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Summary

 While there has been significant progress characterizing the ‘symbiotic tool kit’ of 

ectomycorrhizal (ECM) fungi, how host specificity may be encoded into ECM fungal genomes 

remains poorly understood. 

 We conducted a comparative genomic analysis of ECM fungal host specialists and generalists, 

focusing on the specialist genus Suillus. Global analyses of genome dynamics across 46 

species were assessed, along with targeted analyses of three classes of molecules previously 

identified as important determinants of host specificity: small secreted proteins (SSPs), 

secondary metabolites (SMs), and G-protein coupled receptors (GPCRs). 

 Relative to other ECM fungi, including other host specialists, Suillus had highly dynamic 

genomes including numerous rapidly evolving gene families and many domain expansions 

and contractions. Targeted analyses supported a role for SMs but not SSPs or GPCRs in 

Suillus host specificity. Phylogenomic-based ancestral state reconstruction identified Larix as 

the ancestral host of Suillus, with multiple independent switches between white and red pine 

hosts.

 These results suggest that like other defining characteristics of the ECM lifestyle, host 

specificity is a dynamic process at the genome level. In the case of Suillus, both SMs and 

pathways involved in the deactivation of reactive oxygen species appear to be strongly 

associated with enhanced host specificity. 

Key Words: host specificity, genomics, G-protein coupled receptors, secondary metabolites, small 

secreted proteins, Suillus.
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Introduction

Fungi play critical and diverse roles in ecosystems as pathogens, saprotrophs, and symbionts of both 

plants and animals (Peay et al., 2016). With the rapid rise of available genome sequences for fungi, 

there has been growing interest in linking fungal ecological lifestyle with genome content (Kohler et 

al., 2015; Martino et al., 2018; Knapp et al., 2018; Lofgren et al., 2019; Haridas et al., 2020). 

Ectomycorrhizal (ECM) fungi form mutualistic associations with a wide range of woody plants, 

representing ~60% of all trees in the Earth’s forest ecosystems (Steidinger et al., 2019). Comparative 

genomic analyses have revealed multiple insights into the ECM fungal lifestyle, including losses of 

plant cell wall degrading enzymes, presumably as an adaptation from free-living to plant-associated 

symbioses (Kohler et al., 2015; Peter et al., 2016; Miyauchi et al., 2020) as well as an abundance of 

lineage specific genes involved in the degradation of organic matter (Floudas et al., 2012; Kohler et 

al., 2015; Sipos et al., 2017). 

A distinguishing feature of the ECM fungal lifestyle relative to other types of mycorrhizal interactions 

is the presence of highly host specific associations (Molina et al. 1992, Bruns et al. 2002). One of the 

best documented examples is the ECM fungal genus Suillus, which forms nearly exclusive 

associations with trees in the family Pineaceae (Kretzer et al., 1996, Lofgren et al., 2018). These 

associations are tightly coupled, with a given Suillus species forming specialized associations with a 

single host genus (particularly the genera Pinus, Larix and Pseudotsuga), and even with different 

subgenera within the genus Pinus (Kretzer et al., 1996; Liao et al., 2016). The evolution of fungal-

host associations within Suillus, however, is dynamic and involves multiple independent host 

switching events (Nguyen et al., 2016). In addition to their emerging use as a model of fungal host 

specificity (Liao et al., 2014, 2016; Nguyen et al., 2016), Suillus fungi have well demonstrated 

ecological importance, particularly as facilitators of tree establishment in native and exotic ranges 

(Dickie et al., 2010; Policelli et al., 2019) and as producers of prolific, long-distance extramatrical 

mycelium, which acts as a major belowground carbon sink (Agerer, 2001; Bidartondo et al., 2001). 
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Current understanding of the drivers of fungal host specificity is heavily influenced by the field of 

plant pathology. Seminal work on pathogen host switching, host range expansions/contractions, and 

context-dependent compatibility have helped to elucidate both the genetic underpinnings and 

ecological pressures selecting for the diverse range of specificity relationships observed across the 

fungal phylogeny (Gilbert & Webb, 2007; Schulze-Lefert & Panstruga, 2011; Lo Presti et al., 2015). 

Despite these advances, the processes facilitating host specificity in fungal mutualisms are less well 

understood. For example, in pathogen systems, restricted host range is accompanied by gene losses, 

presumably correlated to the loss of traits needed to colonize diverse hosts (Spanu et al., 2010; Visser 

et al., 2010; Baroncelli et al., 2016). Whether this pattern also holds for fungal mutualists is not yet 

clear, as the ecological pressures structuring genome evolution in mutualisms may be different from 

those of antagonisms (Gladieux et al., 2014; McLaughlin & Malik, 2017; Stajich, 2017).

Multiple classes of molecules have garnered repeated attention in relation to fungal host specificity, 

including three that display differential expression during the establishment of mycorrhizas in 

compatible host interactions in Suillus: small secreted proteins (SSPs), secondary metabolites (SMs), 

and G-protein coupled receptors (GPCRs) (Liao et al., 2016). SSPs are often species-specific (termed 

SSSPs), and have been shown to play critical roles during the process of ECM mycorrhization 

generally (Plett et al., 2014), with mycorrhizal-induced small secreted proteins (MiSSPs) constituting 

8-28% of the genes upregulated during symbiosis (Martin et al., 2008; Kohler et al., 2015). Although 

the majority of fungal SSPs display little sequence conservation with known proteins and most are 

functionally uncharacterized, it has been hypothesized that many function as effectors (Kim et al., 

2016; Plett et al., 2020). Fungal effectors are secreted, cysteine-rich molecules that play a key role in 

host susceptibility to colonization and are well defined in fungal pathogen systems (Uhse & Djamei, 

2018). In pathogens, effectors structure host specificity at multiple scales, spanning kingdoms to 

individual tissue types (Skibbe et al., 2010; Irieda et al., 2018). This range implies that not all effector 

targets are present in all host species, and specific suites of effectors are required to interact with 

specific host genotypes. Indeed, it has been suggested that host specificity in fungal pathogens may be 

directly regulated by the specific complement of effectors produced, where mutation, loss, or gain of 
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effectors, modulate colonization success and resultant host ranges (Pritchard & Birch, 2011; Dong et 

al., 2014; Sharma et al., 2014; vanDam et al., 2016). 

Secondary metabolites (SMs) were among the first molecular factors identified to play a role in fungal 

host specificity, as host specific toxins (HSTs) associated with fungal pathogenesis (Walton & 

Panaccione, 1993). The genes responsible for secondary metabolite production are generally clustered 

in fungal genomes, allowing for the coordinated transcription of multi-step reactions leading to the 

biosynthesis of complex molecules (Keller & Hohn, 1997). These molecules represent a large number 

of bioactive compounds synthesized by a limited number of core biosynthetic enzymes, primarily 

non-ribosomal peptide synthases (NRPS), polyketide synthases (PKS), and terpene synthases or 

cyclases (Terpenes). The products of SM clusters have multiple functions including virulence 

(Collemare & Lebrun, 2011), antibacterial activity (de Weert et al., 2007), communication (Brakhage, 

2013), and host metabolic changes, such as the induction of growth factors and genes related to 

nutrient acquisition (Contreras-Cornejo et al., 2016). Diverse SMs have also been associated with 

fungal host specificity, although the mechanisms differ widely across fungal lifestyle and phylogeny 

(Dunkle et al., 1991; Walton, 2006; Tsuge et al., 2016; Liao et al., 2016). 

G-protein coupled receptors (GPCRs) are the largest class of signal transduction molecules in 

eukaryotes, functioning in the sensing of numerous external stimuli (Kochman, 2014). Although 

GPCRs exhibit low sequence similarity, they share a common architecture, including the presence of 

seven transmembrane domains, an extracellular N-terminus, and an intracellular C-terminus. The role 

of GPCRs in the transduction of environmental signals has also been shown to extend to host 

recognition in fungi. For example, PTH-11 like GPCRs are involved in host species recognition in the 

entomopathogenic fungal genus Metarhizium (Gao et al., 2011) and are differentially expressed 

among fungal and insect hosts in the fungal genus Tolypocladium (Quandt et al., 2016). Further, in 

the ECM fungi Laccaria bicolor and Tuber melanosporum, GPCR and G-protein related transcripts 

were found to be the most highly upregulated signaling genes transcribed during ECM colonization 

(Voiblet et al., 2001; Martin et al., 2010; Plett et al., 2012). 
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Although Suillus species have previously displayed differential regulation of SSPs, SM clusters and 

GPCRs depending on host compatibility (Liao et al., 2016), it is unknown whether these expression 

differences are directly related to host specificity or associated with the process of ECM colonization 

more generally. To better understand how host specificity may be directly encoded onto the genomes 

of ECM fungi, we conducted a global analysis of gene family dynamics along with a targeted analysis 

of SSPs, SMs, and GPCRs for 23 Suillus species (including 22 newly sequenced genomes) and 23 

non-Suillus ECM species (hereafter referred to as ‘Other ECM’). The Other ECM group included 5 

representatives from the genus Rhizopogon, the sister genus to Suillus (Kretzer et al., 1996), as well as 

18 species representing a broader phylogenetic range (Table 1). Although mostly comprised of host 

generalists, the Other ECM fungal group also included several species with high and moderate host 

specificity (see below for definitions of specificity categories), which were chosen based on genome 

availability (Table 1). We also made the same global and targeted comparisons among white pine-, 

red pine-, and larch-associated Suillus species to assess genomic differences specific to a given host 

genus association. Further, we used phylogenomic-based ancestral state reconstruction to identify the 

ancestral host of Suillus as well as major host switching and speciation events in the evolutionary 

history of the genus. Based on previous studies of fungal host specificity conducted in pathogen 

systems, we hypothesized that Suillus would possess significantly more gene family contractions than 

expansions, consistent with reduced host range, and significantly more contractions than Other ECM 

fungal species, while displaying greater molecular diversity in Suillus lineages which have recently 

switched host groups. We further hypothesized that gene losses in Suillus would be reflected in the 

targeted analysis, with less diversity of SSPs, SM clusters and GPCRs in Suillus over Other ECM 

fungal species.

Materials and Methods

Fungal Strains, Extraction, and Genome Preparation    

Cultures from 22 Suillus species were isolated from sporocarps (dikaryons) associated with different 

host genera: Pinus subgenus Pinus (hereafter red pine) n = 10, Pinus subgenus Strobus (hereafter 

white pine) n = 7, Larix (hereafter larch) n = 3, Pseudotsuga  n = 1, or Quercus n = 1 (Table 1). The 

genome for  S. luteus (red pine) was previously sequenced and is described in Kohler et al., (2015). A
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Suillus genomes were coded by host association as noted above, and only those with more than 3 

representatives, and associated with a single host genus were used for the intrageneric analyses. All 

ECM fungal species were encoded on a host specificity scale based on reported associations in the 

primary literature (Table 1), with “very low” indicating colonization of hosts from three or more 

genera from distantly related lineages (e.g. gymnosperms and angiosperms), “low” indicating 

colonization of hosts from two desperate genera, “moderate” indicating colonization of multiple 

species in closely related genera (e.g. Quercus and Fagus), or different subgenera of a single genus, 

and “high” indicating the ability to colonize species within a single subgenus. Complete metadata for 

all 46 species are publicly available on JGI’s MycoCosm Portal at https://mycocosm.jgi.doe.gov 

(Grigoriev et al., 2014) and the Suillus genomes can be accessed directly at the JGI Suillus Portal at 

https://mycocosm.jgi.doe.gov/mycocosm/home/releases?flt=suillus. Cultured Suillus isolates were 

grown on shakers in liquid MMN media at room temperature. For all species except S. bovinus and S. 

variegatus, DNA and RNA were co-extracted using CTAB/chloroform and LiCl precipitation as 

described in (Liao et al., 2014). DNA for S. bovinus and S. variegatus were prepared as above, but 

RNA was extracted using the RNeasy Plant mini kit (Qiagen), eliminating genomic DNA with the 

TURBO 365 DNA-free kit (Applied Biosystems). A detailed account of genome sequencing and 

assembly, transcriptome sequencing and assembly, and genome annotation for newly sequenced 

Suillus genomes is presented in the Supplementary Methods S1 (see Table S1 for genome sequencing 

and assembly statistics). 

Phylogenomic Analysis

We used two different approaches for the phylogenomic analyses. The first approach used a gene tree 

method capable of taking advantage of multi-copy orthologs (Emms & Kelly, 2019), while the second 

was based on an in-house multi-locus single-copy orthologs approach 

(https://doi.org/10.5281/zenodo.1257002). To take advantage of multi-copy orthologs, we ran 

OrthoFinder 2.0 with DIAMOND and inferred gene trees using the BLAST-based hierarchical 

clustering algorithm DendroBLAST (Emms & Kelly, 2015). Using the full set of all unrooted gene 

trees, the species tree was inferred using the algorithm STAG (Species Tree Inference from All 

Genes) and rooted by STRIDE (Emms and Kelly, 2018). To resolve the backbone of the Suillus A
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phylogeny, we ran PHYling (https://doi.org/10.5281/zenodo.1257002) using 434 single copy markers 

(https://doi.org/10.5281/zfenodo.3630031) and the Maximum Likelihood algorithm IQ-TREE 

(Nguyen et al., 2015). The best fit model according to BIC score was determined using the 

ModelFinder function in IQ-TREE and was determined to be JTT+F+I+G4, which was run with 1000 

rapid bootstrap iterations. Individual branch support values were assessed using a Shimodaira-

Hasegawa approximate likelihood ratio test (SH-aLRT) in IQ-TREE over 1000 iterations. Both trees 

were constructed using only species in the genera Suillus and Rhizopogon (n = 28 genomes). 

Additionally, the PHYling method was used to construct a third tree consisting of all 46 species used 

in this study, for use in the CAFÉ analysis.

Ancestral state reconstruction was performed using the R packages phytools (Revell, 2012) and ape 

(Paradis et al., 2004). Model selection was preformed using the fitMk function in phytools, and 

weighted AIC calculated with the aic.w function to choose between ER (equal rates), SYM 

(symmetric backward and forward rates), ARD (all-rates-different) models. For both trees, the ER 

model had the highest AIC (STAG: ER = 0.85389636, SYM =  0.14605968, ARD = 0.00004397, 

PHYling: (ER = 0.84556852, SYM = 0.15433521, ARD =  0.00009626) and was used for calculating 

the ancestral state probability at each node using the ace function in ape. Vertical node ordering and 

tree comparison was set using the cophylo function in phytools.  

Comparative Analysis

All genomes were assessed for completeness using Benchmarking of Universal Single-Copy 

Orthologs (BUSCO) v4.0.5 based on the BUSCO model set for basidiomycota_odb10 (Simão et al., 

2015). To calculate gene family expansions and contractions for all 46 species, we clustered the 

protein sequences into families using the Markov Cluster Algorithm (MCL) (Enright et al., 2002), and 

the per family counts were recorded. A time calibrated ultrametric tree (see below) was generated 

using r8s v1.81 (Sanderson, 2003), with outgroup calibration estimated using TimeTree 

(http://www.timetree.org). Rapidly evolving gene families were identified using Computational 

Analysis of gene Family Evolution (CAFÉ v4.2.1) (De Bie et al., 2006), on the MCL generated 

family counts with an inflation value of 1.5. Functions for each gene family were assigned by A
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compiling all available annotations including GO terms (Ashburner et al., 2000), InterPro (Mitchell et 

al., 2019) UniProt (UniProt Consortium, 2018) and Pfam domains (El-Gebali et al., 2019) for each 

gene in a given family, with consensus annotation chosen on the basis of term frequency. In the case 

of ties, both annotations are reported. Global distribution of InterPro domains for all proteins was 

assessed between Suillus and Other ECM fungi using one-sided t-tests at p < 0.001. For domains 

significantly over- or underrepresented between Suillus and Other ECM fungi, GO terms were 

assigned using InterPro2Go (Camon et al., 2005). GO enrichment was assessed using a Fisher’s Exact 

test and the algorithm='weight01' to take GO hierarchy into consideration. For the most significant 

term ('oxidation-reduction process', GO: 0055114), all significant InterPro domains falling under the 

parent term were retrieved from the InterPro2Go database using a custom R script and visualized 

using the R package pheatmap v1.0.12 (https://CRAN.R-project.org/package=pheatmap). Auxiliary 

Activity enzymes were annotated as in (Ruiz-Dueñas et al., 2020) and retrieved from the CAZy 

database via the MycoCosm Portal. 

To predict SSPs, we applied signalP5 (Armenteros et al., 2019) to screen proteins containing a 

secretion signal peptide (eukaryote option with default settings). The resultant dataset was then 

filtered to include only proteins lacking predicted transmembrane helices using TMHMM (Krogh et 

al., 2001). A custom script was used to filter proteins to those composed of < 300 amino acids. 

Ortholog prediction of SSPs and SSSPs was carried out using OrthoFinder2 (Emms and Kelly, 2019). 

Secondary metabolite clusters were identified using antiSMASH Fungi 5.0 (Blin et al., 2019). 

Orthologous SM clusters were assigned using BiGSCAPE (Navarro-Muñoz et al., 2020). GPCRs 

were identified using a custom pipeline employing HMM model queries. First, we constructed a 

catalog of fungal GPCRs that had been previously characterized to class (Table S2). These GPCR 

sequences were curated from published studies that included either experimental validation or high 

sequence homology to well-defined fungal GPCR classes. GPCRs representing each class (n=2-9 per 

class, average 5) were used to construct a database for each class by running all representatives of a 

given class though PSI-BLAST (Altschul et al., 1997), with a standard hit cut off of p < 0.005, and 5 

search iterations. From the final search iteration for each class, 800 sequences were retained and used 

to construct HMM models using HMMer (http://hmmer.org). The total proteomes of each species A
cc

ep
te

d 
A

rt
ic

le

https://CRAN.R-project.org/package=pheatmap


This article is protected by copyright. All rights reserved

were filtered to contain only proteins with 6-8 transmembrane domains using Phobius (Krogh et al., 

2001), and the resultant dataset for each species was searched against the HMM for each class. 

Proteins with matches < 1.0E-5 were considered a match to that class. If a single protein had a 

significant match to more than one HMM class, the protein was classified as class “unknown”. 

Statistical analysis

To compare differences in genome size, predicted proteome size, Auxiliary Activity enzymes, SSP 

and SSSP richness, SM clusters, and GPCRs between Suillus and Other ECM fungi, we used PGLS 

analysis, which accounts for the phylogenetic structure in our dataset. Differences were tested for 

significance using pgls in the R package caper (Orme et al., 2014). To account for variable 

phylogenetic signal in the model residuals, λ was optimized for each model using Maximum 

Likelihood (Revell, 2010). PGLS analyses were run twice for each comparison, once comparing 

Suillus to the full set of Other ECM fungal species, and once comparing Suillus to the Other ECM set 

excluding species with high (G. lividus, R. vesiculosis, R vinicolor) and moderate (R. salebrosus, R. 

vulgaris) host specificity. Phylogenetic autocorrelation was assessed with Bloomberg’s K using the R 

package phylosignal (Keck et al., 2016). Phylogenetic signal at internal nodes separating Suillus from 

Other ECM fungi and Suillaceae (Suillus and Rhizopogon) from Other ECM fungi were assessed 

using phyloSignalINT with Bloomberg’s K, and evidence for local phylogenetic autocorrelation was 

assessed with Moran’s-i using lipaMoran in phylosignal. Differences in genome size, predicted 

proteome size, SSP richness, and SSSP richness among Suillus species associating with different host 

groups were evaluated using Type 1 sum-of-squares ANOVAs,  with  boxCox testing and log-

transformations applied when necessary to meet variance assumptions. When significant, differences 

among group means were determined using TukeyHSD at alpha <0.05. To account for unequal 

sample sizes among groups, a parallel set of analyses was run using a series of randomization tests. 

For intrageneric Suillus comparison, multi-factor randomization tests were implemented using the 

coin package in R (Zeileis et al., 2008), at alpha = 0.05. Significant differences between groups were 

determined using pairwise permutation tests, implemented with the package rcompanion with a 

Benjamini-Hochberg correction for multiple comparisons. Significant differences in SM cluster 

abundance were assessed for each SM cluster type using multiple post hoc t-tests, with a Holm A
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adjustment for multiple comparisons. All data analysis was carried out in R (R Core team, 2017). All 

programing scripts associated with this project are available at: 

https://github.com/MycoPunk/Suillus_comp_genomics

Results

The Suillus genome assemblies had high coverage and were nearly gap-free, with an average depth of 

coverage of 145, an average of 1254 scaffolds per genome, an average of 1 gap per genome, an 

average scaffold N50 of 66.4 and an average L50 of 0.33 Mbp (Table S1). Genome size ranged from 

42.34 to 114.21 Mbp (mean = 63.73). The number of gene models ranged from 13537 to 22673 (mean 

= 17340). Repeat content varied widely from 1.59 to 30.23 Mbp, and was significantly related to 

genome size, even when accounting for the size contribution of repetitive elements (R2 = 0.45, p-value 

= 1.0e-04). Neither genome size or proteome size was found to be significantly different between 

Suillus and Other ECM fungi or among Suillus associating with different host groups (Table 2). All 

genomes had high levels of genome completeness (Table S3), despite having been sequenced on a 

variety of sequencing platforms, with BUSCO not significantly different between Suillus and Other 

ECM fungi (Welch’s Two Sample t-test with a mean BUSCO of 95.8% in Suillus and 93.8% in Other 

ECM fungi).

Compared to Other ECM fungi, Suillus had significantly higher numbers of both rapidly expanding 

gene families and rapidly contracting gene families (CAFÉ analysis expansions: t = 3.913, df = 44, p-

value = 3.129e-4; contractions: t = -5.1108, df = 39.831, p-value = 8.397e-06). These results held in the 

full species dataset as well as when the Other ECM fungal species with high and moderate host 

specificity were removed (expansions: t = 3.282, df = 39, p-value = 2.176e-3, contractions: t = -4.501, 

df = 28.853, p-value = 1.022e-4). Suillus had a mean of 59 expansions and 23 contractions, 

respectively, versus 46 and 7 for the Other ECM fungi (Fig 1a). For both gene family expansions and 

contractions among Suillus species, differences among host groups were not significant (Fig. 1b). 

Analysis of rapidly evolving gene families exclusive to Suillus (i.e. not rapidly evolving in Other 

ECM fungi) revealed six rapidly expanding gene families (Fig. 1c) and 14 rapidly contracting gene 

families represented in at least 6 species (Fig. 1d). Functional annotations were assigned to 15 of these A
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20 rapidly evolving gene families. Investigation of InterPro domain abundances between Suillus and 

Other ECM fungi showed a total of 1616 domains that were significantly overrepresented (Table S4) 

and 769 that were significantly underrepresented (p-value < 0.001 (Table S5)). Mapping differentially 

represented domains to GO annotations identified 18 overrepresented GO terms (p-values < 0.01 

(Table 3)). This number was reduced to 9 when excluding the Other ECM fungi with high and 

moderate specificity. In both cases, the most significantly overrepresented GO term in Suillus was 

‘oxidation-reduction process’ (GO:0055114) (p-value = 7.1e-13 comparing to all Other ECM fungi and 

p-value =  6.1e-14 when excluding high and moderate specificity Other ECM fungi). There were also 3 

significantly underrepresented GO terms in Suillus (‘translation’ GO:0006412, ‘sulfate assimilation’ 

GO:0000103, and ‘cell redox homeostasis’ GO:0045454), but the only term that remained significant 

when high and moderate specificity Other ECM fungi were removed was cell redox homeostasis 

(Table 3). Reverse targeting of all InterPro domains under ‘oxidation-reduction process’, revealed 91 

domains that were  significantly more abundant in Suillus (p-value < 0.001), including  multiple 

domains associated with the detoxification of reactive oxygen species (ROS) such as thioredoxin 

reductase, pyridine nucleotide-disulphide oxidoreductase, aldehyde dehydrogenases, glutathione, 

superoxide dismutase and multiple catalases (Aguirre et al., 2006; Morel et al., 2008) (Fig. 2, Table 

S6). Investigation into the distribution of genes encoding Auxiliary Activity enzymes yielded only 

one enzyme group that was significantly different between in Suillus and Other ECM fungi: 

AA3_dist, which encodes GMC oxidoreductase (p-value: <0.001) and was expanded in Suillus (Fig. 

S1).

There were no significant differences in SSP richness or SSSP richness between Suillus versus Other 

ECM fungi (Fig. 3a-b), regardless of whether or not high and moderate specificity Other ECM fungi 

were included.  SSP richness also did not significantly differ among Suillus species (Fig. 3c), but red 

pine associated-Suillus species had significantly lower SSSP abundance than larch-associated Suillus 

species, with white pine-associated Suillus species being intermediate (Fig 3d) (ANOVA: df = 2, F = 

4.468, p-value = 0.028, with Tukey red pine v. larch p-value = 0.039. Randomization: Z = 2.255, p-

value = 0.011, with red pine v. larch p-value = 0.024). Significant phylogenetic signal existed across 

the phylogeny for both SSPs and SSSPs for both the explanatory variable (SSP: K = 0.249, p-value < A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

0.01, SSSPs: K = 1.202, p-value < 0.001) and the residuals (SSP: K = 0.439, p-value < 0.001, SSSPs: 

K = 1.299, p-value < 0.001). For SSPs, the phylogenetic signal was significantly associated with the 

split between Suillaceae and Other ECM fungi (p-value <0.01), while for SSSPs the signal was 

between Suillus and Other ECM fungi for SSSPs (p-value < 0.01). Local Moran’s-i showed no 

notable phylogenetic signal between Suillus and Other ECM fungi nor within Suillus.

The SM cluster analysis categorized core biosynthetic enzymes as belonging to 5 groups: terpenes, 

t1pks, NRPS-like terpenes, NRPS-like, NRPS, or indole. Suillus had significantly higher abundance 

of terpene SM clusters, with an average of 23 in Suillus and 13 in Other ECM fungi (all Other ECM: 

p-value < 0.05, Other ECM with high and moderate specificity species excluded: p-value < 0.001). 

Suillus also had a significantly higher abundance of NRPS-like SM clusters than Other ECM fungi, 

with an average of 12 in Suillus and 6 in Other ECM fungi (all Other ECM: p-value < 0.05, Other 

ECM with high and moderate specificity species excluded: p-value < 0.001) (Fig. 4a-b). No 

significant differences were found among Suillus fungi associating with different hosts (Fig. 4c-d). 

Significant phylogenetic signal existed across the phylogeny for both NRPS-like SM clusters and 

terpene SM clusters in the explanatory variable (NRPS-like: K = 0.182, p-value < 0.01, terpenes: K = 

0.221, p-value < 0.01) and in the residuals for NRPS, but not in the residuals for terpenes (NRPS-like: 

K = 1.89, p-value < 0.05, terpenes: K = 0.12, p-value > 0.05) For NRPS-like SM clusters, 

phylogenetic signal was associated with the split between Suillaceae and Other ECM fungi (p-value < 

0.01). For terpenes, the phylogenetic signal was equally associated with the split between Suillaceae 

and Other ECM fungi and the split for Suillus and Other ECM fungi (both at p-value < 0.01) (Fig 4e). 

Local Moran’s-i showed notable phylogenetic signal between Suillus and Other ECM fungi for both 

NRPS-like SM clusters (Fig 4f) and terpene SM clusters (Fig 4g). The distribution of orthologous SM 

clusters revealed that terpene clusters were predominantly shared across host groups, with only 1 

unique cluster in white pine associated Suillus species and 2 in larch-associated Suillus species (Fig. 

5a). Conversely, five unique NRPS clusters were found in white pine-associated Suillus species, with 

no unique clusters in the red pine- or larch-associated Suillus species (Fig. 5b).  
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GPCR abundance was not significantly different between Suillus fungi (mean = 15) and Other ECM 

fungi (mean = 19), regardless of whether Other ECM fungi with high and moderate specificity were 

excluded or not. (Fig. 6a). GPCRs were identified with significant similarity to 12 of the 14 currently 

proposed classes (including 19 with similarity to PTH-11-like class 14) and 13 GPCRs were classified 

into more than one class. No significant differences in GPCR abundance were found among red pine- 

(16), white pine- (15), and larch-associated (16) Suillus species. Among Suillus, GPCRs had 

significant similarity to 10 classes, including 8 with similarity to class 14, and 1 classified into more 

than one class (Fig. 6b). Significant phylogenetic signal existed across the phylogeny for GPCRs in 

both the explanatory variable (K = 0.424, p-value < 0.001) and in the residuals (K = 0.482, p-value < 

0.001), however, specific significant signal at either the split between Suillaceae and Other ECM 

fungi or between Suillus and Other ECM fungi was not detected. Similarly, local Moran’s-i showed 

no evidence of clustering of phylogenetic signal.

 

In the STAG analyses, a total of 12,717 protein-based phylogenetic trees were constructed, of which 

4,728 contained representatives in all species and were used in consensus tree determination (Fig. 7). 

STAG and PHYling generated consistent branch topology, with the exception of a single bipartition 

which grouped S. brevipes, S. occidentalis and S. luteus with S. placedus and S. weaverae in the 

STAG tree but separated S. placedus and S. weaverae in the PHYling tree. Notably, this was the only 

poorly supported bipartition in the PHYling tree (ML = 20.1/SH-aLRT = 56) whereas all other ML 

bipartitions had greater than 90% branch support (Fig 7.) It should be noted that the branch support 

values generated for the STAG and PHYling trees, respectively, represent fundamentally different 

metrics and are therefore not directly comparable. Branch support on the PHYling tree represents ML 

bootstrap values, whereas branch support on the STAG tree represents the percentage of the 12,717 

independent gene trees that support that bipartition. The three larch (Larix)-associated Suillus species 

(S. clintonianus, S. ampliporus, and S. paluster) clustered on low nodes of the tree, but were not 

monophyletic. Ancestral state reconstruction supported larch as the ancestral host of the genus Suillus. 

Larch-associated ancestors gave rise to a single independent origin for red pine (Pinus subgenus 

pinus)-associated Suillus species, while white pine (Pinus subgenus strobus)-associated Suillus A
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species evolved via three independent host switching events from red pine onto white pine, with 

support for one reversion (in the S. tomentosus clade) from white pine back to red pine. 

Discussion

Contrary to our expectation that reduced host range would result in consistent gene losses, we found 

that the ECM fungal host specialist genus Suillus has numerous rapidly evolving gene families, 

representing both gene family expansions and contractions, as well as an unexpected number of 

protein coding domain expansions. Targeted analysis of molecular classes previously identified as 

important in the structuring of host specificity relationships for fungi supported significant enrichment 

of  terpene- and NRPS-like SM clusters. Conversely, we found no evidence of significant differences 

in the abundance of SSPs, or the abundance or class distribution for GPCRs between Suillus and 

Other ECM fungi. Additionally, the comparisons among Suillus species specializing on different host 

groups identified no genomic differences among the three classes of molecules investigated, with the 

possible exception of SSSPs, which showed a loss of richness in red pine-associated species relative 

to larch-associated species. 

Interestingly, the most significant GO term (GO: 0055114) associated with the overrepresented 

domains in Suillus was related to redox processes. Further investigation of the domains under this 

parent term revealed a diversity of domains associated with oxidative stress, such as thioredoxin 

reductase, glutathione, superoxide dismutase, catalases, pyridine nucleotide-disulphide 

oxidoreductase and multiple aldehyde dehydrogenases which is coupled to the generation and 

detoxification of ROS primarily via lipid peroxidation (Sato et al., 2009; Singh et al., 2013; Xiong et 

al., 2013). It is known that plant-produced ROS compounds play an important role in plant defense 

during colonization by fungal pathogens (Segal & Wilson, 2018) and many of the domains identified 

here are associated with ROS deactivation in the plant apoplast (Nogueira-Lopez et al., 2018). It is 

also known that plants produce ROS when exposed to capable ECM strains, but do not produce ROS 

when exposed to incompetent ECM isolates that are incapable of undergoing mycorrhization (Gafur 

et al., 2004). Additionally, ROS pathways are known to alter auxin signaling in plants (Zhao et al., 

2012), and these processes may be interconnected in ECM fungi. For example, in addition to their A
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role in ROS deactivation, aldehyde dehydrogenases also catalyze the last step in the production of 

fungal-derived indole-3-acetid acid (IAA), an auxin phytohormone that initiates essential changes to 

root architecture and Hartig net formation during ECM colonization (Vayssières et al., 2015; Krause 

et al., 2015). Further, IAA is upregulated during ECM associations with compatible, but not 

incompatible hosts in the host specialist Tricholoma vaccinum (Krause et al., 2015). Interestingly, the 

only significant GO term for domain contractions in Suillus was GO: 0045454 ‘cell redox 

homeostasis’, implying that redox evolution in Suillus may also include adaptive losses. Although 

ECM fungi have largely lost the genes for plant cell wall degrading enzymes found in decay fungi 

(Kohler et al., 2015; Miyauchi et al., 2020), the ability to decompose soil organic matter via 

nonenzymatic oxidation is thought to be widespread (Shah et al., 2016; Hess et al., 2018). This 

capacity allows for the acquisition of nitrogen via Fenton chemistry and has been characterized in 

other members of the order Boletales, such as Paxillus involutus (Op De Beeck et al., 2018; Nicolás et 

al., 2019). To investigate the potential for the redox related gene expansions in Suillus to play a role 

in decomposition, we looked at the distribution of Auxiliary Activity enzymes, which function in the 

oxidative breakdown of organic matter (Levasseur et al., 2013). We found that out of 20 annotated 

Auxiliary Activity enzymes, only GMC oxidoreductase was significantly different between Suillus 

and other ECM fungi, appearing between one and six times in all but four species of Suillus, and 

absent in all Other ECM fungi except the host specialist Gyrodon lividus (Fig S1). These results 

suggest that the redox related genes expanded in Suillus may have functions apart from those involved 

in decomposition, and hint at targeted ROS deactivation as a possible mechanism mediating the 

enhanced host specificity present in this fungal genus.

We found a lower (but not significant) number of SSSPs in Suillus than in Other ECM fungi. Given 

the expected sequence similarity between more closely related species, however, we expected that 

Suillus would have a smaller number of SSSPs than a more diverse group of ECM fungi simply due to 

phylogenetic conservatism. A true measure of relative SSSP abundance for a given genus will require 

calling SSSPs relative to a dataset of multiple genera with well represented species in each genus and 

where each genus represents comparable total intergenic patristic distance. SSSPs were significantly 

more abundant in larch-associated species than in red pine-associated Suillus species. Although this A
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trend could be influenced by the comparatively low number of larch-associated species in our dataset, 

it may also be reflective of the relaxed host switching observed between red and white pine-, but not 

larch-associated Suillus. 

The SM cluster enrichment encountered in Suillus relative to Other ECM fungi included both genes 

encoding terpenes and NRPS-like enzymatic cores. Terpene enrichment is consistent with host-fungal 

communication and may relate to host specificity, as terpenes have been found to play critical roles in 

the process of recognition and response between fungi, bacteria, plants, and insects (Zhao et al., 

2012). Basidiomycete fungi primarily produce sesqui-, di-, and triterpenes (Quin et al., 2014), while 

many plant hosts, notably pines, produce a large number of monoterpenes that can inhibit fungal 

growth (Melin & Krupa, 1971; Huber & Bohlmann, 2006). ECM derived sesquiterpenes are 

associated with lateral root development and increased substrate availability and may be of particular 

importance to the process of mycorrhization (Ditengou et al., 2015). Future work on the identification 

and classification of ECM terpene genes would benefit from a high fidelity method specific to this 

class of enzymes, such as that used by Quin et al., (2013) to identify sesquiterpene-encoding SM 

clusters. Unlike terpenes, the functions of fungal NRPS-like gene products are largely unknown. The 

most well studied fungal NRPS genes are recognized as virulence factors (such as HC toxin in 

Cochliobolus) and are found at higher abundance in pathogens than in other fungal lifestyles (Dunkle 

et al., 1991; Yoder & Turgeon, 2001). However, NRPS and NRPS-like genes have also been shown 

to act as anti-herbivory agents in the symbiotic fungus Epichloë (Tanaka et al., 2005) and are 

involved in fungal siderophore production, and iron acquisition from host tissues (Oide & Turgeon, 

2020). Although a specific role for NRPS-like genes in host specificity has not been identified, our 

observation of higher diversity in host specialized Suillus compared to Other ECM fungal species 

suggests that SMs may play a role in structuring host specificity, and represents an intriguing future 

research direction. 

Although the precise role of GPCRs in ECM mycorrhization remains unclear, G-protein signaling is 

well established as a primary system for communication both between microbes, and between 

microbes and hosts (Hughes & Sperandio, 2008; Brown et al., 2018; Dierking & Pita, 2020). Lacking A
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a bioinformatic tool capable of classifying newly characterized fungal-specific GPCRs, we employed 

a novel identification approach based on protein similarity to one of 14 HMM models, each built on a 

literature curated database of fungal specific GPCRs. This method was tested using leave-one out 

cross validation with a classification accuracy of >98%, for all classes except classes 3 and 5, which 

were conflated with one another and called incorrectly ~4% of the time. This result, coupled with the 

high number of hits to Class 2 GPCRs, and the high sequence similarity of a limited number of 

GPCRs in Class 11 (thought to be exclusive to the fungal subphylum Pezizomycotina (Brown et al., 

2018)), highlight the necessity for a systematic review of GPCR diversity in basidiomycete fungi, and 

a universal classification scheme for fungal GPCR diversity more generally.   

Given previous results linking differential regulation of SSPs and GPCRs with successful 

mycorrhization in Suillus (Liao et al., 2016), it is likely that these classes play a role in successful 

mycorrhization in general rather than acting in a host specific manner. Alternatively, if these 

molecular classes are capable of mediating successful mycorrhization in a host-specific manner, they 

appear to do so as a result of modified transcriptional regulation rather than gene diversification. For 

the SM clusters and the oxidative stress pathways identified in the global analysis, follow up studies 

are needed to determine the precise role that these classes play. Along with the unique host specificity 

observed in Suillus, some species in the genus also exhibit unique profiles of metal tolerance (Ruytinx 

et al., 2013), where copy number variation and single nucleotide polymorphisms in oxidative stress 

pathways have been linked to metal adapted populations (Bazzicalupo et al., in press). Similarly, the 

functional role of terpenes and NRPS-like secondary metabolites varies widely across the fungal 

phylogeny (Keller et al., 2005). However, given the strong phylogenetic signal of these classes within 

host-specialist Suillus, and the documented importance of these classes in fungal-host signaling 

pathways (Xue et al., 2008; Rohlfs & Churchill, 2011; Kües et al., 2018), future work should 

prioritize the potential of SMs and oxidative stress responses in structuring host-specific 

mycorrhization with a focus on functional analysis. 

It has long been thought that high host specificity is driven by ecological trade-offs connected to 

resource specialization (MacArthur & Levins, 1964; Whittaker & Feeny, 1971). This argument A
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assumes that maintaining access to diverse resources can only be accomplished at the sacrifice of 

performance, which in turn selects for an optimized state of derived host specialization (Huey, 1984; 

Bruns et al., 2002). Because gene loss is assumed to be permanent and host range contractions are 

often associated with genetic losses (Spanu et al., 2010; Visser et al., 2010; Baroncelli et al., 2016), 

specialization was long considered to be an evolutionary irreversible state (Simpson, 1953; Moran, 

2002). However, numerous examples have indicated bidirectional transitions between generalist and 

specialist lineages, and it is now accepted that high host specificity is neither universally derived, or 

an innately optimized resource acquisition strategy (Appel & Martin, 1992; Desdevises et al., 2002; 

Stireman, 2005; Hardy & Otto, 2014; Ouvrard et al., 2015). Our analyses included one example of a 

Suillus species capable of colonizing multiple host genera: S. subaureus is known to colonize white 

pine, larch, and oak (Lofgren et al., 2018). Our ancestral state reconstruction supports an evolutionary 

trajectory where S. subaureus was derived from white pine associated ancestors, making its ability to 

colonize multiple host groups an example of host expansion. Taken together, our results support the 

conclusion that host range contractions are not obligately associated with genetic losses, and that 

specialization on a given host is not an evolutionary irreversible state, as evidenced by many host 

switching events, one host expansion event, and one reversion between host groups in the Suillus 

phylogeny.  

In our dataset, which was based largely on public genome availability, non-Suillus ECM fungi 

exhibiting high or moderate host specificity were limited to G. lividus, and 4 species of Rhizopogon 

(closely related to Suillus). This small number of Other ECM species with enhanced host specificity 

notably limits our ability to detect global genomic correlates of specificity. That said, our results did 

not change when species with high and moderate host specificity were excluded from the Other ECM 

group. This suggests that Suillus fungi may display unique patterns of dynamic genome evolution 

relative to Other ECM fungal host specialists. Better resolution of the extent to which there are 

common pathways structuring host specificity across diverse ECM lineages will require additional 

genome sequencing projects targeting other host specialist groups, such as the phylogenetically 

diverse range of ECM fungal host specialists associated with Alnus (Kennedy & Hill, 2010) as well as 

a targeting of ECM fungal genera that contain a more even balance of host specialists and generalists A
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(such as Lactarius). Despite this limitation, our work suggests that ECM fungi, like their pathogenic 

counterparts, may have a number of specificity-related traits imprinted on their genomes. As such, 

this study adds to a rapidly growing body of work linking fungal genomic architecture and ecological 

lifestyle (Floudas et al., 2012; Kohler et al., 2015; Lofgren et al., 2019; Miyauchi et al., 2020). To 

more fully assess the generality of these findings it will also be important to look at similar patterns in 

other groups of plant-associated fungi, such as endophytes (Knapp et al., 2018). Fortunately, the rate 

of fungal genome generation and public release continues to increase rapidly (Grigoriev et al., 2014), 

making knowledge of the genetic mechanisms defining fungal compatibility and host range across 

diverse ecological lifestyles readily obtainable.
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Table 1: Ectomycorrhizal fungal species included in this study, identifying information by JGI 

project code, host specificity information with citations and citation for each genome 

sequencing project.  

species 

JGI 

project 

code 

 

specificity specificity citation genome citation 

Amanita muscaria Amamu1 

 

Very low 

Northofagus (Dunk et al., 2012), Quercus (Vargas et al., 

2019), Pinus, (Sawyer et al., 2001) (Kohler et al., 2015) 

Cantherellus anzutake Cananz1 

 

Low 

 

Pinus, Quercus (Ogawa et al., 2019) (Miyauchi et al., 2020) 

Gautieria morchelliformis Gaumor1_1 

 

Low 

 

Pinus, Quercus  (Nedelin et al.) (Miyauchi et al., 2020) 

Gyrodon lividus Gyrli1 

 

High 

 

Alnus (Hayward & Thiers, 1984; Henrici, 2006) (Miyauchi et al., 2020) 

Hebeloma cylindrosporum Hebcy2 

 

 

Very Low 

Pinus, Cistus, (Marmeisse et al., 2004), Larix (Wong & 

Fortin, 1989), Quercus (Oh et al., 1995), Dryas (Melville et 

al., 1987) (Kohler et al., 2015) 

Hydnum rufescens Hydru2 

 

Low 

Picea (Grebenc et al., 2009), Abies (Ważny, 2014), Pinus 

(Feng et al., 2016) (Miyauchi et al., 2020) 

Hysterangium stoloniferum Hyssto1 

 

Low  

Quercus  (Castellano, 1999), Picea (S Raidl, R Agerer, 

1998) (Miyauchi et al., 2020) 

Laccaria amethystina Lacam2 

 

Very Low 

Fagus, Abies, Carpinus, Quercus (Roy et al., 2008) Pinus 

(Teramoto et al., 2012) (Kohler et al., 2015) 

Laccaria bicolor Lacbi2 

 

Very Low 

Populus, Pseudotsuga (Plett et al., 2015), Pinus (Reininger 

& Sieber, 2012; Hazard et al., 2017) (Martin et al., 2008) 

Paxillus involutus Paxin1 

 

Low  

Alnus (Murphy & Miller, 1994), Betula, Picea (Hedh et al., 

2009) (Kohler et al., 2015) 

Piloderma olivaceum Pilcr1 

 

Low 

Pinus (Heinonsalo et al., 2015), Pseudotsuga (Kranabetter et 

al., 2012) (Kohler et al., 2015) 

Pisolithus microcarpus Pismi1 

 

Low 

 

Eucalypus, Acacia (Martin et al., 2002) (Kohler et al., 2015) 

Pisolithus tinctorius Pisti1 

 

Low 

 

Pinus, Quercus (Oh et al., 1995; Martin et al., 2002) (Kohler et al., 2015) 

Rhizopogon salebrosus Rhisa1 

 

Moderate 

Pinus (red) (Kennedy & Bruns, 2005), Pinus (white) 

(Kohout et al., 2011) 

unpublished - used 

with permission 

Rhizopogon truncatus Rhitru1 

 

Low 

 

Pinus (red) (Massicotte et al., 1999), Tsuga (Trappe, 2009) 

unpublished - used 

with permission 

Rhizopogon vesiculosus Rhives1 

 

High 

 

Pseudotsuga (Massicotte et al., 1994) (Mujic et al., 2017) 

Rhizopogon vinicolor Rhivi1 

 

High 

 

Pseudotsuga (Grubisha et al., 2002) (Mujic et al., 2017) 

Rhizopogon vulgaris Rhivul1 

 

Moderate 

 

Pinus (red and white) (Mujic et al., 2017) 

unpublished - used 

with permission 

Russula brevipes Rusbre1 

 

Low 

 

Pinus, Picea (Bergemann & Miller, 2002) 

unpublished - used 

with permission 

Russula compacta Ruscom1 

 

 

Very Low 

Anthonotha, Cryptosepalum, Paramacrolobium, Uapaca 

(Diédhiou et al., 2010) Quercus, Rhododendron, Myrica, 

Pinus, Cedrus, Cupressus (Bhatt et al., 2014) 

unpublished - used 

with permission 

Scleroderma citrinum Sclci1 

 

Low 

Larix (Richter & Bruhn, 1990), Pinus (Mohan et al., 1993), 

Picea (Brunner et al., 1992) (Kohler et al., 2015) 

Suillus americanus Suiame1 

 

High Pinus (white) (Smith, A.H., Thiers, 1964) this paper 

Suillus ampliporus Suiamp1 

 

High Larix (Nguyen et al., 2016) this paper 

Suillus bovinus Suibov1 

 

High Pinus (red) (Dahlberg & Stenlid, 1994) this paper 

Suillus brevipes Suibr2 

 

High Pinus (red) (Smith, A.H., Thiers, 1964) this paper 

Suillus clintonianus Suicli1 

 

High Larix (Nguyen et al., 2016) this paper 

Suillus cothurnatus Suicot1 

 

High Pinus (red) (Nguyen et al., 2016) this paper 

Suillus decipiens Suidec1 

 

High Pinus (red) (Nguyen et al., 2016)  this paper 

Suillus fuscotomentosus Suifus1 

 

High Pinus (red) (Siegel & Schwarz, 2016) this paper 



 

 

Suillus weaverae (granulatus) Suigr1 Unknown 

Unknown (white in Smith, A.H., Thiers, 1964 but white or 

red in Kuo & Methven, 2010)    this paper 

Suillus hirtellus Suihi1 

 

High Pinus (red) (Smith, A.H., Thiers, 1964) this paper 

Suillus lakei Suilak1 

 

High Pseudotsuga (Smith, A.H., Thiers, 1964) this paper 

Suillus luteus Suilu4 

 

High Pinus (red) (Smith, A.H., Thiers, 1964) (Kohler et al., 2015) 

Suillus occidentalis Suiocc1 

 

High Pinus (red) (Nguyen et al., 2016) this paper 

Suillus paluster Suipal1 

 

High Larix (Nguyen et al., 2016) this paper 

Suillus spraguei (pictus) Suipic1 

 

High Pinus (white) (Smith, A.H., Thiers, 1964) this paper 

Suillus placidus Suipla1 

 

High Pinus (white) (Smith, A.H., Thiers, 1964) this paper 

Suillus plorans Suiplo1 

 

High Pinus (white) (Nguyen et al., 2016) this paper 

Suillus subalutaceus Suisu1 

 

High Pinus (red) (Nguyen et al., 2016) this paper 

Suillus subaureus Suisub1 Low Pinus (white), Larix, Quercus (Lofgren et al., 2018) this paper 

Suillus cf. subluteus Suisubl1 

 

High Pinus (white) (Nguyen et al., 2016) this paper 

Suillus tomentosus Suitom1 

 

High Pinus (red) (Smith, A.H., Thiers, 1964) this paper 

Suillus variegatus  Suivar1 

 

High Pinus (red) (Nguyen et al., 2016) this paper 

Suillus  discolor Suidis1 

 

High Pinus (white) (Nguyen et al., 2016) this paper 

Thelephora terrestris Theter1 

 

Very low 

Alnus, Pseudotsuga (Miller et al., 1992), Eucalyptus 

(Ingleby & Mason, 1996), Pinus (Pera & Alvarez, 1995) (Miyauchi et al., 2020) 

Thelephora  ganbajun Thega1 

 

Low 

 

Pinus, Keteleeria, Cunninghamia (Mortimer et al., 2012) (Miyauchi et al., 2020) 

 

 

Table 2: Comparisons of genomic features of Suillus versus Other ECM fungi as well as 

among Suillus species with differing host associations.  

 

  genome size proteins SSPs SSSPs Terpenes 

 

NRPS-like GPCRs 

   Suillus 62.55+- 3.68 17307 +- 431.74 394 +- 14.18 112 +- 7.52 23 +- 1.50 

 

12 +-0.62 28.09 +- 1.06 

   Other ECM 59.40 +- 5.47 16672 +- 796.65 364 +- 23.98 172 +- 20.59 13 +- 1.29 

 

6 +-0.87 44.87 +- 3.15 

PGLS NS NS NS NS df = 44, F = 6.15, p = 0.017 df= 44, F = 5.96, p = 0.019 NS 

PGLS w/o H/M NS NS NS NS df = 39, F = 29.12, p = 3.57e-06 df = 39, F = 11.27, p = 0.002 NS 

   red 61.08 +- 4.51 17388 +- 615.80 370 +- 8.45 95 +- 5.44 24 +-2.40 

 

11 +- 0.81 25.51 +- 1.11 

   white 

69.98 +- 

10.40 17870 +- 1115.15 420 +- 33.65 121 +- 15.40 25+-2.86 

 

14 +- 1.43 28.32 +- 1.90 

   larch 55.72 +- 4.56 16214 +- 342.41 417 +- 46.38 140 +- 11.14 17 +- 3.28 

 

11 +- 2.03 33.83 +- 2.17 

ANOVA NS NS NS df = 2, F = 4.468, p = 0.028 NS NS NS 

Randomization NS NS NS Z = 2.549, p = 0.011 NS NS NS 

Values represent means +- 1 standard error. NS = not significant. PGLS w/o H/M = PGLS analysis 

excluding Other ECM with high and moderate host specificity. 

 

 

 

  



 

 

Table 3: Significant GO terms overrepresented and underrepresented in Suillus versus Other 

ECM fungi for both the full complement of Other ECM fungi and excluding Other ECM 

fungi with High and Moderate host specificity. 

 

 

 

 

 

 

 

 

 

 

 

 

  

GO.ID overrepresented: all Other ECM p-value 

GO:0055114 oxidation-reduction process 7.10E-13 

GO:0006556 S-adenosylmethionine biosynthetic process 1.00E-07 

GO:0006412 translation 4.20E-07 

GO:0009113 purine nucleobase biosynthetic process 9.00E-06 

GO:0006419 alanyl-tRNA aminoacylation 8.90E-05 

GO:0009058 biosynthetic process 0.00042 

GO:0000256 allantoin catabolic process 0.00042 

GO:0000154 rRNA modification 0.0008 

GO:0006481 C-terminal protein methylation 0.0008 

GO:0006099 tricarboxylic acid cycle 0.00086 

GO:0055085 transmembrane transport 0.00124 

GO:0005975 carbohydrate metabolic process 0.00133 

GO:0006006 glucose metabolic process 0.00233 

GO:0019551 glutamate catabolic process to 2-oxoglutarate 0.00236 

GO:0001522 pseudouridine synthesis 0.0026 

GO:0019915 lipid storage 0.00464 

GO:0006097 glyoxylate cycle 0.00758 

GO:0006891 intra-Golgi vesicle-mediated transport 0.00758 

GO.ID overrepresented: Other EMC w/o High & Moderate p-value 

GO:0055114 oxidation-reduction process 6.10E-14 

GO:0009058 biosynthetic process 1.00E-04 

GO:0000256 allantoin catabolic process 0.00016 

GO:0000154 rRNA modification 0.00041 

GO:0055085 transmembrane transport 0.00078 

GO:0019551 glutamate catabolic process to 2-oxoglutarate 0.00123 

GO:0006099 tricarboxylic acid cycle 0.00206 

GO:0006097 glyoxylate cycle 0.004 

GO:0001522 pseudouridine synthesis 0.00855 

GO.ID underrepresented: all Other ECM  p-value 

GO:0006412 translation 1.40E-06 

GO:0000103 sulfate assimilation 0.003 

GO:0045454 cell redox homeostasis 0.0047 

GO.ID underrepresented: Other ECM w/o High & Moderate p-value 

GO:0045454 cell redox homeostasis 0.0012 
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Fig. 1: Gene family expansions and contractions. Suillus fungi encode significantly more rapidly 

evolving gene families than Other ECM fungi, and exhibit both expansions and contractions a) Rapid 

gene family expansions and contractions for Suillus and Other ECM fungi computed by CAFÉ 

(expansions: t = 3.91, df = 44, p-value = 3.129e-4; contractions: t = -5.11, df = 40, p-value = 8.397e-

06). Different letters above (expansions) or below (contractions) the groups indicate significant 

differences between group means. b) Rapid gene family expansions and contractions among Suillus 

species associating with different host groups. c) Rapidly expanding and d) Rapidly contracting gene 

families in Suillus that were not rapidly expanding in any of the Other ECM fungi. Only gene families 

expanding or contracting in more than 6 species were considered. Shaded bars indicate the number of 

species that family was expanding or contracting for Red Pine, White Pine and Larch hosts, 

respectively, with the x-axis specifying the total number of species associated with that host. Grey circles 

indicate the number of Suillus species in which that gene family was rapidly evolving. 

Fig. 2: Redox related InterPro domain counts for Suillus and Other ECM fungi. Differences in 

domain abundance highlights ROS-related pathways in host-specific Suillus. The most significantly 

different InterPro domain annotations determined by t-tests at p-value > 0.001, GO enrichment of 

these domains identified ('oxidation-reduction process', GO: 0055114), as the most significantly 

different parent term (p-value = 7.1e-13). Reverse mapping the parent term back onto the significantly 

different domains identified 91 overrepresented redox-related domains in Suillus. Those with p-value 

< 0.0005 are displayed (n = 62). Count data normalized to zero. Non-normalized counts for all species 

for all 91 domains can be found in Supporting Information Table S6. Domain names highlighted in 

pink are of particular interest, and addressed in the discussion section.  

Fig. 3: Small secreted protein distributions for Suillus and Other ECM fungi. Suillus do not 

encode a significantly different diversity of small secreted proteins compared to Other ECM fungi. 

However,  species-specific small secreted proteins are less diverse in Red Pine associated Suillus than 

in Larch associated species.  SSP = small secreted proteins, SSSP = species-specific small secreted 

proteins. Different letters indicate significant differences between groups. a/b) illustrates Suillus 

compared to Other ECM fungi. c/d) illustrates Suillus compared by host association. A
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Fig. 4: Secondary metabolite cluster identity and distributions for Suillus and Other ECM 

fungi. Suillus have significant enrichment of Terpene and NSRPS-like secondary metabolite clusters 

over Other ECM fungi a-b) Suillus versus Other ECM fungi and c-d) among Suillus species 

associated with different host groups. a&c) Box plots of SM cluster distributions represent the 

interquartile region intersected by the median. Whiskers extend to the most extreme data point, no 

more than 1.5 times the length of the quartile b&d) Spine plots displaying mean abundance of all (N) 

and each (to the right of the graph) SM cluster group between Suillus and Other ECM fungi. 

Significantly different groups are highlighted with an asterisk. e) For NRPS-like SM clusters, 

significant phylogenetic autocorrelation was detected at the node delineating the separation between 

Suillaceae (Suillus and Rhizopogon) and Other ECM fungi. For terpenes, significant phylogenetic 

autocorrelation was detected at both the node delineating the separation Suillaceae and the node 

delineating Suillus and Other ECM fungi. f/g) Local Moran’s-i showed clustered phylogenetic signal 

for both NRPS-like (f) and terpene (g) SM clusters, with Suillus generally displaying positive signal, 

and Other ECM fungi generally displaying negative signal. 

Fig. 5: Distributions of orthologous secondary metabolite  clusters with significant differences 

among Suillus species associated with red pine, white pine, and larch hosts. Orthologous cluster 

analysis highlight a lack of unique terpene-related clusters in larch-associated Suillus, and a 

diversification in NRPS-related clusters for white pine-associated Suillus. Overlap of unique 

orthologous clusters by host group for a) Terpene-related clusters and b) NRPS-related clusters. 

Fig. 6: G-protein coupled receptor (GPCR) distributions for Suillus and Other ECM fungi. 

GPCR abundance or identity was not significantly different for either inter- or intrageneric 

comparisons. a) The distribution of GPCRs by class for Suillus versus Other ECM fungi and b) 

among Suillus species with different host associations. Horizontal lines indicate the mean of each 

group for a given class and triangles represent the total mean for each class. Bar graphs represent the 

mean, and error bars represent the mean +/- 1 standard deviation.  
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Fig. 7: Phylogenetic reconstruction of host ancestral state and switching within the ECM fungal 

genus Suillus. Ancestral state reconstruction supports larch (Larix) as the ancestral host within the 

genus and multiple independent host switching events between red and white pine hosts. Pie charts 

represent the posterior probabilities of ancestral host association at each internal node. a) PHYling + 

IQ-TREE tree. Branch support values represent ML bootstrap support values over 1000 iterations, 

support values in parenthesis represent SH-aLRT values over 1000 iterations. b) OrthoFinder2 + 

STAG tree. Branch support values represent the percentage of bipartitions of individual all gene trees 

that support that bipartition. 
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D−amino acid oxidase, conserved site
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NADH:ubiquinone oxidoreductase, 51kDa subunit, conserved site

Homoserine dehydrogenase, conserved site

NADP transhydrogenase, beta subunit
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NADH ubiquinone oxidoreductase, F subunit

Dihydroorotate dehydrogenase, conserved site
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