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Abstract

Studying the signatures of evolution can help to understand genetic processes. Here, we demonstrate how the existence of balancing
selection can be used to identify the breeding systems of fungi from genomic data. The breeding systems of fungi are controlled by self-
incompatibility loci that determine mating types between potential mating partners, resulting in strong balancing selection at the loci.
Within the fungal phylum Basidiomycota, two such self-incompatibility loci, namely HD MAT locus and P/R MAT locus, control mating
types of gametes. Loss of function at one or both MAT loci results in different breeding systems and relaxes the MAT locus from balan-
cing selection. By investigating the signatures of balancing selection at MAT loci, one can infer a species’ breeding system without cul-
ture-based studies. Nevertheless, the extreme sequence divergence among MAT alleles imposes challenges for retrieving full variants
from both alleles when using the conventional read-mapping method. Therefore, we employed a combination of read-mapping and
local de novo assembly to construct haplotypes of HD MAT alleles from genomes in suilloid fungi (genera Suillus and Rhizopogon).
Genealogy and pairwise divergence of HD MAT alleles showed that the origins of mating types predate the split between these two
closely related genera. High sequence divergence, trans-specific polymorphism, and the deeply diverging genealogy confirm the
long-term functionality and multiallelic status of HD MAT locus in suilloid fungi. This work highlights a genomics approach to studying
breeding systems regardless of the culturability of organisms based on the interplay between evolution and genetics.

Keywords: fungi, mating, breeding system, balancing selection, Suillus, Rhizopogon, self-incompatibility, evolution, homeodomain
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et al. 2011). In the classic basidiomycete life cycle, meiotic basi-

Introduction diospores germinate to produce a mycelium comprised of identi-

Self-incompatibility loci in plants and fungi directly influence
mating by imposing constraints on selfing and promoting out-
crossing. The alleles at such loci are grouped into two or more self-
incompatible allele types, which determine the mating types and
the mating compatibility between gametes (Kahmann and Bolker
1996). Two such loci are present in species of Basidiomycota,
namely HD MAT locus and P/R MAT locus (James et al. 2013;
Coelho et al. 2017). However, not all HD MAT loci and P/R MAT
loci control mating compatibility in all species. In some species,
alleles at one or both MAT loci have lost their function in control-
ling mating types. The breeding systems of basidiomycetes are
classified according to the number of loci controlling mating
types, of which tetrapolar breeding system is controlled by two
MAT loci, bipolar breeding systems is controlled by two loci, and
homothallic (self-fertile) breeding system has no self-
incompatibility locus (Whitehouse 1949; Koltin et al. 1972; Kiles

cal haploid nuclei (the monokaryon) which can mate with another
monokaryon to yield a dikaryotic mycelium whose hyphal cells
each possesses two paired haploid nuclei with compatible alleles
at MAT loci (Kies et al. 2011). Even though the paired nuclei are
separate, from a genome sequencing standpoint dikaryons are es-
sentially the same as diploid.

In most basidiomycete fungi, determination of the breeding
systems requires extensive crosses among gametes (monokaryo-
tic colonies from basidiospores) of the same parent as well as be-
tween different dikaryotic individuals. Using this approach, Kniep
(1928), Buller (1941), and Raper (1953) demonstrated that most
fungiin Basidiomycota exhibit multi-allelic breeding systems con-
trolled by one or two loci. Though traditional crossing studies can
be applied to species which are easy to grow in pure culture,
breeding systems for most unculturable fungi in Basidiomycota
are still unknown. Study of breeding systems of symbiotic
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ectomycorrhizal (ECM) fungi in particular poses difficulties since
basidiospores of most ECM fungal species fail to germinate or
else grow poorly in the laboratory condition (Fries 1978; 1987;
Nara 2009; Cairney and Chambers 2013).

As an alternative to culture-based studies of mating compati-
bility, studying the signatures of evolution in sequence data can
be used to reveal the structure and function of fungal breeding
systems. When alleles at a MAT locus determine mating types,
the constant heteroallelic status and/or the advantage of the
rare alleles result in strong balancing selection (May et al. 1999;
James 2015), forming distinct signatures in sequences. The in-
creased coalescent time of alleles under balancing selection is
predicted to cause an excess in nucleotide diversity and trans-
specific polymorphism at such MAT loci (May et al. 1999). In the
context of self-incompatibility loci, trans-specific polymorphism
manifests in alleles not clustered by species but by allele types
(Wang and Mitchell-Olds 2017). These signatures of balancing se-
lection at functional MAT loci can be used to infer breeding sys-
tems without the need for culturing and crossing. Sequencing
alleles at MAT locus in Basidiomycota, however, also poses diffi-
culties, since extreme sequence divergence among different
MAT alleles and the large size of the loci (typically over 10 kb) of-
ten prevent the use of universal PCR primers to study the se-
quences of MAT loci even at the population level (Badrane and
May 1999; Coelho et al. 2010; van Diepen et al. 2013).

We explored an approach to infer breeding systems based on
signatures of balancing selection from genome shotgun se-
quences, which requires no primer designs. Abundant shotgun
genome sequence data is now available for many fungi whose
breeding systems are unknown. However, the extremely high
sequence divergence of the HD MAT locus complicates the detec-
tion of variants (SNPs) using Illumina short reads (Supplementary
Fig. 1), since reads from different alleles are too divergent to map
to the mating type allele in the reference genome by regular bio-
informatic tools, such as BWA (Li and Durbin 2010) and bowtie2
(Langmead and Salzberg 2012). To accurately infer the sequence
evolution of the highly divergent HD MAT alleles, we applied an
approach that employs local de novo assembly of target HD MAT
locus using automated Target Restricted Assembly Method
(aTRAM) (Allen et al. 2015), which utilizes iterative read mapping
and de novo assembly to correctly assemble alleles on HD MAT lo-
cus (Supplementary Fig. 2). This genome-based approach can be
applied regardless of the cultivability and lack of PCR primer spe-
cificity for different HD MAT alleles. We used this approach to re-
assemble HD MAT alleles for a group of ectomycorrhizal fungi in
the genera Suillus and Rhizopogon in order to infer their breeding
systems and elucidate the evolution of their HD MAT alleles.

Materials and methods
Genomic sequencing and annotation

Genomes of eight fully assembled suilloid fungal species (Suillus
spp. and Rhizopogon spp.) were examined in this study, including
7 published genomes and 1 new genome (Table 1). All eight gen-
omes were sequenced using short-read Illumina sequencing.
The new Rhizopogon salebrosus TDB-379 genome was sequenced
with Illumina HiSeq using Illumina 270-bp fragment library se-
quenced in 2x 150-bp format. The raw Illumina reads were QC fil-
tered to remove artifact/process contamination and then
separated into mitochondrial and nuclear genome fraction. A sub-
set of the nuclear genome fraction was subsequently assembled
using Velvet (Zerbino and Birney 2008). The resulting assembly
was used to create in silico long mate-pair library with insert

2,000 +/- 90 bp which was then assembled together with the target
fastq using AllPathsLG release version R47710 (Gnerre et al. 2011).
Another long mate-pair library with insert 3,000 +/- 90 bp was cre-
ated from this initial AllPathsLG assembly. This second long
mate-pair library was reassembled with the first mate-pair library
along with a subset of the nuclear genome fraction to create a final
AllPathsLG assembly. Contigs with BLAST+ hits to refseq.mito-
chondrion or have a minimum of 25 pairs and link to a contig
with hits to refseq.mitochondrion were kept for mitochondrial as-
sembly while those with hits to nt with 18S annotations were
removed.

HD MAT loci of the eight suilloid species were initially identified
by blastp hits against HD genes of Rhizopogon species (Mujic et al.
2017). The identity flanking genes surrounding the candidate HD
MAT loci were identified by their best blastn hit. The genome co-
ordinates of genes linked to HD MAT loci were listed in Table 2.
Genomic alignment around HD MAT loci was conducted by pro-
gressive Mauve (Darling et al. 2004) assuming no rearrangements
and visualized by Geneious R11 (https:/www.geneious.com).

Genome wide variants detection

We performed sequence variant detection across all eight gen-
omes based on mapping and variant-calling. Raw reads were
trimmed by cutadapt (Martin 2011) to minimum quality 25, min-
imum length 80bp, and then mapped to reference assemblies
using bowtie2 with default parameters in paired-end mode.
Genomic mapping depth was calculated from averaging read
depth across all sites excluding 10% extreme values to avoid
bias from poorly assembled regions. Raw variants were called by
beftools (Li 2011) assuming diploid ploidy. Because the length of
insertions during library preparation varies in each sample, in-
cluding libraries with both mate-pair and paired-end reads,
anomalous read pairs (-A) and overlapped reads were allowed
(-x). Total depth and minor allele depth at each variant site were
asreported in DP field and the second large number in AD field, re-
spectively. Minor allele frequency was estimated by dividing the
minor allele depth by total depth. The numbers of SNPs and SNP
density in each genome were estimated with the numbers of
SNPs not in 10% extreme depth of each tail (Supplementary Fig.
3, Supplementary Fig. 4).

Variant detection at HD MAT loci

We performed the conventional variant detection approach based
on mapping and variant-calling to HD genes in the reference gen-
omes, including the intergenic sequence, and the 1,000-bp flank-
ing sequence on either side (referred hence as mapping variant
detection approach). For each genome, reads were mapped to the
reference HD MAT sequences and the variants were called with
the same parameters as in genomic statistics. The alternative
HD MAT sequences were obtained by applying the discovered var-
iants to the HD MAT sequences in the reference genomes. The ref-
erence HD MAT sequences and the alternative HD MAT sequences
were treated as two alleles generated by mapping variant detec-
tion approach.

For local de novo assembly approach, the reference HD MAT se-
quences were treated as “bait sequences” for aTRAM using Velvet
assembler (Zerbino and Birney 2008). We expanded the original
aTRAM pipeline by running five independent runs with different
Kmer sizes (Kmer = 30, 35, 40, 45, and 50) to produce hypothetical
HD MAT sequences. The expected depth for Velvet was set to half
of the average genome depth as thatis the predicted depth of each
haplotype. We then mapped reads to all hypothetical HD MAT se-
quences generated by aTRAM. The reads mapped to hypothetical
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Table 1. Genome statistics of suilloid genomes used in this study.

Species NCBI Genome Genome Raw SNP Filtered Suggested Source Reference
(/GI portal id) accession assembly sequencing density SNP Ploidy
size depth (per 1 kb) density
(Mbp) (per 1 kb)*

Rhizopogon PRJNA333299 82.29 323.3 4.07 3.898 dikaryotic mycorrhizae this article
salebrosus culture
(Rhisa1)

Rhizopogon PRINA196085 36.1 384.7 4.01 3.268 dikaryotic fruitingbody ~ Mujic et al.
vinicolor culture 2017
(Rhivil)

Suillus PRJNA333476 50.81 164.2 4.86 4.551 dikaryotic fruiting body Lofgren
americanus culture et al. 2021
(Suiame1)

Suillus brevipes PRJNA218802 52.03 2289 4.85 4.664 dikaryotic fruiting body ~ Brancoetal.
(Suibr2) culture 2015

Suillus decipiens ~ PRINA333477 62.78 290.3 0.85 0.0690 monokaryotic mycorrhizae Lofgren
(Suidec1) culture et al. 2021

Suillus weaverae ~ PRINA372929 42.34 188.1 5.85 5.606 dikaryotic fruiting body Lofgren
(Suigr1) culture et al. 2021

Suillus hirtellus PRJNA333479 49.94 219.5 0.35 0.007 monokaryotic fruiting body Lofgren
(Suihil) culture et al. 2021

Suillus PRINA242126 44.49 169.7 0.04 0.004 mono-karyotic single spore  Kohler et al.
luteus (Suilu4) culture 2015

@ filtering 10% sites with extreme depth in each tail.

HD MAT sequences were expected to contain all the reads from
both HD MAT alleles. We collected those reads and conducted a fi-
nal de novo assembling using MIRA (Chevreux et al. 1999) in accur-
ate mode to produce stringent assemblies for both alleles. Newly
assembled sequences were aligned to the original HD MAT refer-
ence sequences using MAFFT 7 (Katoh and Standley 2013) to verify
their homology. The two newly assembled sequences that were
homologous to HD MAT loci were used as alleles generated from
the local de novo assembly approach.

Quality assessment of mapping variant detection
and local de novo assembly method

Assuming the two sequences of the two alleles represented the se-
quences in the genomes, we expected when using both alleles as
reference sequences for mapping, the depth drop of HD MAT loci
as seen in genome no longer exist since the two alleles represent
exactly the same sequences as which the reads were sequenced
from. To compare whether the alleles meet this expectation, we
mapped reads to the two alleles produced by mapping variant de-
tection approach and to the two alleles produce by local de novo as-
sembly method. For each mapping run, either two alleles of local
de novo assembly or two alleles of mapping variant detection ap-
proach were used as reference sequences at the same time, so
the reads never count twice in each method. The average depth
and the depth distribution as calculated for genome wide variants
detection were plotted from the mapping results and were com-
pared to the genome-wide distribution by R language (R Core
Team 2022) with package ggplot2 (Wickham 2016).

Knowing that trans-specific polymorphisms were likely to exist
and the high dissimilarity between two alleles in the mapping pro-
cess, we speculated the reads of HD MAT locus would carry en-
ough information to generate haplotypes of the entire HD MAT
locus. To test whether the two local de novo assembled alleles re-
present two unambiguous haplotypes, we used HAPCUT?2 (Edge
et al. 2017) to investigate whether the phases of the two de novo as-
sembled alleles could be confidently assigned. HAPCUT? iterative-
ly proposed new haplotypes to minimize mismatches and splits of
the reads. Normally, HAPCUT?2 infers haplotypes by mapping

reads from two alleles against a single reference sequence. In
our case, since the reads were known unable to map to the other
allele properly, we first mapped the reads to two alleles separately
as described above, and then merged the two alleles by adjusting
the read position and CIGAR code according to the MAFFT 7 align-
ment of the two alleles (align_sam.py). The merged mapping re-
sults and the variants defined by bcftools were used as input for
HAPCUT2. The haplotype blocks inferred by HAPCUT2 were
then aligned to the two local de novo assembled alleles by
MAFFT 7 to confirm their consistency.

As both HD genes in each allele were expected to produce func-
tional proteins, we also used the translated amino acid sequences
to assess the correctness of the haplotypes. Premature ORF or
frame shifting indels suggests an incorrectly inferred haplotype.
Coding sequences (CDSs) of the assembled local de novo as-
sembled haplotypes were defined by transferring the annotated
CDSsin the reference genomes to their homologous region in their
MAFFT 7 alignments. The translated amino acid sequences were
aligned to known HD proteins (Mujic et al. 2017) to assess the exist-
ence of premature ORF or frameshifting. The translated amino
acid sequences were deposited in Genbank ON315855-ON315867.

Genetic diversity and genealogy

In order to test whether HD MAT locus fell into the high genetic di-
versity tail in the genome, we calculated the variant density of the
filtered SNPs in 1,000-bp non-overlapping windows across each
genome. The variant density between the two locally de novo
assembled alleles was calculated as the numbers of
mismatches (excluding gaps) in their pairwise alignments pro-
duced by MAFFT 7.

To visualize detailed genetic divergence between each pair of
HD MAT alleles, the sequence divergence in codon-based align-
ments of CDSs using prank (Loytynoja 2014) was calculated for
all combinations of HD MAT genes. Mean pair-wise divergence
was measured by the average of JC-corrected divergence (Jukes
and Cantor 1969) in sliding 300-bp overlapping windows.
Genealogy of HD MAT alleles was inferred using PhyML 3
(Guindon et al. 2010) with HKA substitution model with 100
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Table 2. Summary of HD MAT depth and SNP density.

Species HD MAT HD MAT depth HD MAT variant density (per 1 kb)
coordinate
reference® mapping variant local de novo® mapping variant local de
detection® detection® novo*
R. salebrosus scaffold_4:325574-327895 291 155 + 149 =304 172 + 177 =349 37.2 127.7
R. vinicolor* scaffold_24:106196-108049 331 171+ 168 =339 190 + 192 =382 40.0 121.9
S. americanus scaffold_2:750316-752187 118 66 +57 =122 84 + 86 =150 14.1 165.5
S. brevipes scaffold_7:289073-290784 152 82+78=160 128 +125=253 11.9 224.5
S. decipien scaffold_5:375610-377851 273 NA NA NA NA
S. granulatus  scaffold_1:1580479-1582647 183 95+92=187 110+ 109=219 29.4 104.3
S. hirtellus scaffold_1:1479724-1482059 210 NA NA NA NA
S. luteus scaffold_1:1133054-1134939 164 NA NA NA NA

¢ When reads mapped to single reference sequence.

When reads mapped to two alleles from mapping variant detection approach. Each read only mapped the best matched allele (no reads are counted twice).
When reads mapped to two alleles from local de novo assembly approach. Each read only mapped the best matched allele (no reads are counted twice).

bootstraps from 400 bp equally distributed blocks in CDSs of HD1
and HD2 genes. Rooting of Suillus HD genes was performed based
on the minimal clades that contained all Rhizopogon alleles.

Results

We investigated the breeding systems of eight species of Suillus
and Rhizopogon. We used seven previously sequenced genomes
that were fully assembled and annotated from Illumina short
reads, with average sequencing depths from 170x to 385x
(Table 1). We sequenced the Rhizopogon salebrosus TDB-379 gen-
ome with Illumina to 120.8x read depth and assembled in 1,976
scaffolds totaling 82.29 Mbp (N50 =40 and L50 = 106,002 bp) and
5,710 contigs totaling 42.82 Mbp (N50 =559 and L50= 17,961 bp).
We also sequenced the R. salebrosus TDB-379 transcriptome with
Mlumina and assembled it into 83,186 contigs, which aided the
prediction of 18,900 protein coding genes.

Ploidy of genomes

Ploidy of all 8 genomes was examined by the patterns of SNP sites.
The observed SNP density within the sequenced genomes of three
species S. luteus, S. decipiens, and S. hirtellus was two orders of mag-
nitude lower than in the other five species (Table 1). Also, when
depicting mapping depths of putative heterozygous sites (SNPs),
whose depth should be close to genome average (Supplementary
Fig. 5), the majority of the putative heterozygous sites in the three
genomes had depths close to twice genome average. This suggests
the majority of the putative heterozygous sites from those gen-
omes were likely the result of mapping two paralogs to one gene
instead of true signals of heterozygotes. Based on the combination
of lower counts of detected heterozygous sites and abnormal
depths at those heterozygous sites, we conclude that S. luteus, S.
decipiens, and S. hirtellus genomes were monokaryotic (haploid)
since the signal of heterozygotes in the genome was not distin-
guishable from noise or else absent.

For the five genomes determined to be dikaryotic (diploid), we
observed a consistent decrease in mapping depth at HD MAT locus
when reads were mapped against the HD MAT sequences in refer-
ence genomes (Supplementary Fig. 1). This suggests substantial
numbers of reads at HD MAT locus failed to map to the reference
sequences. An additional decrease of mapping depth around the
HD MAT locus of S. weaverae was also observed, which was likely
due to structural variation of partial duplicated genes and the
subsequent poly-N uncertain sequences in that region (see
discussion).

De novo assembly of HD MAT locus

We locally de novo assembled two HD MAT alleles from each
dikaryotic genome using aTRAM (Allen et al. 2015)
(Supplementary Fig. 2). For genomes identified as monokaryons
in the previous section, the HD MAT sequences in the reference
genomes were treated as the only allele. The total length of the
de novo assembled alleles varied from 4,485 to 4,612 bp, which in-
cluded HD1, HD2, and the intergenic regions. Mapping reads to the
HD MAT sequences in the respective reference genomes revealed
a reduction in read depth and distorted depth distribution (Fig. 1;
Supplementary Fig. 6). Less than 70% of reads in Suillus and less
than 90% reads in Rhizopogon at HD MAT locus could be mapped
to their reference genome (Table 2; Fig. 1). This deficiency of map-
ping depth disappeared when mapping was performed to two lo-
cally de novo reassembled alleles, to which more than 98% of reads
could be mapped. Overall, the mapping depth profile for local de
novo assembled alleles showed smoother mapping depths and
the average mapping depths were closer to the genome average
(Supplementary Fig. 6; Supplementary Fig. 7). We interpret this
as the evidence that de novo assembly using aTRAM fully captured
all reads belonging to both alleles of HD MAT locus while the se-
quences in the reference genomes or the sequences generated
from mapping variant detection missed a substantial amount of
reads from the alternative alleles. We further verified whether
de novo assembled alleles represent valid haplotypes using
HAPCUT?2. This read-based haplotype inference generates com-
plete haplotype blocks across HD MAT locus in each diploid gen-
ome. There was no conflict between the de novo assembled
alleles and the HAPCUT? phased alleles when they were aligned
to each other (Table 3).

All local de novo assembled haplotypes possessed open reading
frames and no premature stop codons in the two homeodomain
genes. The length of the amino acid sequences varied from 642
to 665 aa in HDI, and 575 to 561 aa in HD2. Sequences of all de
novo assembled HD genes were also readily alignable to each other
(Supplementary Fig. 8). We conclude that the aTRAM assembled
alleles are the optimal haplotypes of the sequenced reads and
are likely to be the actual haplotype in the chromosomes.

Genetic diversity and genealogy of HD MAT
haplotypes in suilloid genomes

The number of variants detected by the de novo assembled HD
MAT alleles was 3-18-fold higher than the mapping variant detec-
tion approach (Table 2) which failed to detect variants at the cen-
ter of HD MAT locus (Fig. 2). All the variants detected by the
mapping variant detection approach were included in the de
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Fig. 1. Average read depths mapped to HD MAT sequences generated from different approaches. The average depths of reads mapping to HD MAT

sequences generated from different approaches. More reads are mapped to local de novo assembly alleles than to the other sequences, whose read depths
are also closer to genome averages. This suggests some reads of alternative alleles failed to map to the single reference sequence, so those alternative
alleles are undetectable using mapping variant detection. Genome average: Read depths across genome; Local de novo assembly: Read depths mapped to
two alleles generated from local de novo assembly. Depths to each haplotype shown in different colors. Mapping variant detection: Read depths mapped to
two alleles generated from mapping variant detection. Depths to each haplotype shown in different colors. Reference: Read depths mapped to the single
HD MAT sequence in the reference genome. Only mapping to reference sequence is applicable to homokaryontic (haploid) genomes since sequences of

alternative alleles do not exist.

Table 3. Summary of HAPCUT?2 haplotype blocks at HD MAT
locus.

species Haplotype number of number of number of
block size reads variants conflicts®
mapped
S. brevipes 4713 4516 848 0
S. americanus 4870 2768 664 0
S. weaverae 5405 3161 434 0
R. vinicolor 4419 5521 433 0
R. salebrosus 4260 4974 493 0

a

mismatch between alignment of HAPCUT?2 haplotype block and local de
novo assembled alleles.

novo assembled HD MAT alleles except for two variants in S. wea-
verae (Fig. 2). Those two variants were the artifact of mismapping
reads from the paralogous partial HD2 sequence only found in S.
weaverae genome. The alignments of two locally de novo as-
sembled HD MAT haplotypes and the sequences in the reference
genomes showed the sequences in the reference genome con-
tained segments of variants from different HD MAT haplotypes
(Fig. 2). This suggests the HD MAT assemblies in the reference gen-
omes are chimeras of two HD MAT haplotypes from the two
alleles.

The SNP density of HD genes and their intergenic regions fell
into the 0.1% highest regions in the sequenced diploid genomes
(Supplementary Fig. 9). The sequence divergence was highest at
the N-termini within genus (non-green lines in Fig. 3), suggesting
the N-termini were under the strongest balancing selection. The

sequence divergence between some pairs of HD haplotypes from
Rhizopogon and Suillus species (non-green lines in Fig. 3) was less
than other intra-genus comparisons at the N-termini (green lines
in Fig. 3), suggesting that the origin of those mating-type alleles
predates the split between these two genera. The sequence diver-
gence of C-termini of HD gene haplotypes was higher between
genera than within-genera, indicating they were closer to the pat-
tern of neutral evolution and they had a more recent divergence
time than the N-termini did. The polyphyletic genealogy of alleles
of Rhizopogon at the N-termini (Fig. 4) also suggests the maintained
polymorphism since the common ancestor of Suillus and
Rhizopogon. Furthermore, differences in well-supported branches
in the genealogy of HD1 and HD2 suggest recombination had oc-
curred within the HD MAT locus between HD1 and HD2 genes.
Surprisingly, although the divergence time of N-termini was
greater than that of C-termini, the sequence divergence of
N-termini between Rhizopogon and Suillus (green lines in Fig. 3)
was less than that of the C-termini, which implies the sequences
at N-termini were more conserved in the long term.

The inference of breeding system

Two factors determine the pattern of sequence divergence: the di-
vergence time and the mutation rate. Both higher mutation rates
and longer coalescent times lead to higher sequence divergence of
the sampled alleles. However, a higher mutation rate does not dis-
tort genealogy, and cannot lead to more frequent trans-specific
polymorphisms than loci with lower mutation rates. Balancing se-
lection increases the absolute coalescent time of the sampled
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alleles, resulting in both higher sequence divergence and more
trans-specific polymorphisms when the expected coalescent
time predates the split of the taxa (May et al. 1999; Wang
and Mitchell-Olds 2017). Mating-type determining genes of
Basidiomycota should be under balancing selection since their
constant heterozygous state and the rare alleles have an advan-
tage in a system where only different alleles are mating compat-
ible. All of our results are consistent with this expectation. First,
a high level of variants was observed at the HD MAT locus.
Second, both genealogy and the patterns of sequence divergence
suggest that the time since divergence of the center region of HD
MAT alleles predates their speciation and even predates the split
between these two closely related genera. Thus, we conclude
the HD MAT locus is under strong balancing selection, as predicted
for a functional mating locus determining mating specificity (May
et al. 1999; James 2015; Wang and Mitchell-Olds 2017).

The numbers and the turnover of alleles at a functional MAT lo-
cus may also be determined by the genealogy of sampled alleles. A
functional MAT locus may have two or more alleles, i.e. either

biallelic or multiallelic (Nieuwenhuis et al. 2013; Kues 2015). In a
persisting biallelic system without the formation of new mating
types, only two fixed allele types exist, presumably due to losing
the ability to produce new mating types or failure of the new mat-
ing types to cross the local optimum of two alleles status
(Nieuwenhuis et al. 2013; Krumbeck et al. 2020). In this case, two
clusters of alleles diverged from an early point are expected,
with alleles in either group diverging in concordance with speci-
ation events (Fig. 5a). Additionally, all dikaryotic (diploid) indivi-
duals must possess the same two alleles from each cluster. In a
multiallelic system, new mating types must consistently form to
counter allele loss through drift (Kues and Casselton 1993;
Kahmann and Bolker 1996). Even if at some point there are only
two alleles co-existing in certain species or sampled individuals,
the genealogical structure can still be distinguished from persist-
ing biallelic by not having the same pairs of alleles in the closely
related species (e.g. species B in Fig. 5b). Since the HD MAT alleles
sampled in Suillus species did not form a deep bisecting split and
no pairs of sampled species share the same pair of HD MAT alleles,
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genealogy of HD alleles rejects the hypothesis of a persisting bial-
lelic system in Suillus. We conclude that the HD MAT locus of the
common ancestor of suilloid fungi was multiallelic and has not
changed to biallelic system before any common ancestors of the
sampled diploid genomes.

Synteny of HD MAT loci

The synteny of the four previously identified genes located adja-
cent to the HD MAT locus (MIP, HD1, HD2, and beta-flanking
gene) was maintained in Suillus and Rhizopogon spp. (Figure 6)
(Coelho et al. 2017; Mujic et al. 2017). Although the beta-flanking

gene was not annotated in S. weaverae due to the poly-N uncertain
sequence in that region, it was later identified in both de novo as-
sembled alleles from their alignment to beta-flanking genes in
other species. Glycosyltransferase family 8 protein (GLGEN) was
another gene always detected near HD genes in the sampled suil-
loid genomes, but its position relative to the HD genes was not
conserved across different species. Two additional, unidentified
genes were detected within the HD MAT region in more than one
genome. One of the two genes was consistently present in all spe-
cies and BLASTS to other fungal genomes, which implies it is likely
a functional gene of unknown function. Other genes were only
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cus. However, the two alleles from species B (B, and Bs) coalesces to each

other earlier than to any alleles of species A, unlike the bisecting structure found in the first scenario.

found beside HD MAT in one genome, which include actin-related
protein in S. hirtellus, aminoacyl-tRNA synthetase in S. weaverae,
ATP-dependent DNA helicase in S. americanus, as well as several
other genes of unknown function. In the S. weaverae assembly,
we discovered a structural variant with a large insertion between
beta-flanking gene and GLGEN which contained two partial HD2
and partial beta-flanking genes. This insertion was only observed
in one haplotype, whose mapping depth was also half compared
to other regions (Supplementary Fig. 1). This implies the duplica-
tion of HD genes was involved in the structural variation near HD
MAT locus of suilloid fungi.

Discussion

Monokaryotic and dikaryotic genomes in suilloid
fungi

In the course of mapping Illumina reads onto their reference gen-
omes, we observed contrasting patterns of read-mapping depth at
SNP sites among eight suilloid fungi, which demonstrated that
three genomes were monokaryotic. The S. luteus UH-Slu-Lm8-n1
genome was first isolated as a single-basidiospore isolate and
thus was expected to be monokaryotic (Kohler et al. 2015). The
genomes of S. decipiens and S. hirtellus also showed little SNPs in
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the sequenced strains and possessed a single HD MAT allele. Both
were firstisolated as pure cultures from fruiting bodies (S. hirtellus)
or mycorrhizal root tips (S. decipiens) (Liao HL, pers. Comm.) and
thus were initially presumed to be dikaryotic. Microscopic obser-
vation of clamp-connections and numbers of nuclei per cell are
the indicators of the dikaryotic stage in fungi of Basidiomycota.
However, those microscopic methods are difficult to apply to suil-
loid fungi, as most species do not consistently form clamp-
connections as in other species (Pantidou and Groves 1966; Fries
and Neumann 1990) and the numbers of nuclei in dikaryotic my-
celia vary (Horton 2006; Sawada et al. 2014). We suspect that these
isolates were dikaryotic when first isolated but later became
monokaryotic via dedikaryotization due to losing one nucleus
during the successive culturing (Santra and Nandi 1977,
Leal-Lara and Eger-Hummel 1982). Additional study of ploidy
and MAT locus in fruiting bodies, mycorrhizas and cultures of
those species is required to address the ploidy variation during dif-
ferent phases of their life cycles.

Breeding system of suilloid fungi

The inferred multi-allelic HD MAT locus aligned with the known
breeding systems in other suilloid fungi. For a few species of suil-
loid fungi whose sexual spores were able to germinate as pure cul-
tures, their breeding systems were reported in previous studies.
The breeding systems of Rhizopogon rubescens (Kawai et al. 2008),
Suillus variegatus (Fries 1994), S. bovinus (Fries and Sun 1992), S.
luteus, and S. granulatus (Fries and Neumann 1990) were all re-
ported to be bipolar and multi-allelic. Which MAT locus is respon-
sible for self-incompatibility is unknown since no further
sequencing of MAT loci was performed in those culture-based

studies. Our inference and the reported breeding systems in those
culture-based studies showed that suilloid fungi may be generally
multi-allelic at HD MAT locus across the clade.

Patterns of genetic variation at HD MAT locus

The synteny around suilloid HD MAT locus follows the classic
form of MIP-HD1-HD2-beta-flanking configuration reported in other
fungi in Basidiomycota (Kies et al. 2011; Coelho et al. 2017; Mujic
et al. 2017). Structural variation arising from gene duplication of
HD genes resulting in deviation from the canonical gene order
has been reported in some basidiomycete genomes, e.g.
Coprinopsis cinereus (Kues and Casselton 1993) and Schizophyllum
commune (Ohm et al. 2010). This was observed here for one HD
MAT allele in S. weaverae as well, in which one of the HD MAT al-
leles was partially duplicated. The extent and the frequency of
non-canonical synteny variants for HD MAT locus in natural po-
pulations are unclear, but their rarity in suilloid fungi suggests
that those types of structural change are likely to be deleterious,
causing purifying selection to eventually eliminate the duplicated
HD gene fragments. The coincidence of low variation at
C-terminus of the S. weaverae HD MAT locus relative to other suil-
loid fungi implies the recombination around the HD MAT locus in
S. weaverae may occur more frequently than that in other species.

The sequence divergence and the genealogy revealed different
evolutionary processes in different regions of HD MAT locus.
Inter-specific variation among suilloid HD MAT haplotypes was
highestin the center region located between HD1 and HD2, includ-
ing the N-termini regions of each gene. This region appears to be
under the strongest balancing selection and thus is likely to dir-
ectly determine mating types. This agrees with molecular biology
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experiments in C. cinerea (Banham et al. 1995) and Ustilago maydis
(Kahmann and Bolker 1996) that the HD protein recognition is lo-
cated at the N-terminus and the changes of sequences in this re-
gion can sometimes alter mating specificity. The absence of
trans-specific polymorphism toward the C-terminus suggests
this region is linked to but not directly under balancing selection.
The strongest contrast between C- and N-terminus divergence
was observed in S. weaverae. Although the N-terminus has equally
diverged and trans-specific polymorphic as other pairs of alleles,
the divergence of its C-terminus is more recent than all other pairs
of alleles. A similar pattern was observed in Sporidiobolus salmoni-
color (Coelho et al. 2010), C. cinereus (Badrane and May 1999), and
Heterobasidion (van Diepen et al. 2013) where the N-terminus
from different haplotypes was highly diverged and loaded with
mutations while the sequence divergence of C-terminus is
lower. Although stronger trans-specific polymorphism at the
N-terminus region appears in the sampled suilloid fungi, the older
divergence time of N-terminus regions however corresponds to
lower sequence divergence at the genus level. This is contrary to
the expectation that longer divergence time results in higher se-
quence divergence given similar mutation rates. This conflict im-
plies the mating type determining N-terminus has stronger
functional constraints than the C-terminus does, so the se-
quences of the N-terminus within each mating type are more con-
served than those of C-terminus. Thus, according to our data in
the suilloid clade, the origin of N-terminus in different mating
types of HD genes is ancient yet the sequences in each mating
type are conserved.

Local de novo assembly approach for HD MAT
locus

High sequence divergence between two alleles at HD MAT locus
impedes the common mapping variant detection approach from
capturing the full set of variants at HD MAT locus. When reads
from highly divergent alleles cannot be completely mapped to
the sequence in the reference genome, variants are overlooked
and polymorphisms are underreported. The local de novo assem-
bly approach (aTRAM) provides a practical procedure and
haplotype-level resolution to investigate the sequence evolution
at HD MAT locus from genome shotgun sequencing. Phasing
SNPs from next-generation sequencing reads to haplotypes re-
quires information on neighbor variants spanned by paired reads.
Longer reads and higher read variant density increase the ability
to phase the haplotype blocks. Due to the nature of high variant
density at HD MAT locus, phasing is achievable with short reads.
Although de novo assembly or phasing is not normally required
for describing short variants in genomes, in this case, the local
de novo assembled haplotypes provided valuable information in
understanding the evolution of HD MAT locus at the allele level.
Accurate genetic diversity, different patterns of evolution within
N-terminus vs C-terminus, and genealogy at the allele level would
not have been possible with the common mapping variant detec-
tion approach.

Studying the signatures of evolution can help to understand
genetic processes. Here, we demonstrate how the existence of bal-
ancing selection can be used to identify breeding systems of fungi
from genomic data. This approach using local de novo assembly to
study HD MAT locus should be widely applicable for analysis of
genetic diversity, genealogy, recombination, and patterns of selec-
tion at mating-type determining loci. For example, the actual
strength of balancing selection at MAT loci can be estimated
from sequence data as the studies in C. cinereus (May et al. 1999)
and in Trichaptum species (Peris et al. 2022). Such calculation can

also be achieved with this culture-free genomic approach given
enough sample size for each species. This genome-based method
for assessing sequence divergence and genealogy provides an al-
ternative approach to understanding the breeding systems and
evolution of mating-type alleles in fungi even in the absence of
crossing studies. This opens a path to expand our knowledge of
breeding systems in non-culturable organisms based on the inter-
play between evolution and genetics.

Data availability

The genome shotgun sequencing reads and assembly of the new
genome Rhizopogon salebrosus TDB-379 are available through
BioProjects PRJNA333299. Other genomes are accessible from
NCBI with the respective accession numbers in Table 1. De novo as-
sembled HD MAT sequences are available in GenBank with acces-
sion numbers ON315855-ON315867. Strains are available upon
request. Customized scripts for data analysis are available at
https://github.com/KeFungi/SUIMAT_pub.
Supplemental material available at GENETICS online.
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