Academic; 2014.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://github.com/ballesterus/Utensils

	﻿Evolutionary history of arbuscular mycorrhizal fungi and genomic signatures of obligate symbiosis
	﻿Abstract
	﻿Background
	﻿Results
	﻿Three evolutionary distinct lineages
	﻿Genomic signatures of biotrophy

	﻿Discussion
	﻿Conclusion
	﻿Materials and methods
	﻿Taxon sampling, gene prediction and functional annotation
	﻿Phylogenetic analysis and topology testing
	﻿Gene content analysis

	﻿References


