Gene expression associated with intersterility in Heterobasidion.
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Abstract

Intersterility (IS) is thought to prevent mating compatibility between homokaryons that
belong to different species. Although IS in Heterobasidion is regulated by the genes located at
the IS loci, it is not yet known how the IS genes influence sexual compatibility and
heterokaryon formation. To increase our understanding of the molecular events underlying IS,
we studied mRNA abundance changes during 1S compatible and incompatible interactions over
time. The clustering of the transcripts into expression profiles, followed by the application of
Gene Ontology (GO) enrichment pathway analysis of each of the clusters, allowed inference of
biological processes participating in IS. These analyses identified events involved in mating
and sexual development (i.e., linked with 1S compatibility), which included processes
associated with cell-cell adhesion and recognition, cell cycle control and signal transduction.
We also identified events potentially involved in overriding mating between individuals
belonging to different species (i.e., linked with IS incompatibility), which included reactive
oxygen species (ROS) production, responses to stress (especially to oxidative stress), signal
transduction and metabolic biosynthesis. Our findings thus enabled detection and
characterization of gene expression changes associated with IS in Heterobasidion, as well as

identification of important processes and pathways associated with this phenomenon. Overall,



the results of this study increase current knowledge regarding the molecular mechanisms
underpinning IS in Heterobasidion and allowed for the establishment of a vital baseline for

further studies.
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1. INTRODUCTION

Heterobasidion annosum (Fr.) Bref. sensu lato (s.l.), the causal agent of annosus root rot, is
associated with significant economic losses to forest owners in the Northern Hemisphere
(Bendz-Hellgren and Stenlid, 1997). This important fungal complex consists of several species
with different host preferences. In Europe, H annosum sensu stricto (s.s.) occurs mainly on
pine (Pinus species), H. parviporum on spruce (Picea species), and H. abietinum on fir (Abies
species), while in North America, H. occidentale on Abies, Pseudotsuga and Tsuga and H.
irregulare on Pinus and Juniperus species (Korhonen et al., 1997, 1998; Otrosina and
Garbelotto, 2010).

Heterobasidion species are mushroom-forming fungi with a typical Basidiomycetes life
cycle that consist of a short homokaryotic phase (i.e., where one type of haploid nuclei inhabit
the mycelium) followed by a heterokaryotic phase (i.e., where two or more genetically different
haploid nuclei inhabit the mycelium) (Chase and Ullrich, 1990a). Under appropriate
environmental conditions the heterokaryotic mycelium forms basidiocarps (fruiting bodies),
which produce airborne sexual spores (basidiospores) (Méykkynen et al., 1997). Germinated
basidiospores give rise to homokaryotic hyphae that can fuse to again establish the
heterokaryotic phase, but only when the interacting homokaryons are sexually compatible
(Heitman et al., 2007).

Sexual reproduction in Heterobasidion is characterized by a heterothallic bipolar mating
system, which is controlled by the mat-A locus that encodes two classes of homeodomain
transcription factors (Olson et al., 2012; van Diepen et al., 2013). Apart from controlling mate
recognition, these proteins also control nuclear division and the formation of clamp connections

(Heitman et al., 2007). Although not involved in mate recognition, the Heterobasidion genome



also harbours the mat-B locus (Olson et al., 2012), which encode G-protein coupled pheromone
receptors and pheromones that are most likely involved in the pheromone-signalling cascade
controlling nuclear migration and clamp connection fusion (e.g., Olesnicky et al., 1999). In
Heterobasidion, the mating type genes located at the mat-A and mat-B loci are therefore
thought to be necessary for mating and heterokaryon formation, although mating specificity is
determined by the mat-A locus.

Intersterility (IS) is a type of heterospecific non-self recognition that prevents mating
compatibility between homokaryons belonging to different species (e.g., Korhonen, 1978;
Chase and Ullrich, 1990a; Garbelotto et al., 2004). IS in Heterobasidion is controlled by a bi-
allelic (+ or — alleles) system consisting of five genes, referred to as S, P, V1, V2, and V3 (Chase
and Ullrich, 1990a, 1990b; Olson and Stenlid, 2001; Lind et al., 2005). Two homokaryons are
IS compatible if they have a common + allele at least at one of the IS loci. For example, all H.
occidentale homokaryons share a + allele at the S locus, while H. irregulare homokaryons
share a + allele at the P locus (Chase and Ullrich, 1990a; Garbelotto et al., 2007). The sterility
barrier is not always complete, with H. occidentale and H. irregulare homokaryons sometimes
being able to mate. This is possibly controlled by one or more of the other IS genes (i.e., Vi,
V,, and V3) (Stenlid and Karlsson, 1991; Garbelotto et al., 2004, 2007; Lind et al., 2005). It is
not known, however, how the IS genes influence mating and heterokaryon formation in

Heterobasidion.

Despite the apparent overlap in the processes controlled by the mat and the IS loci, sexual
compatibility and IS play markedly different evolutionary roles. The products of the mat loci
influence the degree of inbreeding vs. outbreeding within a population, while the IS loci act to
restrict gene flow between species (Chase and Ullrich, 1990a, 1990b; Garbelotto et al., 2004).
It is believed that IS in Heterobasidion functions as a reproductive barrier between closely
related species and is driven by extrinsic post-zygotic isolation (i.e., where hybrids have
reduced mating success) (Garbelotto et al., 2007; Olson, 2006). Restricted gene flow between
closely related species, together with natural selection, may have resulted in the isolation and
host specialization of Heterobasidion species (Korhonen, 1978; Chase and Ullrich, 1990a;
Oliva et al., 2011). In turn, host preference may limit gene flow between closely related
Heterobasidion species, as it could act as a barrier for inter-specific crossings (Korhonen, 1978;
Chase and Ullrich, 1990a; Oliva et al., 2011). This association between IS and host

specialization in Heterobasidion could suggest that pathogenicity in these fungi is mediated by



genes physically or genetically linked to the IS loci or is directly mediated by the S and P IS
genes themselves (Chase and Ullrich, 1990a; Lind et al., 2005; Olson, 2006).

Although the molecular biology of sexual compatibility and mating is relatively well
understood in the Basidiomycetes, little is known about the processes and pathways underlying
IS. The availability of a high-quality genomic reference for H. irregulare (Olson et al., 2012),
along with advances in high-throughput sequencing technologies and bioinformatics (e.g.,
Kircher et al., 2011) present ample opportunities for increasing the current IS knowledge-base.
Our overall goal was to study the molecular responses underlying 1S by comparing patterns of
gene expression in compatible and incompatible 1S interactions over time. The major objectives
were to identify and characterize functional changes associated with the expression of genes
during 1S, and to identify important processes and pathways underpinning IS to infer how they

are linked with the biology of these fungi.

2. MATERIALS AND METHODS

2.1. Fungal strains, IS interactions and experimental design

In this study we utilized hybrid progeny (strains AO8-5, AO8-25, AO8-48 and AO8-73) of
the parental strains TC 122-12 (H. occidentale, 1S genotype S'P'V1V,V3') and TC 32-1 (H.
irregulare, IS genotype SP*V:"V,"V3") (Chase, 1986; Olson and Stenlid, 2001; Lind et al.,
2005). We also included the mating tester strain S& 16-4 (IS genotype SP*V:V,V3) used to
genotype the parent and hybrid progeny (Lind et al., 2005). Working cultures of the isolates
were maintained on Hagem agar (HA, Stenlid, 1985) and stored at 4 °C.

The tester strain Sa 16-4 was paired separately with the hybrid progeny AO8-5 and AO8-25
that carry the ~ allele for the P locus (i.e., they are intersterile and IS incompatible), as well as
with hybrid progeny AO8-48 and AO8-73 that carry the * allele for the P locus (i.e., they are
interfertile and 1S compatible) (Fig. 1). This was done by placing a mycelial plug (5 mm in
diameter) of each isolate 3 cm apart in the middle of a 9 cm Petri dish containing HA followed
by incubation in the dark at 25 °C. To study the molecular response during IS over time,
mycelia were harvested from the interaction zone at 12, 24 and 96 h after the establishment of

hyphal contact and frozen in liquid nitrogen.



Table 1. Summary of sequence reads.

Interaction Time Number of raw Number of reads
(hours post hyphal contact) reads after filtering2

IS Incompatible

Sa 16.4 x A08-5 12 58 963 070 50 515 168
Sa 16.4 x A08-5 48 47 605 530 43 443 162
Sa 16.4 x A08-5 96 80 936 590 73 582 244
Sa 16.4 x A08-25 12 30692 420 27 789 900
Sa 16.4 x A08-25 48 69 874 338 60 273 013
Sa 16.4 x A08-25 96 51420 064 44 109 622
IS Compatible

Sa 16.4 x A08-48 12 52 881 526 48 005 479
Sa 16.4 x A08-48 48 38037 720 34 432 438
Sa 16.4 x A08-48 96 79 967 776 72 487 138
Sa 16.4 x A08-73 12 33762 284 30693 718
Sa16.4 x A08-73 48 104 080 250 89 260 343
Sa 16.4 x A08-73 96 41290 500 36 993 311

# The software package CLC Genomics Workbench 6.0.1 (CLCbio, Aarhus, Denmark) was used to filter
Illumina reads based on limit quality scores using a phred scale of 20, to remove adapter sequences from
reads, as well as to discard poor-quality terminal bases. The average read length of the samples after

trimming ranged between 77.6 and 78.1 nucleotides.



Figure 1. Schematic illustration of the experimental design used to study intersterility (IS) in Heterobasidion. For the
incompatible IS interactions the tester strain Sa 16-4 was paired separately with A08-5 and A08-25, that are IS
incompatible and carry the - allele for the P locus. For the compatible IS interactions, Sa 16-4 was paired separately
with A08-48 and A08-73 that are IS compatible and carry the + allele for the P locus. Mycelium was harvested from
the interacting zone of the IS compatible and incompatible interactions for RNA-seq analysis (indicated with the grey

block).

IS Compatible IS Incompatible

12h post contact

48h post contact

96 h post contact

B S3 16-4, carry a + allele for the P locus

[0 A08-48 or A08-73, carry a + allele for the P locus
[J A08-5 or A08-25, carry a - allele for the P locus

Sample collection at the interacting zone



Each sample used in the expression study represented the pooled mycelium harvested from 3
biological replicates, since it has been shown that pooling of samples allows for biological
averaging (Kendziorski et al., 2005). Also, in order to test the statistical significance of
differential expression between experiments, each interaction was replicated in two individuals
(i.e., the two strains with the same IS genotype). The samples that we compared in this study
thus included 6 groups, each consisting of two replicates (Fig. 1). These were the IS compatible
(interfertile) interactions Sa 16-4 x AO8-48 and Sa 16-4 x AO8-73 at each of the three time
points (12h, 48h and 96h), and the IS incompatible (intersterile) interactions Sa 16-4 x AO8-5
and Sa 16-4 x AO8-25 at each of the three time points (Table 1).

2.2. RNA extraction, high-throughput sequencing and RNA-seq analysis

High quality total RNA (RNA Integrity Number, RIN >7; Schroeder et al., 2006) was extracted
using the RNeasy® Mini Kit (Qiagen, Valencia, CA, USA) and genomic DNA was removed
with DNAse (Thermo Scientific, Germany) treatment, following the manufacturer’s
instructions. Quantity and quality of total RNA were assessed by measurement of absorbance
using a NanoDropND/1000 UV spectrophotometer (Thermo Fisher Scientific, Germany) and
capillary electrophoresis in an RNA Pico 6000 chip using an Agilent Bioanalyzer 2100 System
(Agilent Technologies, USA). mMRNA isolation, mMRNA purification and mRNA fragmentation,
as well as cDNA synthesis was performed at the SNP&SEQ Technology Platform of Uppsala
University Hospital. High-throughput sequencing was also performed at the SNP&SEQ
Technology Platform of Uppsala University Hospital using the Illumina Genome Analyzer
(IMlumina, San Diego, CA, USA) according to standard protocols. Image analysis and base
calling were performed using the analysis pipe-line supplied with the Genome Analyzer

instrument. The samples were sequenced for ‘paired-end’ reads across one Illumina lane.

The software package CLC Genomics Workbench 6.0.1 (CLC bio, Aarhus, Denmark) was
used to filter the Illumina reads based on a phred-scale quality score cut-off of 20. This
software was also used to remove adapter sequences from reads and to discard poor-quality
reads and/or terminal nucleotides. We then used the CLC Genomics Workbench to align the
filtered and/or trimmed sequence reads to the annotated H. irregulare reference genome (Olson
et al., 2012; DOE Joint Genome Institute, JGI, http://genome.jgi.doe.gov/). To ensure optimal
alignment and to allow for sequence divergence between H. irregulare and H. occidentale, we
used a filtering threshold of 0.5 for the length fraction and a similarity parameter value of 0.8.

In other words, at least 50 % of an individual read needed to match the reference sequence at a


http://genome.jgi.doe.gov/

similarity of >80 % for the read to be included in the final mapping.

Comparisons of expression levels between samples were done according to Mortazavi et al.
(2008). This entailed normalization of the data in each sample by dividing the number of reads
mapping to each gene by the length of the gene and by the total number of reads sequenced
across the transcriptome (Reads Per Kilobase per Million mapped reads, or RPKM). We also
employed a quantile normalization algorithm on the RPKM values to account for technical
variability in RNA-seq data (Hansen et al., 2012). Baggerley’s Z test on expression proportions
was utilized to test for RPKM differences between samples (Baggerley et al., 2003). This test
compares the proportions of counts in a group of samples (i.e., the IS compatible or
incompatible interactions at one of the three time points) against those of another group of
samples, where the samples are given different weights depending on their sizes (total counts).
The weights are obtained by assuming a Beta distribution on the proportions in a group, and
estimating these, along with the proportion of a binomial distribution, by the method of
moments. The result is a weighted t-type test statistic. To minimize gene expression
measurement errors, statistical significance was assessed using P-values adjusted for multiple
test correction using the Benjamini-Hochberg false discovery rate (FDR) method (Benjamini
and Hochberg, 1995). In this study, we used a conservative threshold for identifying
differentially expressed (DE) genes, thereby ignoring genes that have smaller effects. We
considered genes to be DE only if they displayed a two-fold change in expression at a FDR cut-
off value of 0.05 (i.e., 2.0 fold change at FDR q < 0.05).

2.3. Gene clustering and Functional annotation

Gene Cluster version 3.0 (de Hoon et al., 2004) was employed to identify trends within the
datasets based on similarity in expression patterns, using the DE genes as input (i.e., the DE
transcripts in at least one of the 6 samples studied). The data was median-centred and submitted
to hierachical clustering using pairwise average linkage clustering analysis. We visualized the

results with TreeView version 1.6.6 (Page, 1996).

BLAST2GO (http://www.blast2go.org) was used to annotate the DE genes in each cluster,
as well as assessing Gene Ontology (GO) term enrichment. The Fisher exact tests in the
BLAST2GO program were employed using default settings to identify significantly (P < 0.05)
enriched terms, where the significance value for each GO term reflects the enrichment in

frequency of that GO term in the input entity list relative to all of the GO terms of the complete



H. irregulare transcriptome (Conesa et al., 2005). The process(es) associated with these terms
were also summarized using the REVIGO web server that condenses the GO descriptions by
removing redundant terms (http://revigo.irb.hr/). In this study we only included the
significantly enriched GO terms (with a P-value of < 0.05) and utilized REVIGO’s “small

allowed similarity” setting, in order to obtain a more compact output.

We investigated the cytochrome P450 monooxygenase (CYP) genes in H. irregulare in
more depth because of the presence of a putative gene cluster associated with secondary
metabolite biosynthesis, as well as the fact that a large number of the DE genes encoded CYPs
(Supplementary Table 11). For this purpose, a UPGMA (Unweighted Pair Group Method with
Arithmetic mean) tree was constructed using the H. irregulare CYP sequences obtained from
the JGI database (http://genome.jgi.doe.gov/), as well as previously characterized CYP
sequences (http://drnelson.uthsc.edu/CytochromeP450.html). The amino acid sequences were
aligned using MAFFT version 7 and the tree constructed using MEGA version 6

(http://www.megasoftware.net).

3. RESULTS

3.1. RNA-seq analysis

Illumina HiSeq sequencing of the Heterobasidion libraries produced 30 692 420 to 104 080
250 reads with an average length of 100 nucleotides (Table 1). After quality trimming and
filtering, the number of reads ranged between 27 789 900 and 89 260 343, with an average
length of 78 nucleotides (Table 1). Our mapping approach allowed efficient alignment of the
reads generated for the respective samples to the H. irregulare reference genome, with 91 % of
the reads mapping to the reference. The unmapped reads may be the result of sequences being
specific to H. occidentale, sequencing errors, the presence of polyA sequences or reads that
come from repetitive sequence (Marioni et al 2008; Huang and Khatib, 2010). A large
proportion of the reads mapped to non-coding regions (i.e., untranslated regions of genes;
results not shown) or potentially to incorrectly annotated regions (Marioni et al 2008). This is
because only ca. 69 % of all the reads mapped uniquely to annotated exons of the H. irregulare
reference genome, which is consistent with what has been reported for other eukaryotes; e.g.,
yeast with 56 % mapped (Nagalakshmi et al., 2008) and humans with 60-65 % mapped
(Degner et al., 2009).



Table 2. The differentially expressed (DE)? genes identified during pairwise comparisons between the IS compatible and incompatible interactions.

Prot. ID®  Putative product or domain ¢ E-Value  Chromosome® IS interactions'

Com Com Com Incom Incom Incom

12h 48h 96h 12h 48h 96h
12 hours post contact
313750 ferric reductase transmembrane component 5 (S. hirsutum, 0 03:2393337-2395631 43.47 50.64 96.53 16.12 24.09 91.85
181229 SI%SE%?%ydrolase family 61 protein A (H. parviporum, AFO72232)  1.60E-105 10:1078454-1079647  192.06  187.73  521.51 71.75 102.07 106.83
127284 family 53 protease (S. hirsutum, EIM82265) 0 04:620130-622362 101.03 156.5 76.73 39.96 53.89 58.49
456720 alpha beta-hydrolase (G. trabeum, EJU01112) 0 01:1226696-1229130  143.96 242.3 596.67 63.44 122.37 162.21
81064 laccase 16 (S. hirsutum, EIM86036) 0 10:1682568-1685382 56.86 32.96 56.96 104.69 64.63 130.69
446121 terpenoid synthase (A. gallica, AGR34199) 0 09:1234708-1236067 41.18 28.35 29.19 78.51 40.82 4419
314041 hypothetical protein (S. lacrymans,EG001877) 0 03:1083564-1086122 52.73 30.00 39.42 101.9 62.22 53.34
163798 cytochrome p450 (C. subvermispora, EMD35209) 2.92E-180  09:385741-387743 22.91 8.54 24.28 44,75 18.52 31.72
442228 alcohol oxidase (S. hirsutum, EIM82222) 6.55E-126 12:329163-332048 150.42 45.09 69.87 299.78 95.77 134.64
411342 NAD-P-binding protein (S. hirsutum, EIM88722) 2.42E-152 09:1554536-1555838  127.44 95.82 164.32  256.37  150.37 166.17
324885 nad-p-binding protein (C. subvermispora, EMD40352) 6.93E-90 09:1248476-1249942 88.34 33.69 44.88 184.78 63.57 46.85
45002 carotenoid ester lipase precursor (S. hirsutum, EIM86239) 0 05:2480158-2482633  461.39  159.72  529.23 98237  266.45 692.25
454193 terpenoid synthase (A. gallica, EIM91236) 0 09:1246392-1247746  226.62 62.42 71.35 493.98 153.45 158.06
442873 hypothetical protein (S. commune, XP003026432 ) 1.88E-29 01: 625960-626486 412.27 426.4 51053  916.08  672.24 114.07
151291 alcohol oxidase (S. hirsutum, EIM82222) 4.57E-88 07:1116342-1119327 24.09 8.28 12.34 55.00 19.59 26.35
431496 hypothetical protein (G. trabeum, EPQ54493) 0 01:1503902-1506053  23.72 9.64 23.37 54.48 19.27 25.19
67496 cytochrome p450 (C. subvermispora, EMD35209) 0 09:1221790-1223847  291.63 92.92 201.02 673.84 22279 328.17
319809 ctg1 protein (S. hirsutum, EIM90876) 3.20E-18 06:665304-665792 21.02 1717 27.08 50.75 36.16 17.73
479381 hypothetical protein (C. cinerea, XP001836190) 9.28E-81 09:1253638-1255194  346.19 86.42 49113 84310  242.06 541.55
35202 laccase (S. hirsutum, EIM85733) 0 03:2845487-2847947 19.66 10.72 9.94 48.02 19.53 14.86
108168 nad-binding protein (S. lacrymans, EGN94562) 8.00E-83 13:326254-327597 139.7 40.53 42.58 34319  103.45 97.32
455442 predicted protein (L. bicolor, XP001881724) 1.86E-08 12:334962-335627 521.06 130.7 371.78 129832  385.49 594.46

10



51706
243529
106207

430720

terpenoid synthase (A. gallica, EIM91236)
predicted protein (L. bicolor, XP001878385)

hmg-i hmg-y dna-binding conserved site protein (F. radiculosa,
CCM06252)
hypothetical protein (S. hirsutum, EIM79696)

48 hours post contact

127284
442094
472015
156301

148210
108448
478777
442228
155921
454193
428719
326179
482307
455442
454740

family s53 protease (S. hirsutum, EIM82265)

NAD-P-binding protein (S. hirsutum, EIM87945)

cytochrome P450 monooxygenase 2 (S. hirsutum, EIM88596)
hypothetical protein (C. subvermispora, EMD40107)

cytochrome p450 (F. radiculosa, CCM02682)

no hit

glutathione s-transferase (S. lacrymans, EGN97111)
alcohol oxidase (S. hirsutum, EIM82222)

linoleate diol synthase (S. hirsutum, EIM86629)
terpenoid synthase (A. gallica, EIM91236)
hypothetical protein (P. strigosozonata, EIN12441)
hypothetical protein (S. hirsutum, EIM79660)
predicted protein (L. bicolor, XP001884826)
predicted protein (L. bicolor, XP001881724)
thaumatin-like protein (S. commune, XP003030993)

96 hours post contact

452516
108660
315818
106207

no hit
plasma-membrane proton-e (S. lacrymans, EGN91849)
other 1 protein kinase (G. trabeum, EPQ53938)

hmg-i hmg-y dna-binding conserved site protein (F. radiculosa,
CCM06252)

2.61E-144
1.72E-16
8.10E-35

1.12E-05

0
4.32E-95
0
6.74E-138

1.78E-156
no hit
1.46E-109
6.55E-126
0

0
1.41E-47
2.18E-05
4.61E-53
1.86E-08
3.61E-24

no hit

0
2.01E-13
8.10E-35

11

05:300390-301759
02:296598-297171
11:1416171-1416699

13:507814-508664

04:620130-622362
11:1063604-1065070
03:505260-507571
05:1060070-1061124

12:80417-82739
14.659548-660747
08:2160242-2161157
12:329163-332048
08:650189-655077
09:1246392-1247746
08:1300683-1301199
09:120939-121800
13:1255368-1256154
12:334962-335627
10:1336937-1337436

06:2211772-2212473
14:14636-19662
04:765491-765956
11:1416171-1416699

58.98
15.73
30.86

148.17

101.03
57.35
219.14
168.51

50.45
41.52
120.25
150.42
234.75
226.62
59.22
341.58
304.00
521.06
14.41

37.42
18.58
8.60
30.86

15.97
5.51
31.86

75.69

156.50
175.69
562.09
186.51

61.86
46.61
94.61
45.09
70.29
62.42
25.34
105.36
93.01
130.7
6.80

54.98
23.25
11.51
31.86

15.15
3.83
19.20

170.02

76.73
190.2
797.33
41113

9.12
15.28
158.76
69.87
151.78
71.35
352.56
607.25
257.70
371.78
27.61

77.21
66.52
20.31

19.2

158.63
43.83
90.14

465.76

39.96
38.21
167.02
118.43

2447
25.59
134.37
299.78
352.02
493.98
75.61
597.41
619.39
1298.32
32.34

49.15
20.80
7.44
90.14

48.77
11.16
105.26

257.77

53.89
66.29
2245
80.84

27.32
2212
175.20
95.77
166.61
153.45
63.15
276.56
259.87
385.49
42.24

38.33
22.08
5.71
105.26

31.47
7.04
4.25

205.46

58.49
113.67
343.56
476.78

14.67
29.50
199.37
134.64
229.13
158.06
257.20
873.69
695.72
594.46
66.48

14.52
13.94
4.31

4.25



442873
319489
149771
330334
412343
445244
35909

412581
457678
67689

67199

245547
441964
315263
243347
240731

435860
418625
308718
318153
419909
460782
379299

307924
419604
169836
108168
33224

hypothetical protein (S. commune, XP003026432 )
hypothetical protein (C. subvermispora, EMD37740)
glycoside hydrolase family 18 protein (D. squalens, EJF66447)
hypothetical protein (G. trabeum, EPQ53120)

phosphatases ii (S. hirsutum, EIM87605)

hypothetical protein (T. versicolor, EIW62825)

glutamate decarboxylase (S. hirsutum, EIM86926)

Aldo/keto reductase (S. hirsutum, EIM83990)

hypothetical protein (S. hirsutum, EIM89672)

aryl-alcohol oxidase-like protein (F. mediterranea, EJD00209)
glycoside hydrolase family 47 protein (S. hirsutum, EIM88924)
no hit

hypothetical protein (S. hirsutum, EIM84939)

carbohydrate esterase family 16 protein (S. lacrymans, EGN93505)

hypothetical protein (S. lacrymans, EG002924)

staphylococcal nuclease domain-containing protein 1 (S. hirsutum,

EIM81136)
no hit

hypothetical protein (F. mediterranea, EJD02639)
c2-domain-containing protein (S. hirsutum, EIM82273)
60s ribosomal protein 123 (P. placenta, XP002471959)
no hit

immunomodulatory protein (F. mediterranea, EJD00474)

FAD/NAD (P,)-binding domain-containing protein (S. hirsutum,
EIM91768)
alpha beta-hydrolase (C. subvermispora, EMD32541)

no hit

cytochrome ¢ peroxidase (S. hirsutum, EIM81294)
nad-binding protein (S. lacrymans, EGN94562)
hydrophobin 2 (H. annosum, ABA46362)

1.88E-29
0

0
8.33E-22
5.90E-61
6.97E-76
0
3.65E-89
6.59E-155
0

0

no hit
1.34E-126
2.10E-62
4.21E-49
4.43E-129

no hit

4 17E-52
3.66E-25
4 42E-78
no hit
1.84E-17
0

3.68E-98
no hit

0
8.00E-83
5.83E-40

12

01: 625960-626486
06:365993-367518
01: 2826540-2829119
12:705221-705935
12:1672429-1673177
06:1221750-1222854
08:800739-802904
13:1128647-1129025
02:2996719-2998143
13:872487-875269
09:371704-374209
07:1215362-1216820
11:283126-285081
04:991582-992161
08:186034-186771
06:1996279-1997689

09:655123-656608
06:1073148-1074676
02:274253-274595
05:1061912-1063408
08:421524-423692
11:399645-400730
02:995276-997840

01:22345-23602
07:1633092-1633353
06:2228660-2230403
13:326254-327597
06:277914-278512

412.27
7.01
21.58
63.32
99.73
48.77
526.9
47.67
38.77
20.56
10.33
47.84
200.82
38.23
55.34
59.81

398.73
421.29
72.78
83.48
142.71
38.44
55.36

49.78
143.96
196.40
139.70
437.73

426.4
6.71
25.01
76.20
153.24
56.59
453.27
48.5
38.39
32.75
9.88
62.5
196.46
41.38
51.84
73.77

289.68
416.71
75.83
77.08
132.43
52.68
38.95

70.11

106.4
197.83
40.53
336.89

510.53
43.37
157.68
113.64
2145
142.56
912.07
105.44
154.46
31.57
61.01
104.78
977.64
130.22
78.35
270.93

574.61
417.98
40.52
35.50
101.02
52.46
62.81

24.80
95.87
77.67
42.58
1063.21

916.08
5.54
16.57
97.30
111.1

102.92
550.8
57.02
66.1
9.02
11.05
41.51

235.16
36.69
56.29
70.77

609.21
420.9
96.83
92.77
145.47
31.97
56.26

41.23
207.87
177.98
343.19
702.4

672.24
6.33
19.22
90.34

115.44
68.73

505.13
56.06
64.29
13.66
9.36
43.69

289.05
34.62
39.96
63.66

381.11
405.06
78.68
79.86
172.6
45.89
49.82

48.25
233.55
194.36
103.45
416.53

114.07
10.11
45.51
39.14
79.61
5417
348.2
40.91
60.06
12.32
2443
43.22
412.74
56.35
37.84
132.05

282.85
210.70
77.54
68.06
194.8
101.35
121.89

48.20
210.61
175.82

97.32
2477.68



453765
453887
481675
326305
453889
174466
328280
327286

hypothetical protein (P. carnosa, EKM52506)

cytochrome ¢ oxidase assembly protein (F. pinicola, EPT04847)
hypothetical protein (S. hirsutum, EIM87659)

alcohol oxidase (S. hirsutum, EIM82222)

Peptidase S9A (F. pinicola, EGX45765)

glycoside hydrolase family 28 protein (F. mediterranea, EJD03462)
plant expansin (S. hirsutum, EIM82407)

phosphoglycerate mutase-like protein (S. hirsutum, EIM86685)

2.63E-08
6.21E-94
0
0
1.04E-15
1.34E-16
3.53E-39
0

9

08:2094771-2095585
09:217087-218504
12:1482430-1484219
09:1224614-1227167
09:221135-224502
11:306877-308482
11:139101-139832
10:1264341-1266133

95.55
24.58
157.87
31.66
110.24
1.42
8.86
12.27

56.88
19.68
118.70
15.19
78.26
0.85
7.73
13.28

23.79
30.72
62.74
9.07
152.68
2.04
8.09
5.49

137.06
26.18
120.96
53.66
160.26
5.41
34.67
28.43

57.73
31.30
123.63
25.28
250.29

9.86
59.50
21.52

56.87
81.42
195.71
32.52
622.57
13.67
76.90
54.21

% Genes were considered DE if they displayed a two-fold change in expression at a Benjamini-Hochberg false discovery rate (FDR) cutoff value
0f 0.05 (i.e., FDR q < 0.05; and at a 2.0 fold change) (Benjamini and Hochberg, 1995.)
® JGI protein identity number.
¢ BLAST2GO (http://www.blast2go.org) was used to annotate the DE genes in each cluster.
¢ BLAST Expect values obtained with BLAST2GO. “No hit” indicated that no homologous sequences were detected in any of the databases
searched.
¢ Genome location of the DE genes in the annotated H. irregulare reference genome (Olson et al., 2012; DOE Joint Genome Institute, JGI,
http://genome.jgi.doe.gov/). The first two digits represent the chromosome on which the gene is located and the numbers following it indicates

the nucleotide position on the chromosome.
"Expression values are indicated in RPKM (Reads Per Kilobase per Million mapped reads).
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Figure 2. Differentially expressed (DE) genes involved in intersterility (IS) in Heterobasidion. Within each circle, are indicated the number of expressed and DE
(underlined boldface) genes based on the comparisons between IS compatible and IS incompatible interactions per time point (A). Venn diagram of the
comparison of differentially expressed (DE) genes among the time points for each set of interactions based on RNAseq data; in other words, genes that are
expressed differentially between each set of time points are included in the shared areas (B). DE genes were identified using Baggerley’s Z test (Baggerly et al.,
2003) and displayed a two-fold change in expression at a Benjamini-Hochberg false discovery rate (FDR) cutoff value of 0.05 (i.e., FDR g < 0.05; and at a 2.0 fold
change) (Benjamini and Hochberg, 1995.) In each case the DE genes represented a subset of the transcripts that were considered expressed (i.e, those detected

above a threshold of 1 count per million [RPKM values > 0.1] with at least 3 mapped unique gene reads) (Wickramasinghe et al., 2012).

A IS Compatible IS Incompatible

12h post
contact

48h post
contact

96 h post
contact

B IS Compatible IS Incompatible

12h post contact 48h post contact 96 h post contact
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Approximately 85 % of the genes known in Heterobasidion were expressed during the
course of this study (Supplementary Table 1). A transcript was considered expressed, if it was
detected above a threshold of 1 count per million (RPKM values > 0.1) and at least 3 unique
gene reads mapped to it (Wickramasinghe et al., 2012). Of the expressed genes, only 724 were
DE, as they displayed a 2.0 fold change at an FDR of q < 0.05 during pairwise comparisons
across the various time points and between the IS compatible and incompatible interactions
(Supplementary Table 2). For the IS compatible interactions we identified a total of 494 DE
genes across the various time points and a total of 348 DE genes across the various time points
for the IS incompatible interactions (Supplementary Table 2; Fig. 2). Pairwise comparisons of
the IS compatible and incompatible interactions identified 26 DE genes at 12 h after hyphal
contact that were not shared between the interaction types, 15 DE genes at 48 h after hyphal
contact and 40 DE genes at 96 h after hyphal contact (Fig. 2, Table 2). Among others, these
genes encoded putative glycoside hydrolases, terpenoid synthases, alcohol oxidase, cytochrome

p450 monooxygenases, laccases, proteases and a cytochrome c peroxidase (Table 2).

Of the DE genes, 34 were highly expressed (i.e., had RPKM values of more than 1000)
(Burke et al., 2012) (Supplementary Table 3). Some of these genes were highly expressed early
in both the IS compatible and incompatible responses (e.g., genes that encoded a putative
cytochrome 5 and class | glutamine amidotransferase-like protein), while others were highly
expressed late in both the IS compatible and incompatible responses (e.g., two genes that
encoded putative hydrophobins, a gene that encoded a putative glycoside hydrolase family
protein 61 and a gene that encoded a putative endoglucanase). Some of the genes were highly
expressed early in the IS incompatible responses (e.g., the genes that encoded a putative 1
concacamycin induced protein ¢ and an expansin-like protein), while other genes were highly
expressed late in the IS incompatible response (e.g., a gene that encoded a putative aegerolysin
and a putative glycoside hydrolyse family 5 protein). We also identified genes that were highly
expressed early in the IS compatible response (e.g., a gene encoding a putative aldehyde
dehydrogenase), as well as genes that were highly expressed late in the IS compatible response

(e.g., a putative heat shock protein 9).

3.2. Gene clustering and Functional annotation

Gene Cluster separated the 724 DE genes into two main clusters (Clusters 1 and 2) each
with 3 sub-clusters (A-C) (Fig. 3, Supplementary Table 2). The largest gene cluster, Cluster 1A

(230 genes), contained genes that showed high levels of expression during the early time points
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Figure 3. A dendrogram and heat map generated with Gene Cluster version 3.0 (de Hoon et al., 2004) showing an overview of the relative expression of the
differentially expressed (DE) genes during intersterility (IS) in Heterobasidion. The data was median-centred and the results visualized with TreeView version
1.6.6 (Page, 1996). Expression levels at the three time points (12 h, 48 h and 96 h) for the IS compatible and incompatible interactions were depicted as heat
maps (red indicates high expression and green represent low expression). GO terms (Biological Process category) of the 724 unique DE genes in the 6

identified clusters are indicated in the panel next to the heat map.
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(12 and 48 h), while showing decreased levels of expression at 96 h after hyphal contact in both
the IS compatible and incompatible interactions (referred to as the early upstream response
cluster) (Fig. 3). Cluster 1B (72 genes) and Cluster 1C (69 genes) appeared to harbour genes
induced during the IS incompatible response (referred to as the IS incompatible response
clusters) (Fig. 3). The genes in Cluster 1B were generally highly expressed in the IS
incompatible interactions at 12 h after hyphal contact, while the genes present in Cluster 1C
were generally highly expressed at 12 and 96 h after hyphal contact in the IS incompatible
interactions in comparison with the IS compatible interactions. Cluster 2A (15 genes) and
Cluster 2B (65 genes) included genes induced during mating and sexual development (referred
to as the mating and sexual development clusters). The genes present in Cluster 2A were highly
expressed at 12, 48 and 96 h after hyphal contact in the compatible interactions, while the genes
in Cluster 2B generally showed a late induction in only the compatible interactions in
comparison with the IS incompatible interactions. The genes contained in Cluster 2C (273
genes) were most highly expressed 96 h after hyphal contact in both compatible and

incompatible IS interactions (referred to as the downstream IS response cluster) (Fig. 3).

The DE genes contained in Cluster 1A (i.e., the genes that showed high levels of expression
during the early time points and decreased levels of expression at 96 h after hyphal contact in
both the IS compatible and incompatible interactions) were enriched for Biological Process
(BP) GO terms associated with “protein-DNA complex subunit organization”, DNA
conformation change”, “lipid metabolic process” and “cellular component organization or
biogenesis” (Fig. 3, Supplementary Table 4). Consistent with biological processes associated
with biogenesis and metabolism, the cellular components of these GO terms were
“macromolecular complex” and “cytoplasmic part” (Supplementary Table 6). Several genes in
this cluster also encoded proteins associated with DNA organization (e.g., hucleotide excision
repair TFIIH, subunit TTDA, Histone H3 and Histone H4), as well as lipid metabolism (e.g.,
lipase, NUDIX hydrolase, isopentenyldiphosphate isomerase, cyclopropane-fatty-acyl-
phospholipid synthase and a SGNH hydrolase) (Supplementary Table 7). Cluster 1A was
enriched with several Molecular Function (MF) GO terms associated with “NADH
dehydrogenase (quinone) activity”, “oxidoreductase activity”, “isopentenyl-diphosphate delta-
isomerase activity”, “nitrate reductase (NADH) activity”, “aldehyde dehydrogenase [NAD(P)']

activity”, as well as “nucleotide binding” (Supplementary Table 5).

The DE genes contained in the IS incompatibility response clusters (Clusters 1B and 1C)
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were enriched for BP GO terms involved in “cellular response to extracellular stimulus” and
“response to stress”, especially “response to oxidative stress” (Supplementary Table 4). Genes
in these clusters also encoded proteins that may function as chaperones (e.g., a putative HSP20-
like and cyclophilins) and that are associated with the stress response (e.g., protein rdslp,
glutathione s-transferase, cytochrome c¢ oxidase assembly protein, mismatched base pair and
cruciform DNA recognition protein, aldo keto reductase, FAD/NAD(P)-binding domain-
containing protein, L-ascorbate oxidase and copper radical oxidase) (Supplementary Table 7).
Clusters 1B and 1C were also enriched for BP GO terms that are associated with “autophagy”
and “vacuole organization”, “oxidation reduction process”, “alcohol metabolic process”,
“isoprenoid metabolic process”, “developmental process involved in reproduction” and “lipid
biosynthetic process”. Consistent with an IS incompatibility response, BLAST2GO and
REVIGO identified enriched BP GO terms that are associated with “cell killing”, “modification
of morphology or physiology of other organism”, “disruption of cell of other organism”,
“interactions with host” (Fig. 4). Cluster 1C was also enriched for BP GO terms that are associated
with “reproductive system development”, as this cluster included a proteins that are linked with
reproduction and fruit body senescence (Sakamoto et al., 2006). Both clusters were enriched for MF
GO terms associated with “laccase activity”, “catalytic activity” and “electron transport”, as
well as Cellular Component (CC) GO terms associated with “cell wall” and “external
encapsulating structure” (Supplementary Table 6). Consistent with these findings, several DE

genes encoded putative proteins that form part of the electron transfer process.

The DE genes contained in the mating and sexual development clusters (Clusters 2A and
2B) were enriched for BP GO terms associated with “protein metabolic process”, “DNA
catabolic process”, “RNA localization”, “mRNA transport” and “carbohydrate metabolism”, as
well as MF GO terms associated with “peptidase activity”, “glutamate metabolism”, “hydrolyse
activity” and “alpha-mannosidase activity” (Supplementary Table 4). Consistent with proteins
associated with metabolic and carbohydrate processes, numerous genes in these clusters
encoded proteases (e.g., a putative peptidase s28, acid protease, family s53 protease, subtilisin-
like proteases and proline-specific peptidase) (Supplementary Table 8) and carbohydrate active
enzymes (e.g. glycosyltransferases, endocellulases and endoglucanases) (Supplementary Table
9). For Cluster 2B, the CC GO enrichment terms also pointed to cellular components associated
with “extracellular region” and “myosin complex” (Supplementary Table 7).

The DE genes contained in the downstream IS response cluster Cluster 2C were enriched for

BP GO terms associated with “cell wall organization”, “carbohydrate transport”, “carbohydrate

18



Figure 4. Functional classification summary for Cluster 1C (Biological Process category) represented as a scatter plot using the GO
visualization tool REViGO. X- and Y-axes represent a two-dimensional annotation space derived from a multi-dimensional scaling procedure
used on a matrix of GO terms’ semantic similarities (see reference 51 for details). By employing this visualization method, similar functional
categories will cluster together. Bubble colour indicated the user-provided P-values obtained from the GO term enrichment analysis and

bubble size relates to the frequency of GO terms in the Gene Ontology Annotation Database.
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metabolic process”, “regulation of oxidoreductase activity”, “electron transport”, “organic
hydroxy compound metabolism” and “tyrosine metabolism” (Supplementary Table 4).
Consistent with cell wall biogenesis, various genes in this cluster were also predicted to
represent carbohydrate active enzymes (Supplementary Table 9) that share homology with
proteins in the carbohydrate esterase and polysaccharide lyase families, as well as
glycosyltransferases and glycoside hydrolases. The genes were also enriched for BP GO terms
associated with “multicellular organismal reproductive processes”, as well enriched for MF GO
terms associated with “pheromone activity” (Supplementary Tables 4 and 5). Genes in this
cluster are also predicted to encode proteins known to be involved in mating (e.g.,
pheromones), as well as proteins previously associated with mating (e.g., von willebrand factor,
aquaporin, lectin and hydrophobin) (Table 3). The genes in Cluster 2C encode putative proteins
enriched for cellular components associated with the “cell wall”, “external encapsulating
structure”, “intracellular”, “cytoplasm”, “protein complex”, “macromolecular complex” and

“ribonucleoprotein complex” (Supplementary Table 6).

Ten of the DE genes in Cluster 1B, which shared the same expression profile, were tightly
clustered in the same region of the H. irregulare genome on Chromosome 9 (09:1215576-
1257798) (Fig. 5). These 10 genes were highly expressed at 12 h post hyphal contact, with
reduced expression levels at 48 and 96 h post hyphal contact in IS compatible and incompatible
interactions. They were more highly expressed in IS incompatible interaction in comparison
with IS compatible interactions. The genes located in this cluster may be involved in terpene
biosynthesis, as they encode putative proteins that function in terpene synthesis (Fig. 5). The
online tool antiSMASH 2.0 (antibiotics and Secondary Metabolite Analysis SHell) (Blin et al.,
2013) identified 24 putative secondary metabolite biosynthesis gene clusters, one of which was

the cluster on Chromosome 9 (Supplementary Table 10, Fig. 5).

Overall, 88 putative Heterobasidion homologs that may belong to the cytochrome P450
superfamily of monooxygenases were identified in our study. Phylogenetic analyses separated
the Heterobasidion CYP sequences into 6 clans (Fig. 6). Only 25 of the 88 Heterobasidion
CYP homologs were DE during IS (Supplementary Table 11) and were spread across 3 of the 6
identified clans (Fig. 6). Here, 3 of the 8 CYP53 homologs were DE, 3 of the 20 CYP534
homologs were DE, as well as 19 of the 47 CYP64 homologs were DE during IS in
Heterobasidion. The latter was also the largest clan, containing more than half of the
Heterobasidion CYP homologs (47 of the 88 H. irregulare CYPs).
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Figure 5. A candidate terpene biosynthesis cluster associated with cytochrome P450 monooxygenase (CYP) that is involved in intersterility (IS) in
Heterobasidion. The cluster was identified using the online tool antiSMASH 2.0 (antibiotics and Secondary Metabolite Analysis SHell) (Blin et al., 2013). The two
genes in this region that were not significantly differentially expressed (i.e., polyprenyl synthetase, Prot ID: 126754 and CYP Prot ID: 164132) are not indicated.
The top panel graphically represents the respective changes in expression over time in the IS compatible (indicated in blue) and incompatible (indicated in red)
interactions (y-axis = Expression value in Reads Per Kilobase per Million mapped reads or RPKM; x-axis = time when mycelium was harvested with the three

time points reflecting, respectively, 12, 48, and 96 h post hyphal contact).
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Figure 6. Cytochrome P450 monooxygenase (CYP) dendrogram generated using UPGMA (Unweighted Pair Group Method with
Arithmetic mean). The dendrogram was constructed using H. irregulare CYP sequences (indicated as Hetan_Prot IDs) obtained
from the JGI database (http://genome.jgi.doe.gov/), as well as previously characterized CYP sequences. These included
Phanerochaete chrysosporium (pc, gx and ug), Coprinopsis cinerea (Ccin), Postia placenta (Pp), Neurospora crassa (Ncra),
Fusarium oxysprorum (Fox) and Aspergillus nidulans (Asp) (http://drnelson.uthsc.edu/CytochromeP450.html). The sequences
were aligned using MAFFT version 7 and the tree constructed using MEGA version 6 (http://www.megasoftware.net) by

employing pairwise distances calculated using the Jones-Taylor-Thornton model with gamma correction.
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Table 3. Differentially expressed® genes encoding putative proteins previously associated with reproductive processes (GO:0032504).

IS interactions?

Prot. ; - ¢ Com Com Com Incom Incom Incom
Db Cluster Putative product or domain E-Value® References Chromosome 12h 48h 96h 12h 48h 96h

Protein with pheromone activity, . Casselton, Heredity (2002) ) :

181126 2C G0:005186) no hit 88:142-147 07:849217-849448 12551  161.96 285.3 91.97 1404  248.23
Protein with pheromone activity, . Casselton, Heredity (2002) ) :

181275 2C G0:005186) no hit 88:142-147 07:958757-958976 9454 11814 191.9 88.9 1185 21591
hmg1 protein (S. hirsutum, Casselton, Heredity (2002) i

237963 2C EIM85725) 1.09E-144 88142147 03:1405832-1407078 8562 111.76 200 108.28 110.5  145.02

460226  2C hmg-protein (F. pinicola, EIW54712)  9.19E-45 ggﬁi‘;'m;'ered'ty (2002) 09:190411-192229 9252 11887 2111  67.88 1135 18271

438733 oc G transuription factor (C. 1856176 O (2013)21:1015-1030 03:39068-41867 6192 6614 1375 6566 8029  136.66
subvermispora, EMD40262)

4M5132 2 g%tgz”f;;gw” (R. solani, 29812 C(2013)21:1015-1030 02:2902354-2904013 1195 995 3967 1647 1258  31.15
von willebrand domain-containing Cote et al., MBio 2 (2011): .

316848 2C protein(S. hirsutum, EIM90572) 0 £00230-10. 04:926698-929840 10.1 1.3 2749 1201 1313 27.29
von willebrand factor (P. indica, Cote et al., MBio 2 (2011): .

247090 2C CCAG6546) 6.19E-24 €00230-10. 05:406388-407103 30.25 31.64 170.3 25.08 3162 14244

51894  2C  aquaporin (. pincola, EKM51662)  984E-154  carmied etal PNAS (200T) g5 68916 960844 3329 2525 1158 3561 2843  123.12
cgl3 lectin (L. amethystine, Lakkireddy et al., ICMBMP7 . i

58543 2C BAJ72707) 0 (2011) 82-94 01: 439408-439999 94.25 47.3 9475 10444 76.94 1040
reductase akor2 (S. hirsutum, Coelho et al., PLoS Genet. )

455911 2B EIM83757) 5.52E-151 (2010) 6:61001052 13:408258-409807 8.96 12.37 248 7.09 9.63 10.59
aegerolysin aa-pri1 (P. ostreatus, : Lakkireddy et al., ICMBMP7 . :

148469 1C AAL57035) 3.07E-69 (2011) 82-94 04:1415497-1416069 12753  268.35 1836 1869.8 7235 32676

38497  1C enylysin (P. eryngi, BAI45248) 0 (L;m)eggygzt al ICMBMPT  04.1411975-1414021 2204 8293 2791 33635 1634  532.1
fruit-body specific gene ¢ (S. : Sakamoto et al., Plant Physiol. . }

156203 1C Jacrymans, EGN98565) 4.69E-80 (2006) 141:793-801 05:440823-441637 129.07 64.77 181.2  184.02 97.89 272.7
fruit-body specific gene ¢ (S. } Sakamoto et al., Plant Physiol. . '

426840 1C lacrymans, EGN98565) 1.02E-68 (2006) 141:793-801 05:439416-440272 17.19 8.56 2242 26.08 16.1 43.58
thaumatin-like protein (S. commune, : Sakamoto et al., Plant Physiol. . :

454740 1C XP003030993) 3.61E-24 (2006) 141:793-801 10:1336937-1337436 14.41 6.8 27.61 32.34 42.24 66.48

412343 op  Phosphatasesii (S hirsutum, 590E61  oaleeetal, J.Biol Chem. o 460nig 1673177 0973 15324 2145 1114 1154 7961

EIM87605)

(2006) 281: 16189-16192

% Genes were considered DE if they displayed a two-fold change in expression at a Benjamini-Hochberg false discovery rate (FDR) cutoff value

0f 0.05 (i.e., FDR q < 0.05; and at a 2.0 fold change) (Benjamini and Hochberg, 1995.)
® JGI protein identity number.
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¢ The differentially expressed genes were clustered based on their expression profile using Gene Cluster version 3.0 identified 6 cluster (Hoon et
al., 2004) and named according to Fig. 3.

¢ BLAST2GO (http://www.blast2go.org) was used to annotate the DE genes in each cluster.

® BLAST Expect values obtained with BLAST2GO. “No hit” indicated that no homologous sequences were detected in any of the databases
searched.

" Genome location of the DE genes in the annotated H. irregulare reference genome (Olson et al., 2012; DOE Joint Genome Institute, JGI,
http://genome.jgi.doe.gov/). The first two digits represent the chromosome on which the gene is located and the numbers following it indicates
the nucleotide position on the chromosome.

9 Expression value (indicated in Reads Per Kilobase per Million mapped reads, or RPKM).
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4. DISCUSSION

4.1. RNA-seq reveals the involvement of diverse processes in IS

An RNAseq approach was used for the identification and characterization of gene
expression changes associated with IS in Heterobasidion. Clustering of the transcripts into six
expression profile groups, followed by the application of Gene Ontology (GO) enrichment
pathway analysis of each of the clusters allowed inference of biological processes participating
in 1S. The processes linked with mating compatibility and heterokaryon formation included
cell-cell adhesion and recognition, cell cycle control and signal transduction. We also identified
processes potentially associated with the restriction of mating and heterokaryon formation
between individuals belonging to different species, as well as the activation of programmed cell
death (PCD).

4.2. Cell-cell adhesion and plasmogamy represent important steps during IS

Results of this study suggested that cell-cell adhesion, hyphal fusion and heterokaryon
formation play central parts in IS in Heterobasidion, which is consistent with the idea that IS
may regulate anastomosis and plasmogamy (Chase and Ullrich, 1990a). Several DE genes
encoded enzymes involved in cell wall degradation and modification, which may play a role in
cell-cell adhesion and hyphal fusion (Eyre et al., 2010). These included proteases, as well as
carbohydrate-active enzymes (CAZymes) that catalyse formation of glycosidic linkages (e.g.,
glycosyltransferases) and enzymes mediating their breakdown (e.g., glycoside hydrolases)
(e.g., Cantarel et al., 2009). However, cell wall degradation and modification may also be part
of the IS incompatible response, as these processes are central to the cell’s response during
heterospecific non-self recognition (Arfi et al., 2013). For example, the killer toxin-like
chitinase ghl18-8 gene in Neurospora crassa is induced during self-interactions, as well as
during various interspecific interactions (Tzelepis et al., 2012). The gh18-8 protein which is
potentially localised in the cell wall is suggested to be part of a nonspecific sensing mechanism
in hyphal interactions (Tzelepis et al., 2012). Furthermore, degradation or modification of the
cell walls of the opposing individual not only allows entry of toxic or antifungal compounds,
but the release of the opponent’s cell wall components that can be utilized for nutrition (Hiscox
etal., 2010).

Cell-cell adhesion and recognition during IS appears to be influenced by structural factors

presented on the cell wall and the extracellular matrix (ECM) of Heterobasidion. This is
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evident from CC GO enrichment terms associated with the cell wall, extracellular region and
external encapsulating structures. Also, several gene products encoded by DE genes are
probably located on the cell wall and ECM that influence cell-cell adhesion. These included
various aquaporins that influence cell surface properties for substrate adhesion, as well as
putative hydrophobins that influence cell-cell adhesion by affecting the ability of hyphae to
adhere to hydrophobic surfaces (Zhang et al., 2011; Ahmadpour et al., 2014). In addition,
hydrophobins may also be involved in protection against lytic enzymes (Adomas et al., 2006).
The cell wall- and ECM-associated proteins that were identified in this study to be involved in
the IS response in Heterobasidion are consistent with what has been found for interactions
between Phlebiopsis gigantea and H. parviporum (Adomas et al., 2006).

Our data further highlight the importance of cell cycle control for ensuring that
interacting partners are in a synchronous stage in order to allow for plasmogamy and
heterokaryon formation (Heimel et al., 2010; Erdmann et al., 2012). Several DE genes encoded
proteins involved in cell cycle control, which include a putative high mobility group (HMG)
I/Y conserved site protein (Reeves, 2000), a putative protein phosphatase 2C (PP2C) family
member (Begum et al., 2011), as well as a putative glucosylceramide that are known to regulate
the cell cycle and G2/M (gap 2/mitotic) transition (Mouton and Venable, 2000). We also
identified a DE gene with homology to the Rbfl of Ustilago maydis, which has been shown to
encode the master regulator of the mat-B dependent transcriptional cascade required for mat-B
induced G2 cell cycle arrest (Heimel et al., 2010). As expected, these putative cell cycle control
genes were significantly expressed in both IS compatible and incompatible interactions, since
both types of interaction utilize the same initial steps.

4.3. The IS response involves a balance between toxin production and

detoxification

The Heterobasidion IS interactions investigated here were associated with changes in
reactive oxygen species (ROS) and redox status, which is typical for fungal-fungal interactions
(lakovlev and Stenlid, 2000; lakovlev et al., 2004; Hiscox et al., 2010; Arfi et al., 2013). Not
only were several of the GO terms associated with oxidoreductase activity and electron
transport, numerous of the DE genes (e.g., quinone oxidoreductases, glutathione S-transferases
and CYPs) encode products with homology to proteins that change or influence the redox
status (Olson et al., 2012; Arfi et al., 2013). Several DE genes also encoded proteins that form

part of the mitochondrial electron transport chain, including proteins that form part of
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complexes I and 111 that have been recognized as major cellular generators of ROS (Drdse and
Brandt, 2008). We further identified DE genes that encoded the main oxidative enzymes
secreted by H. irregulare (e.g., all 6 of the laccases) (Olson et al., 2012), which were
previously linked to inter-specific fungal interactions in Daedalea quercina and Trametes
versicolor (Baldrian, 2004; Hiscox et al., 2010).

ROS can react with various cellular components to reduce cell integrity, as well as generate
chemically reactive cleavage products (e.g., aldehydes, ketones) (Charizanis et al., 1999;
Sunkar et al., 2003). It was therefore not surprising that GO terms associated with ‘response to
external stimulus’ and ‘response to stress (especially to oxidative stress)’ were enriched during
IS in Heterobasidion. Numerous DE genes also encoded products homologous to stress
response proteins (heatshock protein like 20-like protein, glutathione S-transferases), proteins
that have antioxidative activity (peroxiredoxin and taurine dioxygenase), as well as proteins
involved in detoxification (haloacid dehalogenase and dihydroxyacetone kinase) (Sunkar et al.,
2003; Molin et al., 2003; Chen et. al., 2008; Morsy et al., 2010; Kroll et al., 2013). DE genes
encoding laccase and peroxidases could also function to limit ROS damage, by removing H,0,
or generating melanins that protect hyphae from ROS and can absorb toxic compounds (Hiscox
etal., 2010).

Our findings suggest that IS induced an overall change in the metabolic flux. For example,
there were indications of a redirection of the metabolic flux from glycolysis to the pentose
phosphate pathway, possibly as part of the oxidative stress response (Grant, 2008; Kroll et al.,
2013). Indeed, one of our DE genes encoded a putative phosphoglycerate mutase-like protein
(PGAM) that is thought to cause a switch from glycolysis to the pentose phosphate pathway
(Shalom-Barak and Knaus, 2002). However, it is also possible that Heterobasidion adapts its
metabolism to obtain the extra nicotinamide adenine dinucleotide phosphate (NADPH) needed
during stress by redirecting carbohydrate fluxes from glycolysis to the pentose phosphate
pathway (Grant, 2008). Such a redirection of carbohydrate fluxes is considered as one of the

conserved post-translational responses to oxidative stress (Grant, 2008).

Changes in secondary metabolism appear to be fundamental to IS in Heterobasidion, which
is consistent with previous observations for heterospecific interactions (e.g., Eyre et al., 2010;
Hiscox et al., 2010). This is evident in that certain DE genes encoded proteins (e.g., farnesyl-

diphosphate synthase) involved in secondary metabolite production (e.g., terpenoids) (Liu et
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al., 1999). In addition, we also identified a potential terpene biosynthesis cluster, of which
many genes were DE during IS incompatibility. Several of the identified DE genes also
encoded putative CYPs, including members of the CYP64 and CYP547 clans known to be
involved in the biosynthesis of secondary metabolites (Doddapaneni et al., 2005; Moktali et al.,
2012). Previous studies also found that CYPs were DE during heterospecific interactions
between P. gigantea and H. parviporum (Adomas et al., 2006; Hansson et al., 2012*°). Because
secondary metabolites potentially confer a competitive advantage to the producer of the
compounds (e.g., CYP64 members in Aspergillus species produce aflatoxins) (Bhatnagar et al.,
2003), certain of the Heterobasidion DE CYPs may also be involved in detoxification of
secondary metabolites and toxins. For example, members of CYP63 (that was also identified
here) was previously shown to be involved in the degradation of xenobiotic compounds during
IS (Syed and Yadav, 2012).

4.4. Signal transduction cascades regulate 1S

Results of this study thus suggest that several signalling cascades may influence the outcome
of IS in Heterobasidion. As expected, the genes located at the mat-A and mat-B loci controlling
mating and heterokaryon formation were expressed during the IS compatible and incompatible
interactions of Heterobasidion. The genes encoding putative pheromones located at the mat-B
locus showed an increase in expression levels at 72 h after hyphal contact, similar to what was
previously observed during mating in Coprinopsis cinerea (Erdmann et al., 2012). The putative
STEG6-C6 transcription factor required for secretion of the mating pheromones also displayed
increased expression 72 h after hyphal contact. However, DE of the pheromone receptor genes
were not detected, which is probably due to the fact that we only started our transcriptome
studies at 24 h post contact and might have missed the peak of their expression that likely
occurred much earlier (Erdmann et al., 2012). Results of this study therefore confirmed the role
that the mat genes, as well as genes required for their secretion, play a role in triggering the

signalling cascade needed for mating and heterokaryon formation during 1S in Heterobasidion.

Our findings suggest that IS in Heterobasidion might rely on cAMP-dependent protein
kinase A (PKA), as well as mitogen-activated protein kinase (MAPK) signalling, similar to the
signalling pathways regulating mating in other fungi (Erdmann et al., 2012). Evidence for the
role of CAMP signalling is that one of the DE genes encoded a putative nitrogen metabolite
repression protein A (NMRA)/NMRA-like protein 1 (NMRAL1), which modulates the

expression of extracellular cAMP and relay genes during cell-cell adhesion in the social
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amoeba Dictyostelium discoideum (Garciandia and Suarez, 2013). Also, one of the DE genes
encoded a putative transcription factor Rst2 that with a decrease in PKA activity, increases the
expression of the MAPK kinase kinase (MAPKKK) Stell, which is essential for induction of
sexual development (Sugimoto et al., 1991). It is thus likely that the pheromone response
during IS in Heterobasidion induces the signalling cascades involving PKA and MAPK,

similar to what was observed during mating in U. maydis (Heimel et al., 2010).

The compounds produced during IS could trigger signalling cascades that influence the
outcome of IS. For example, changes in ROS can function as “redox messengers” in
intracellular signalling that regulate the cellular responses to oxidative stress (Circu and Aw,
2010). The putative DE gene homolog of cytochrome c peroxidase, which perceives changes in
the concentrations of ROS during IS, could activate transcription factors that are involved in
the response to oxidative stress (Charizanis et al.,, 1999). The breakdown of cell wall
components can also be part of a signalling response that in turn activate stress and defence
responses during 1S. For example, it was demonstrated in plants that pectin
degradation/modification could affect cell wall integrity and lead to activation of a stress
response (Pelloux et al., 2007), while in Botrytis cinerea, cell wall breakdown products serve as
a signal for laccase formation and excretion (Marbach et al., 1985). Various signalling
pathways may therefore be part of the IS response, similar to what was found to be involved in

homospecific non-self recognition (somatic incompatibility) (Hutchison et al., 2009).

Some of the DE genes encoded proteins that might be involved in the activation of
programmed cell death (PCD) linked with IS, since the ROS and oxidative stress induced
during IS may be downstream effectors of PCD (Hutchison et al., 2009). For example, the DE
genes that encoded a putative nicotinamide adenine dinucleotide (NADH):ubiquinone
oxidoreductase (known as Mitochondrial Complex 1) could cause mitochondrial DNA damage
and activate PCD, as has previously been demonstrated in yeast (Stefanatos and Sanz, 2011).
Mitochondrial Complex 1 also controls the relative levels of NAD® and NADH that cause
glyco- and lipoxidative-damage that can trigger PCD (Stefanatos and Sanz, 2011). We also
detected evidence for ketone production during IS through the identification of putative a
hydroxymethylglutaryl-coenzyme A synthase and hydroxymethylglutaryl-coenzyme A lyase,
which are fundamental components of ketogenesis (Yi et al., 2010). Although ketones can lead
to the production of ROS and cause increased lipid peroxidation and growth inhibition, they

can also induce mitochondrial permeabilization that increases oxidative stress and induce PCD
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(Zago et al., 2000). Additionally, we identified homologs of genes (e.g., ceramide synthase)
previously associated with the activation of PCD during homospecific non-self recognition
(van der Nest et al., 2011), as well as proteins known to be involved in fruit body senescence
(e.g., aegerolysins, a fruit-body specific gene ¢ and thaumatin-like protein) (Sakamoto et al.,
2006). Among the Heterobasidion DE genes we also identified a putative lectin with homology
to the C. cinerea galectin cgl3 that has been shown to regulate cell adhesion and survival (He
and Baum, 2006; Waélti et al., 2008). Similar to what has been observed in Trichoderma where
lectin-carbohydrate interactions triggers the parasitic response (Inbar and Chet, 1995), lectin-
carbohydrate interactions might also trigger the reaction cascade associated with the IS

incompatibility response and PCD associated with it.

4.5. 1S-associated molecular responses are analogous to those elicited during hetero- and

homospecific non-self recognition

Based on the overall findings of this study and the data from previous work, we propose a
model for the key events that occur during IS in Heterobasidion (Fig. 7). Similar to the mating
response, cell wall modification and cell cycle control allow for hyphal fusion, plasmogamy
and heterokaryon formation during IS in Heterobasidion. These events are most likely
regulated by the pheromone response and MAPK cascades needed for mating and heterokaryon
formation (Erdmann et al., 2012). Although certain events are shared during the mating and IS
responses in Heterobasidion, our data confirmed that IS incompatibility overrides the mating
response (Chase and Ullrich, 1990a; lakovlev et al., 2004). This is consistent with the inference
that incompatible IS interactions were associated with an increase in ROS levels and the
production of secondary metabolites and extracellular enzymes, as well as the activation of
stress responses. Our data thus suggest that processes similar to those previously associated
with heterospecific non-self recognition (e.g., mycoparastism) (e.g, lakovlev and Stenlid, 2000;
lakovlev et al., 2004; Adomas et al., 2006; Baldrian 2004; Hiscox et al., 2010) and
homospecific non-self recognition (e.g., somatic incompatibility) (van der Nest et al., 2011;
Paoletti and Saupe, 2009; Bidard et al., 2013), underlie IS incompatibility in Heterobasdion.
We therefore posit that IS in Heterobasidion represents a type of non-self recognition system

that protects the individual from other organisms, including closely related species.
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Figure 7. Model for the molecular processes underpinning intersterility (IS) in Heterobasidion. Based on the overall findings of
this study and the data from previous work, we propose a model of key events that occur during IS compatible and incompatible
interactions in Heterobasidion. ECM = Extracellular Matrix; ROS = Reactive Oxygen Species; PCD = Programmed Cell Death.

Mating response
Involves activation of the pheromone
response pathway that modulate the

/ expression of mating-specific genes \

Heterokaryon formation Initiation of mating response
Finally, compatibility among the respective Involves binding of compatible
IS and mat gene products allows pheromones to cognate pheromone
plasmogamy and heterokaryon formation receptors

IS compatibility
IS gene products allow for the
activation of the mating response
Cell-cell-adhesion and recognition
Involves modification and/or ______  Interaction of
interaction(s) of ECM and cell wall IS gene products
proteins (e.g., hydrophobins)
IS incompatibility
IS gene products activate
signalling cascade(s) that
override the mating response

Activation of PCD Initiation of IS response
IS incompatibility trigger PCD, Involves changes in ROS and redox
thereby preventing mating and status, as well as the generation of
heterokaryon formation chemically reactive cleavage products

Activation of stress response
The toxic compounds react/interact with
cellular components, triggering signalling
cascade(s) that activates stress responses
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4.6. Future prospects

This study represents the first genome wide investigation on the molecular basis of IS in
fungi. Although transcriptional studies have traditionally been reserved for genetic model
organisms (Vijay et al.,, 2013), the use of RNAseq allowed genome wide analysis of
transcriptional changes induced during IS in the non-model fungus Heterobasidion. The
identification and functional annotation of DE genes facilitated significant improvements in our
knowledge regarding transcriptional responses to intersterility in Heterobasidion, and in

general, to self/non-self recognition processes in fungi.

The findings presented here are valuable for future investigations into the molecular
mechanisms underlying IS in this and other fungi. Two future avenues for research would be to
mine the RNAseq data to characterize the IS loci in Heterobasidion and to improve genome
annotations for members of this taxon. In terms of genome annotations, RNAseq data are
exceptionally useful for defining 5 and 3’ untranslated regions of mRNAs, exon/intron
boundaries, and splice variants, etc. (Liu et al., 2012). Characterization of the IS loci could
potentially be accomplished using the combined information generated in this study and those
from previous studies where these loci were positioned on genome-anchored genetic linkage
maps (Olson et al., 2012; Lind et al., 2012). The RNAseq data can then be used to assess allele-
specific expression and to identify eQTLs (expression quantitative trait loci) (Pirinen et al
2014). Information regarding transcript abundance of genes surrounding these loci during 1S
interactions may also help identify IS genes or genes involved in IS. The exact role of these
genes in IS and the general biology of Heterobasidion can then be explored using gene
disruption experiments (Samils et al., 2006). Incorporation of these data using a systems
biology approach involving genomics, transcriptomics, proteomics, metabolomics and
epigenomics will ultimately provide a comprehensive understanding of the molecular

mechanisms underlying IS in Heterobasidion and its broader role in the biology of this fungus.
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