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Heterokaryosis is a system in which genetically distinct nuclei coexist within
the same cytoplasm. While heterokaryosis dominates the life cycle of many
fungal species, the transcriptomic changes associated with the transition
from homokaryosis to heterokaryosis is not well understood. Here, we
analyse gene expression profiles of homokaryons and heterokaryons from
three phylogenetically and reproductively isolated lineages of the filamen-
tous ascomycete Neurospora tetrasperma. We show that heterokaryons are
transcriptionally distinct from homokaryons in the sexual stage of develop-
ment, but not in the vegetative stage, suggesting that the phenotypic switch
to fertility in heterokaryons is associated with major changes in gene
expression. Heterokaryon expression is predominantly defined by additive
effects of its two nuclear components. Furthermore, allele-specific expression
analysis of heterokaryons with varying nuclear ratios show patterns of
expression ratios strongly dependent on nuclear ratios in the vegetative
stage. By contrast, in the sexual stage, strong deviations of expression
ratios indicate a co-regulation of nuclear gene expression in all three
lineages. Taken together, our results show two levels of expression control:
additive effects suggest a nuclear level of expression, whereas co-regulation
of gene expression indicate a heterokaryon level of control.

1. Introduction

Genetic variation within organisms has been shown to occur at all major
branches of multicellular life [1-3]. These findings challenge the concept of the
individual as a single unit of selection [2], and arguments have been raised
that within-organism variation benefits the organism, either by providing phe-
notypic flexibility to a changing environment [3,4] or by allowing purging of
deleterious cell lineages [5]. In the fungal kingdom, within-organism variation
in the form of heterokaryosis dominates the life cycle of many species. Heterokar-
yosis is a genetic system in which genetically distinct nuclei coexist within the
same cytoplasm. Heterokaryosis can result from mutations in one or more
nuclei in a homokaryotic mycelium, or from fusion between hyphae of geneti-
cally distinct mycelia. The life cycle of most basidiomycetes and certain
ascomycetes includes a long-lived heterokaryotic mycelium [6,7] that originates
through fusion (mating) of homokaryotic individuals which carry nuclei of com-
patible mating types [8]. In the heterokaryotic cell type resulting from mating,
nuclei remain haploid and separated, which contrasts with the predominant

© 2022 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.


http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2022.0971&domain=pdf&date_stamp=2022-08-10
mailto:hanna.johannesson@ebc.uu.se
https://doi.org/10.6084/m9.figshare.c.6124035
https://doi.org/10.6084/m9.figshare.c.6124035
http://orcid.org/
http://orcid.org/0000-0002-2450-513X
http://orcid.org/0000-0001-6359-9856
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Downloaded from https://royal societypublishing.org/ on 26 August 2022

outcome of sexual reproduction in plants and animals where
karyogamy immediately follows plasmogamy [9,10].

Recent and ongoing work has revealed two fundamental
challenges associated with the heterokaryotic life history of
filamentous fungi: the coordination of populations of nuclei
for growth and development, and the suppression of nuclear
competition during reproduction and dispersal [11-14]. In
many basidiomycetes, a 1: 1 nuclear ratio in the heterokaryon
that results from mating is usually controlled by clamp con-
nections [6] making it strictly dikaryotic and equivalent to
diploidy in having an equal number of genotypes in cells
and tissues. However, nuclear dominance in both gene
expression and relative abundance has been documented in
heterokaryons. For example, dominance in gene expression
has recently been confirmed in heterokaryons of the basidio-
mycete Agaricus bisporus [15], and a biased nuclear ratio
has been reported both in the basidiomycete Heterobasidion
parviporum and in the ascomycete Neurospora tetrasperma
[13,14,16]. Furthermore, nuclei of many species of filamentous
fungi are capable of dividing and moving independently and
freely through septal pores to traverse the interconnected
syncytium, with a rate that can reach several microns per
second [12], and they are able to spread on their own via
mycelial interactions and/or unicellular asexual spores and
conidia [17]. These findings further point toward the room
for independent evolution of the nuclei of a heterokaryon.

Despite the prevalence of heterokaryosis among fungi,
interactions among the distinct nuclei within the heterokaryon
have remained largely uncharacterized. The transition from
homokaryosis to heterokaryosis for mating type involves the
obvious changeover from sterile to fertile tissue. However, phe-
notypic and gene expression differences are also often identified
at the vegetative stage. For example, mycelial cultures of homo-
karyons have been reported to differ from heterokaryons in
both morphological appearance and growth rate (e.g. [13,18]),
suggesting that a developmental switch is mediated by the
interaction of the two genomes when they coexist in the
heterokaryon. Genome-wide expression differences between
homo- and heterokaryons have also been identified in, for
example, the basidiomycete Pleurotus ostreatus [19]. Such a pro-
cess is analogous to hybrids in which mating of two individuals
of different species results in novel gene interactions that lead to
transgressive gene expression as compared to parents [20-22],
suggesting heterokaryon-level control of phenotypes and
expression. On the other hand, previous studies have shown
that the heterokaryon phenotype is additively associated with
the nuclear ratio [14]. These observations are expected if
nuclei express genes independently with no or minimal hetero-
karyon-level of control. Furthermore, we have previously found
evidence that the two heterokaryon nuclei have complementary
traits, consistent with division of labour and cooperation to
optimize overall fitness [14]. These latter observations support
the idea that heterokaryon phenotypes reflect the underlying
nuclear composition, and that the heterokaryon can adapt to
a changing environment merely by changing nuclear ratios in
a manner that reflects the underlying relative fitness of the con-
stituent homokaryons grown in isolation. Heterokaryosis then
becomes an advantage per se.

In this study, we analyse the molecular phenotype,
i.e. the transcriptome, of homo- and heterokaryons of the
filamentous ascomycete Neurospora tetrasperma grown at
different stages of the life cycle. N. tetrasperma has evolved a
novel genetic system in which heterokaryosis is associated

with mating types, and hence, haploid nuclei of opposite [ 2 |

mating types, mat A and mat a, coexist within cells throughout
the life cycle. While the nuclei of the two mating-types in a
natural heterokaryon show very low divergence between a
majority of the chromosomes, suppression of recombination
around the mating-type (mat) locus results in linkage of over
1500 genes, and thus, to the nuclear type [23-25]. Accordingly,
sequence divergence between the linked region of mat A and
mat a is as high as 3.2% [23-25] as a result of both mutation
accumulation and, in certain lineages, introgression from
closely related species [25,26]. N. tetrasperma consists of
multiple, reproductively isolated lineages, and mating-type
nuclei have diverged numerous times independently. Pre-
vious studies have indicated that mat A and mat a nuclei of
N. tetrasperma heterokaryons are distinctly specialized. First,
although they are packaged together into the sexual spores
in a 1:1 proportion [7], the germinating mycelium often
shows a non-random pattern of biased nuclear ratio [13,14].
Second, phenotypic differentiation has been documented
for the two nuclear types, and trade-offs between fitness
characteristics is consistent with division of labour and
cooperation [14]. Hence, as N. tetrasperma typically grows as
a heterokaryon and is able to go through the life cycle without
outcrossing [27], it is possible that the two nuclei of a strain
have co-evolved and adapted to each other over long periods
of time. This presents the opportunity for a dynamic that
differs from homokaryotic species, in which nuclei encounter
each other and cohabitate on a more transient basis [14].
Of particular note, phenotypic differentiation linked to
mating type varies among reproductively isolated lineages,
suggesting coevolution has taken place several times indepen-
dently. Finally, gene expression differences between the two
nuclei of N. fetrasperma have also been found primarily on
the mating-type chromosome [28], and expression analysis
of six genes linked to mating-type suggests that expression is
coregulated between the nuclei in the heterokaryon to obtain
a tissue-specific bias in expression ratio [13].

Using N. tetrasperma as a model system, we setup to explore
whether patterns of expression reflect a heterokaryon-level of
control, or relate more to independent expression of nuclear
types. To this aim, we collected both vegetative and sexual
tissue from three phylogenetic lineages of N. tetrasperma,
to test if the level of expression control differs between
developmental stages. We measured differential global gene
expression between homokaryons and heterokaryons, and
allele-specific expression within the heterokaryon to be able to
infer coregulation between nuclei within the heterokaryon.
With this data, we asked three broad questions. First, we
investigated whether gene expression in N. tetrasperma is
primarily determined by developmental stage, lineage, or
nuclear composition. Because heterokaryosis allows completing
the life cycle of each individual, we expected a heterokaryon-
level of control of expression to translate in differential
expression mostly driven by developmental stage, rather than
by nuclear type. Second, we asked whether heterokaryon
gene expression shows a developmental switch relative to
homokaryons, or if genes are expressed in an additive
manner. Finally, we assessed whether genes of the two nuclei
in the heterokaryon are coregulated or expressed independently,
and if this depends on developmental stage. This last analysis
can reveal if nuclear ratios passively drive expression ratios or
whether expression ratios differ from nuclear ratios, suggesting
heterokaryon-level coregulation between nuclear types.
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2. Methods

(a) Fungal material used in the study

We used six haploid and homokaryotic strains of Neurospora
that belong to three phylogenetically and reproductively
isolated lineages of N. tetrasperma (L1, L6 and L10). The pairs of
homokaryons were isolated in previous studies from naturally
occurring heterokaryons as indicated in electronic supplementary
material, table S1. All strains are available at the Fungal Genetics
Stock Center (FGSC), University of Missouri, Kansas City.

(b) Preparation of inocula to create tissues of
N. tetrasperma with different nuclear composition

Asexual spores, conidia, of the fungus fuse after germination
and were used in this study to generate the inoculum for the
investigated tissue of N. tetrasperma. For homokaryotic samples,
we used single-mating type conidia yielding either mat A and
mat a homokaryotic tissue. Conidia of compatible genotypes
were used to generate heterokaryons of N. tetrasperma with prede-
termined ratios of nuclei of the two mating types. Following the
method outlined in Meunier et al. [14], we used conidial mixes
to generate heterokaryotic inocula with three different initial
nuclear contents: 90% mat A, 50% mat A and 10% mat A. We veri-
fied that the conidial mixes resulted in heterokaryotic mycelia by
isolating hyphal tips and verifying self fertility of the developing
mycelium [14]. As nuclear ratios of heterokaryons may deviate
from the inoculum over growth, we ascertained the observed
nuclear ratio over the experiment by using qPCR estimations.
Specifically, we used primers designed for a clear discrimination
between the alleles linked to mat A or mat a. After qPCR amplifica-
tions, built-in methods allow calculating DNA starting quantities
of mat A and mat a in the samples, from which we deduced
mating-type ratios (see detailed protocol in [14]).

(c) Growth conditions promoting different
developmental stages

The experimental design is shown in figure 1. The centers of
90 mm Petri dishes were inoculated with 20 pl of conidia suspen-
sions and emerging mycelia were grown at 25°C, with a 12:12
light-dark cycle. We investigated tissues grown under two differ-
ent conditions; (i) on Vogel's Medium N [29] over 2 days,
promoting vegetative growth (the condition hereafter referred to
as the ‘vegetative stage’) and (ii) on modified Vogel's Medium
N [30], over seven days, promoting ‘sexual development’
(sexual developmental stage). For all media, we used sucrose
(1%) as a carbon source and agar (1.5%) for solidification, and
the agar surface was covered with cellophane to facilitate harvest-
ing. At the end of each treatment, tissue was harvested from the
surface of the Petri dishes using a sterilized scalpel. Tissue from
the same plate was divided into two parts: one part of the tissue
was stored at —20°C for DNA extraction and qPCR, and the
second part immediately frozen in liquid nitrogen and stored at
—80°C for RNA extraction. As biological replicates, we used
tissue grown on independent Petri dishes using the same source
inoculum and growth condition. We incorporated three biological
replicates in the design, resulting in a total of 30 samples of each
lineage for which RNA data was gathered and analysed.

(d) Genome resources and identification
of orthologous genes

For each strain used in this study, we downloaded the genome
sequence and assembly from relevant genome resources
[24,31,32] (electronic supplementary material, table S1). Genomes
from L1 (mat A and mat a), L10 (mat A and mat a) and L6 (mat A)

were all aligned to the N. tetrasperma L6 mat a genome using
MUMMER (v. 3.9.4alpha) [33]. We used the annotations presented
by Hosseini et al. [34], and OrthoMCL [35] to generate orthologue
clusters among the genomes of strains listed in electronic
supplementary material, table S1. We chose the granulometry
yielding the maximum number of orthologues shared by all
strains, and retrieved 7099 orthologous genes.

(e) Determination of global expression level

For each biological replicate, total RNA was extracted and
sequenced using the protocol outlined in [34]. RNA reads were
filtered for rRNA content, trimmed using TriMMOMATIC v. 0.32
[36] and mapped to a genome of their respective lineage using
STAR 2.5.1b [37], resulting in average mapping efficiency of
60-70%. Read counts were extracted using featureCounts from
the subread package [38] and levels of expression were analysed
using the package edgeR in R [39] following removal of lowly
expressed genes and normalization of libraries sizes. For all ana-
lyses requiring a comparison between strains, after building the
DGEList, counts within coding sequences were normalized
across libraries of all strains using orthologues. The obtained
normalization factors were then used on each library strain.

(f) Clustering and PCA analyses

We used clustering and PCA analysis to infer the similarity of
expression among tissue types and lineages. We used the package
DESeq2 from Bioconductor v. 3.11in R [40], which provides
methods to test for differential expression by use of negative bino-
mial generalized linear models. Counts were transformed on a log
scale accounting for normalization factors for visualization and
clustering purposes. We used the rlog method in DESeq2, which
is more robust when size factors vary widely. The ‘Blind” argu-
ment (to the sample information in the design) was set to ‘False’
because the goal was not sample quality insurance, but assess-
ment of expression differences among treatments. Clustering
analysis was then performed using a Euclidean method to com-
pute distances among transcriptomes and PCA plotted using a
custom script.

(g) Analyses of homokaryon versus heterokaryon gene

expression in vegetative tissue
The R package edgeR [39] was used to estimate differential
expression between homokaryons, and between homokaryons
and the heterokaryons with three different nuclear ratios (table 1).
Briefly, the function fits a quasi-likelihood negative binomial gener-
alized log-linear model to read count data for gene-by-gene
statistical tests of differential expression. Focusing on the data
obtained from the vegetative stage, we determined the number of
genes with conserved expression as opposed to genes differentially
expressed in at least one treatment. We next estimated the number of
genes within the latter group that showed differential expression
between homokaryons of different mating type. These genes were
further classified into three categories. The first category includes
those genes showing additive expression, i.e. genes showing
expression consistent with the nuclear ratio in the heterokaryon.
Second, we categorized genes as dominant when showing
expression significantly different from one homokaryon but not
different from the other, and significantly different from additivity
of nuclear ratio. Third, transgressive genes, i.e. over- or under-domi-
nant, refers to the category of genes showing significantly higher or
lower expression than both homokaryons of the respective lineage.

(h) Identification of genes with biased expression
In each lineage, we used edgeR in R [39] to analyse gene expression
data of the homokaryons only and extract genes significantly
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Figure 1. Experimental design of the study. From each of the three N. tetrasperma lineages, we investigated tissues from two developmental stages: vegetative
(grown on Vogel’s Medium N over two days) and sexual development (grown on modified Vogel’s Medium N over seven days), as illustrated schematically. Homo-
karyotic tissues include only one or the other nuclear type (mat A or mat a), while heterokaryotic tissues, which contain both nuclear types within the same cells,
were generated by constructing inoculates with different nuclear ratios (90%, 50% or 10% mat A). For both homokaryons and heterokaryons, tissues from the
vegetative stage consist of elongated hyphae connected into mycelial networks. These mycelia bud off the asexual spores, conidia (not shown on the drawing).
As homokaryons contain only one mating type, they are sterile, and at the sexual developmental stage they produce immature fruiting bodies, protoperithecia, as
structures in the mycelium. The heterokaryons on the other hand, are fertile, and during the sexual stage protoperithecia mature into fertile fruiting bodies, peri-
thedia, in which nuclear fusion occurs between opposite mating type nuclei and meiosis can take place. Note that the tissues from both the vegetative and the
sexual developmental stages contain mycelia and conidia, and hence, they are not completely different. For each lineage, three biological replicates were included for
each nuclear composition and tissue type, resulting in a total of 30 samples for which RNA was extracted, sequenced and analysed. (Online version in colour.)

Table 1. Number and proportion of genes with different modes of expression in heterokaryons as compared to homokaryons of the vegetative stage of
development. The total amount of expression (i.e. mat A+ mat a) of each gene in heterokaryons is compared to the amount in each homokaryon. Percentages
are given as proportion out of the number of genes in the group that is one level higher.

total number of genes expressed 7846 7800 7767

genes with conserved expression 4596 (58.6%) 7534 (96.6%) 1899 (24.4%)

genes without conserved expression 3250 (41.4%) 266 (3.4%) 5868 (75.6%)

genes differing in expression between mat A and mat a 2114 (65.0%) 244 (91.7%) 4550 (77.5%)

additive expression® 2102 (99.4%) 229 (93.8%) 2273 (50.0%)

non-additive expressionb 2 (0.6%) 5 (6.1%) 2277 (50.0%)

genes with another pattern of expression difference 1136 (35%) 22 (8.3%) 1318 (22.5%)
higher expressed in one mating-type homokaryon versus the other genes). Genes were selected based on a log, fold change greater
(defining mat a-biased and mat A-biased genes, respectively) and than 1 and a p value < 0.05. We used chi-squared tests in R to deter-
genes significantly higher expressed in one stage of development mine if the overlap between mat-biased and stage-biased genes

compared to the other (vegetative-biased and sexual-biased was greater than expected by chance in any of the lineages.
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Figure 2. Hierarchical clustering of gene expression for homokaryons and heterokaryons with different nuclear ratios of the three N. tetrasperma lineages. Each
lineage is represented through a different colour, with darker colour shadings indicating a higher mat A nuclear proportion. Hierarchical clustering is based on
Eudlidean distance for expression for each orthologous gene. Nodes with greater than 95% bootstrap support are marked with an asterisk. (Online version in colour.)

(i) Nucleus-specific RNA mapping for expression ratios
within the heterokaryons

The expression ratio of genes of the two nuclei within each het-
erokaryon was computed based on RNA reads. RNA reads
were mapped using STAR v. 2.5.1b to a combined mat A and
mat a genome for each heterokaryon, then orthologues counts
were obtained using featureCounts from the subread package.
For those genes which are identical in sequence between both
heterokaryons, there were no uniquely mapped reads. For
these we were unable to infer nucleus-specific expression. We
filtered out orthologues for which mismapping was observed
(filtering threshold of 5% mismapping), using reads generated
in homokaryons to estimate the accuracy of mappings.

(j) Analysis of interaction between nuclear ratio and
expression ratio

Across heterokaryotic tissues of every lineage and developmental
stage, we investigated the interaction between the relative abun-
dance of the mating type nuclei (i.e. mat A/mat a nuclear ratio)
and the relative expression of alleles of the two nuclei (i.e. mat
A/mat a RNA expression ratio) by correlating the proportion of
mat A in the DNA against that in the RNA. Specifically, we linearly
modelled the slope and intercept for each gene individually using
Im in R stats package that produces the most probable slope and
intercept value. It also produces a confidence interval for the
slope and the intercept to address the uncertainty of the model.
We identified genes in the homokaryons data where the confi-
dence interval of the slope did not overlap with 1, i.e. for which
there were not a one to one correlation between DNA and RNA
concentrations,. These were assumed to represent genes with map-
ping issues to the combined genome assembly and were removed

from further analysis. Second, we identified the genes with biased
expression within the heterokaryon. Here, we used the heterokar-
yons data to identify genes where the interval of the slope did not
overlap with 1, i.e. that did not show a one to one correlation
between DNA and RNA concentrations. On a global level we
did the Mann-Whitney test, using wilcox.test in R stats package,
on the modelled slope values to identify differences in distri-
butions. More specifically, for each lineage we compared the
slope distributions, using heterokaryons data, of the vegetative
to the sexual tissue. To address significant changes at the gene
level dependent on the developmental stages we also tested for
differences in slope and intercept between the two. Using the repli-
cates data for each gene in the sexual stage, we calculated the slope
Z-score as (slopegene — mean slopesexual stage)/slope standard
deviationyegetative stage- Similarly, the intercept Z-score for each
gene was calculated as (interceptgene — mean interceptexual stage)/
intercept standard deviationyegetative stage: Z-SCOTe values greater
than 2 and values <—-2 indicate a significantly greater and, respect-
ively, lower slope or intercept in the sexual stage compared to the
vegetative stage.

3. Results

(a) N. tetrasperma gene expression is primarily
determined by developmental stage

Hierarchical clustering of gene expression profiles revealed
that developmental stage is the most important determinant
of gene expression. First, independent of lineage and nuclear
content, gene expression profiles form two main clusters, sep-
arating samples grown on media promoting vegetative
versus sexual development (figure 2). Furthermore, within
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sexual samples, expression differs between sterile or fertile
tissues. Sterile tissue includes sexually maturing homokar-
yons with nuclei of only one mating type, while fertile
tissue includes heterokaryons harbouring both mat a and
mat A nuclei (figure 1). An exception to this are the heterokar-
yons of L10 with a strong final mat A nuclear bias, which have
been previously shown to be largely sterile in spite of both
mating types being present in the tissue [14]. Within each
developmental stage and tissue type, expression further clus-
ters by lineage (figure 2). Within the cluster of samples from
the vegetative growth stage, the strains group in accordance
with previous findings on relatedness, with L1 and L10 clus-
tering more closely to each other than each of them with L6.
By contrast, L6 and L10 show most similar expression profiles
at the sexual stage, a pattern that is observed both within fer-
tile heterokaryons, homokaryons and sterile heterokaryons
(figure 2).

PCA plots confirm the pattern seen with the cluster analy-
sis (electronic supplementary material, figure S1-S3), in that
developmental stage explains most of the variance in gene
expression. When plotting PC1 against PC2 for L1 and L6,
respectively, we see three clusters, again separating (i) vegeta-
tive, (i) sexually maturing but sterile and (iii) sexually
maturing fertile heterokaryons (electronic supplementary
material, figure S1A and B). For L10, the sterile heterokaryons
with 50-90% mat A-nuclei cluster in yet another group (elec-
tronic supplementary material, figure S1C). It is noteworthy
that the PCAs also show variance in expression for nuclei
of the two mating types, mostly during the sexual stage, as
homokaryons (100% mat A and 100% mat a) cluster separately,
and heterokaryons cluster by their initial ratios. This mating-
type ratio effect is, however, mostly seen on PC3, which
explains only a small percent of the variance (electronic sup-
plementary material, figure S2). Lineages also cluster apart in
all-lineage PCAs (electronic supplementary material, figure
S3), for which we plotted the data from the vegetative and
sexual developmental stages separately.

(b) Gene expression in heterokaryons shows additivity
In order to investigate whether a developmental switch is
mediated by the interaction of the two genomes within the
heterokaryon, we compared gene expression between homo-
karyons and heterokaryons of each lineage. In these analyses,
we compared total expression for each gene rather than allele-
specific patterns. We also restricted these specific analyses to
those genes expressed at the vegetative stage, as the develop-
mental difference between heterokaryons and homokaryons
under sexual maturation (producing fertile versus sterile
tissue, respectively; figure 1) leads to observed differences
in expression due to factors other than nuclear organization.

For each lineage, we first determined the number and per-
centage of expressed genes with conserved expression, i.e.
that did not differ among homokaryons and heterokaryons
with different nuclear ratios. We then focused subsequent
analyses on the non-conserved genes which showed differen-
tial expression between homokaryons of different mating
type to infer whether the expression in the heterokaryon
was additive, dominant, or transgressive (i.e. over- or
under-dominant) relative to the homokaryons. Given that
heterokaryons do not show a 50 : 50 ratio of the homokaryotic
genomes, we took nuclear ratio into account when contrast-
ing expression in heterokaryons to expression in both

homokaryons. Our results revealed that expression patterns
in heterokaryons relative to homokaryons differ between
lineages. In L6, the vast majority of the genes (96.6%)
show conserved expression between homokaryons and het-
erokaryons. The great majority of remaining genes show
expression patterns consistent with additive expression con-
sistent with nuclear ratio (table 1). In L1, although more
genes depart from conserved expression (41.4%), and a
higher number of genes show differential expression between
mating types, the vast majority of the latter are also consistent
with additive expression (table 1). By contrast, L10 exhibits a
great number of genes that depart from conservation (75%),
with approximately 77% of these showing differential
expression between mating types. Of these latter genes,
only 50% show strict additivity, while other genes show inter-
mediate patterns, with few (36) fitting the pattern of
dominance or transgressivity (table 1; electronic supplemen-
tary material, table 52). Hence, even if the number of genes
showing dominance or transgressivity in L10 is low, it is
different from the other lineages in that gene expression in
the heterokaryon is not merely a reflection of the relative
amount of nuclei of the two mating types (electronic
supplementary material, table S2).

(c) Patterns of corequlation of genes between nuclei
For both vegetative and sexual heterokaryotic tissue of every
lineage, we called nucleus-specific DNA and RNA content,
and used this information to examine the interaction between
mat A/mat a DNA versus RNA ratio for each gene individu-
ally. In all three lineages, the nuclear ratio correlates with the
expression ratio in the vegetative stage, with an average slope
across all genes close to 1 and an average intercept close to 0
(figure 3; electronic supplementary material, figure S4, table
S3). Indeed, in the vegetative stage, the vast majority of
genes in both L1 and L6, and half of the genes in L10, have
a slope confidence interval overlapping 0 (electronic sup-
plementary material, table 54), suggesting that at this stage
of development mat A and mat a nuclei are expressed inde-
pendently of each other, and expression ratios strongly
depend on nuclear ratio.

By contrast, in the sexual developmental stage the average
slope of the regression analysis is significantly different from
lin all three lineages (figure 3; electronic supplementary
material, figure S4, table S3), suggesting a strong pattern of
coregulation of genes between nuclei. In L1 and L6, the
majority of genes in the sexual stage exhibit a slope signifi-
cantly less than 1 (electronic supplementary material, table
S5, figure S4). When comparing between the vegetative and
sexual stages, the distribution of slopes is significantly
lower in the sexual stage (Mann-Whitney tests, p<1x
107'®). This difference is also reflected at the gene level (elec-
tronic supplementary material, table S6). Taken together, our
data shows that in sexual development of L1 and L6, RNA is
more evenly expressed among the two nuclei than expected if
the genes are regulated independently of each other and of
nuclear ratio. Contrary to patterns in L1 and L6, the vast
majority of genes in the sexual stage of development of L10
have the slope of the regression between nuclear and
expression ratios significantly greater than 1 (electronic sup-
plementary material, table S5, figure S4). When comparing
between the vegetative and sexual stages, the distribution
of slopes is significantly higher in the sexual stage
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Figure 3. Regression between the proportion of nuclei in the heterokaryotic mycelia (DNA ratio) and the expression ratio of the two nuclei (RNA ratio) for sexual
(red) and vegetative (blue) stages of development. Darker colour shadings of data points indicate a higher mat A initial nuclear ratio. For each lineage, the linear
regression line and equation for the sexual and vegetative datasets are shown in red and blue, respectively, where R represents the RNA ratio and D the DNA ratio.

The diagonal grey line represents a line with slope 1 and intercept 0.

(Mann-Whitney tests, p<1x107'®). This difference is also
reflected at the gene level (electronic supplementary material,
table 56). Hence, in L10, we see that the expression of genes of
mat a is higher than expected based on additivity.

When analysing the genes located in different regions
relative to the mat locus, we found that genes in L1 and L6
with significant slope deviations were almost exclusively
found on the non-recombining region of the mating-type
chromosome, while more than half of the L10 genes with sig-
nificant slope deviations in the sexual stage are located on
other chromosomes than the mating-type chromosome
(electronic supplementary material, table S5).

Of the genes in the sexual stage without significant slope
deviation, we found a large number with an intercept signifi-
cantly greater than 0 in both L1 (25%) and L6 (63%)
(electronic supplementary material, table S7). This indicates

that for these genes, regulation of nuclei in the sexual stage
takes place in order to obtain a stronger mat A bias in
expression. In L10 however, we found only 13% of genes
showing a significant departure of the intercept from 0
when in the sexual stage (electronic supplementary material,
table S7).

(d) Relationship of mat-biased expression and
stage of development

We investigated the relationship between mat-biased
expression and stage of development. Within each lineage,
we tested the overlap between genes exhibiting an expression
biased towards one mating-type (mat a-biased and mat A-
biased genes) and genes with a bias in expression for one
stage of development (vegetative-biased and sexual-biased
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Table 2. Differences between mat a- and mat A-biased genes among vegetative- and sexual-biased genes. Significant differences are based on Chi-squared  [JEJ}

tests in R and are shown in bold.

vegetative-biased genes

lineage mat a-biased genes mat A-biased genes
L1 8 7
L6 15 19
L10 22 28

genes). In L10 only, we find that compared to vegetative-
biased genes, loci with a higher expression in the sexual
stage of development are significantly more enriched for
mat a-biased than mat A-biased genes (table 2). We also find
twice as many mat-biased genes in L10 than we do in L1
and L6 (electronic supplementary material, table S8). These
findings are consistent with previous work showing that a
higher sexual fitness in L10 is associated with a mat a-biased
nuclear ratio [14], as well as with the strong mat a-biased
expression in the L10 sexual heterokaryon (figure 3).

4. Discussion

(a) Gene expression changes during the transition from
homokaryosis to heterokaryosis

Like other heterokaryotic fungal species resulting from the
fusion of two homokaryons carrying nuclei of different
mating type, heterokaryosis in N. fetrasperma results in self-
fertility. As such, when grown under conditions promoting
sexual development, heterokaryons are phenotypically
distinct from homokaryons (figure 1). In this study, we inves-
tigated whether the observed phenotypic pattern translates
into differences in gene expression. In addition, as the tran-
sition from homokaryosis to heterokaryosis results in the
opportunity for novel interactions between the allelic variants
that coexist in the same cytoplasm, we tested whether such
novel interactions result in phenotypic differences from the
homokaryotic average, analogous to patterns found in
hybrids versus parents [22,41,42].

First, our hierarchical clustering of homokaryons and hetero-
karyons gene expression revealed that tissues from the sexual
stage of development do indeed show a transcriptional profile
distinct from that of sterile tissue, and that conserved pattern
predates diversification of the N. tetrasperma lineages (figure 2).
These results suggest that the observed phenotypic switch to fer-
tility in heterokaryons in the sexual stage is also reflected in
changes in gene expression. The fact that sterile heterokaryon
gene expression patterns cluster with the homokaryons shows
that fertility versus sterility during sexual development is
more important for predicting gene expression than nuclear
organization. This interpretation is also supported by the find-
ing that heterokaryons and homokaryons in the vegetative
stage show no clear transcriptional separation in our clustering
analysis (figure 2). Hence, our results do not support any
transcriptional difference between homokaryons and heterokar-
yons per se, similar to another study in Basidiomycetes showing
overall additivity but for one gene [43].

Furthermore, our analyses showed that vegetative hetero-
karyon expression is largely additive, but with important

sexual-biased genes

mat a-biased genes

mat A-biased genes

45 16 p=0219
31 34 p =089
103 4 p = 0.002

variation. Specifically, when investigating the extent of
additive and non-additive (dominant and transgressive)
allele-specific expression in N. tetrasperma heterokaryons,
we verified additivity for most genes differentially expressed
between homokaryons and heterokaryons in L1 and Leé.
However, there was substantial variation in L10 (table 1). In
this context, it is important to note that L10 showed the great-
est divergence, and this is the result of introgression from a
closely related species [25]. In this lineage, we have also
observed selfish nuclei, which benefit from greater replication
and transmission than sister nuclei, at some cost to the hetero-
karyon [14]. Whether this characteristic of heterokaryosis in
L10 is the reason that it differs so substantially from the
other lineages in gene expression is not known. However,
phenotypic dominance and additive effects have been
shown to vary substantially across populations and closely
related taxa [44]. Our expression data are consistent with
these observations and may reflect variation in the degree
of cis versus trans regulation of loci across the different
lineages studied here (cf. [45]). Further investigation is
needed to reveal the regulatory mechanisms between nuclei
in fungal heterokaryons.

(b) Expression in the sexual stage of development is

corequlated between nuclei of heterokaryons

Just as for diploid eukaryotes, it is generally assumed that
allelic variants of gene copies in heterokaryons are expressed
at levels comparable to their relative dose [16]. However,
in mammals, monoallelic expression can result from evol-
utionary processes such as genomic imprinting [46,47]. In
addition, an imbalance in gene dose can be counteracted at
the transcriptional level through dosage compensation mech-
anisms, as has been observed in many species with diverged
sex chromosomes [48]. Previous work on six N. tetrasperma
genes has found some evidence for tissue-specific co-regulation
between nuclei to obtain a specific bias in expression [13].

Here, we analysed patterns of allele-specific expression
for hundreds of genes in heterokaryons of varying nuclear
ratios and from different N. tetrasperma lineages. Our findings
reveal that expression correlates with the nuclear ratio in the
vegetative stage, which suggests that mat A and mat a nuclei
have a similar gene regulation pattern and genes are largely
regulated independently within each nucleus. As a result,
the level of nucleus-specific gene expression depends more
on the nuclear ratio than on transacting gene regulation at
this stage of development (figure 3).

By contrast, in the sexual stage of all three lineages, alleles
of the two nuclei are expressed at levels that differ from nuclear
ratio, suggestive of expression ratio optimization. In L1 and L6,
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we observe a strong coregulation of gene expression in the
sexual stage, as we find a lower slope in the regression between
DNA and RNA ratios of mat A nuclei for the majority of genes
(figure 3). In other words, expression level is more even than
predicted by nuclear content. Nuclei of the two mating types
may be required to be expressed at similar levels during
sexual maturation, and this could be achieved through
dosage compensation in the heterokaryon.

Most genes with a more-even expression ratio (slope less
than 1) between the two mat nuclei in the sexual compared to
the vegetative stage are found on the non-recombining region
of the mating-type chromosomes (electronic supplementary
material, table S5). Previous studies have shown that in
both L1 and L6 recombination is suppressed across almost
the entire length of the mat chromosomes and there is evi-
dence of elevated sequence divergence between the two mat
chromosomes in these regions [25]. A comparison of eight
N. tetrasperma lineages revealed that L6 exhibits the highest
sequence divergence between the mat A and mat a chromo-
somes, more than twice as high as that seen in L1 [25].
Interestingly, we here observe a reduced mat expression
ratio in sexual heterokaryons of L6 compared to those of L1
(figure 3), which is consistent with stronger selection for tran-
scriptional dosage compensation in L6 due to elevated rates
of sequence divergence between mating-type chromosomes
[49]. Non-recombining regions can experience loss of gene
activity, resulting in dosage imbalance, and future work
should examine the degree of degeneration of the non-
recombining region of mat chromosomes in order to deter-
mine the role of dosage compensation in patterns of
coregulation of gene expression between nuclei.

In contrast to our results in L1 and L6, in L10 sexual hetero-
karyons, we find a slope greater than 1 for RNA versus DNA
ratios (figure 3). During the sexual stage in L10, although
DNA ratios are strongly biased towards mat A (which gives a
small range of DNA-ratios in this heterokaryon), RNA
expression is mat a biased (figure 3). In addition, genes with
a higher expression in the sexual stage are significantly
enriched for mat a-biased genes in L10, but not L1 or L6. As
strongly mat A-biased heterokaryons are infertile [14], a mat
a-biased expression in these heterokaryons could ensure ferti-
lity when nuclear ratio does not exceed 0.9. It seems thus that
we observe some sort of compensation of dosage in L10. We
have shown that genes whose expression departs from nuclear
ratios are mostly located outside of the mating-type chromo-
some (i.e. on ‘autosomes’) in L10 (electronic supplementary
material, table S5). L10 is one of the few N. tetrasperma lineages

1. Gill DE, Chao L, Perkins SL, Wolf JB. 1995 Genetic ~ 4.  Jinks JL. 1952 Heterokaryosis: a system of
adaptation in wild fungi. Proc. R. Soc. Lond. B 140,
83-99. (doi:10.1098/rsph.1952.0046)

mosaicism in plants and clonal animals. Annu. Rev.
Ecol. Syst. 26, 423—444. (doi:10.1146/annurev.es.26.

showing elevated divergence on autosomes, which would
again select for dosage compensation.

Taken together, the results of our study advance our
understanding of the molecular and evolutionary interplay
between different genotypes within the same individual, and
therefore intra-organismal genetic heterogeneity. In fungi,
delayed karyogamy after mating is a feature that leads to
intra-organismal genetic variation in the form of mating-type
heterokaryosis. We have previously shown that in N. tetra-
sperma, selection can act at different levels. Although nuclei
can compete in replication and transmission into asexual
spores, cooperation between nuclear types is required to com-
plete the life cycle of the heterokaryon [14]. Here, we show
that the expression of the heterokaryon is predominantly
defined by additive effects of the two nuclear types, hinting at
nuclear-level control of expression. However, we also verify
stage-specific co-regulation of gene expression, which would
indicate heterokaryon-level expression regulation. Together
with our previous findings of uneven nuclear ratio and comp-
lementary fitness optima of the heterokaryon nuclei, we here
find further support for the notion that heterokaryons possess
an additional level of adaptive flexibility to a changing environ-
ment relative to diploids, whereby the stoichiometry of some
loci could be altered merely by changing nuclear ratios [4,50].

RNA-seq data for the homokaryons was generated by
Hosseini et al. [34] and is deposited at the NCBI Sequence Read
Archive under BioProject PRINA505304. RNA-seq data for the het-
erokaryons is deposited under BioProject PRINA768335.
The data are provided in electronic supplementary material [51].
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