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Abstract Strain breeding is much less advanced in the edible
and medicinal species Agaricus subrufescens than in Agaricus
bisporus, the button mushroom. Both species have a
unifactorial system of sexual incompatibility, a mating type
locus tightly linked to a centromere, and basidia producing
both homokaryotic () and heterokaryotic (n+ n) spores. In
A. bisporus, breeding is mainly based on direct selection
among the heterokaryotic offspring and on hybridization be-
tween homokaryotic offspring. The parental heterozygosity is
highly maintained in the heterokaryotic offspring due to sup-
pression of recombination and preferential pairing in the
spores of nuclei, each one per second meiotic divisions; such
“non-sister nuclei” heterokaryons are fertile. In
A. subrufescens, recent studies revealed that recombination
is not suppressed and that nuclei from the same second mei-
otic division can also be paired in a spore that give rise to a
“sister nuclei” heterokaryon in which the nuclei bear the same
mating type allele. The objective of the present work was to
investigate the potential function of the different categories of
spores in A. subrufescens and their possible use in a genetic
breeding program. Using eight co-dominant molecular
markers, we found that half of the offspring of the
A. subrufescens strain WC837 were heterokaryotic, one
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quarter of them being sister nuclei heterokaryons. These het-
erokaryons were infertile and behaved like homokaryons, be-
ing even able to cross between each other. In contrast, non-
sister nuclei heterokaryons could fruit but inconsistently due
to inbreeding depression. Potential roles of these two catego-
ries of heterokaryons in nature and consequences for strain
breeding are discussed.

Keywords Mushroom - Pseudohomothallism - Buller
phenomenon - Life cycle - Breeding program

Introduction

Agaricus subrufescens Peck is a species of medicinal and
nutritional interest mainly cultivated in the Americas and in
Asia. Even though A. subrufescens and Agaricus bisporus, the
button mushroom, belong to the distinctly different Agaricus
sections Arvenses and Bivelares, respectively, both are sec-
ondary decomposers and can be cultivated on similar sub-
strates (Largeteau et al. 2011; Llarena-Hernandez et al.
2013). A. subrufescens is, to our knowledge, the Agaricus
species having the broadest climatic and geographical range
(Peterson et al. 2000; Kerrigan 2005; Wisitrassameewong
et al. 2012a, b; Parra 2013; Gui et al. 2014). Interfertility
between isolates from South America, Europe, and Asia has
been recently demonstrated (Thongklang et al. 2014), indicat-
ing that a broad genetic base is available for the genetic im-
provement of this species.

Fungal species in the phylum Basidiomycota may sex-
ually reproduce in heterothallic, homothallic, or
pseudohomothallic life cycles. In the heterothallic life cy-
cle, the four meiospores produced by each basidium give
rise to infertile homokaryotic mycelia [n]. Plasmogamy
between sexually compatible homokaryons restores a
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heterokaryon [n+n] which is fertile since it can fruit and
produce spores. In contrast, in pseudohomothallism, two
postmeiotic nuclei are paired in each spore. Such spores
generally give rise to fertile heterokaryons. Amphithallism
refers to the production of both homokaryotic and hetero-
karyotic spores in the same sporocarp, thus encompassing
both heterothallism and pseudohomothallism (Lange
1952; Kennedy and Burnett 1956; Kithner 1977).
Amphithallism is not rare. For instance, of approximately
500 species of Agaricales, about 8 % were considered
amphithallic (Lamoure 1989). Thongklang et al. (2014)
showed that A. subrufescens, like A. bisporus var.
bisporus, has a multiallelic unifactorial (bipolar) system
of sexual incompatibility with a single mating type locus
(MAT) tightly linked to a centromere and an amphithallic
life cycle. However, amphithallism in 4. subrufescens dif-
fered from A. bisporus var. bisporus on three key points:
(i) basidia were tetrasporic although 40 to 75 % of the
offspring were heterokaryotic; (ii) a fraction reaching 23
and 19 % of the heterokaryoting offspring of the two
studied parental strains WC887 and CA487, respectively,
were homoallelic at the mating type locus; (iii) the rate of
crossovers was much higher than in 4. bisporus var.
bisporus. The implications of these three key points are
detailed in the three following paragraphs, and a theoret-
ical model of the sporogenesis in A. subrufescens is pro-
posed in the Fig. la.

The first point indicates that postmeiotic mitosis must oc-
cur in basidia as in Mycocalia denudata in which eight
postmeiotic nuclei migrate into four spores (Burnett and
Boulter 1963). Postmeiotic mitosis also occurs in
A. bisporus but in the spores or during the migration of the
nuclei through the sterigmata and rarely in the basidia
(Kamzolkina et al. 2006); consequently, only four postmeiotic
nuclei migrate into the two to four spores of each basidium.
The basidium spore number is determined by a major locus
BSN linked to MAT (Imbernon et al. 1996). Amphithallism is
preponderantly pseudohomothallic in A. bisporus var.
bisporus and preponderantly heterothallic in 4. bisporus var.
burnettii correlatively to their basidial phenotypes which are
highly bisporic and tetrasporic, respectively (Raper et al.
1972; Callac et al. 1993; Kerrigan et al. 1994). In
A. subrufescens, Thongklang et al. (2014) observed that the
ratio of heterokaryotic spores was also quite variable but ge-
netic determinants are unknown and might be completely dif-
ferent. This variable ratio of heterokaryotic spores indicated
that the rate of postmeiotic mitoses occurring in basidia must
be also variable. Two cases are represented in the model of
Fig. 1a. In the basidium on the left side, the postmeiotic mi-
tosis occurs in the four spores. Therefore, homokaryotic
spores represented in Fig. la are binucleate. However, in
A. subrufescens, it is still unknown if the two identical daugh-
ter nuclei remain in the mature spores as in A. bisporus
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(Kamzolkina et al. 2006) or if one of the two nuclei passes
in the basidium making the spores uninucleate at maturity. In
each of the three other basidia illustrated in the model,
postmeiotic mitoses occur in the basidia and the eight
postmeiotic nuclei are randomly paired in the four spores.

The second point indicates that postmeiotic nuclei bearing
different mating type alleles are not preferentially paired in the
same spore as this occurs in A. bisporus but that nuclei migrate
at random as in Coprinopsis scobicola (syn. Coprinus
bilanatus), a bisporic bifactorial (tetrapolar) species (Kemp
1974) with two mating type loci tightly linked to their respec-
tive centromeres (Elliott and Challen 1983; Kemp 1985). For
this species, Challen and Elliott (1989) proposed a random
bisporic model with a category of heterokaryotic spores called
“sister nuclei” progeny because they receive nuclei arising
from the same second meiotic division and bearing the same
mating type alleles. In 4. bisporus, such sister nuclei hetero-
karyons are infrequent (Summerbell et al. 1989); the spatial
position of the spindles of the second meiotic divisions (Evans
1959) and/or their asynchrony (Kamzolkina et al. 2006) could
explain the preferential migration in the same spore of two
non-sister nuclei, each one per second meiotic divisions. In
A. subrufescens, Thongklang et al. (2014) reported the follow-
ing three primary categories of single spore isolates that are
represented in the theoretical tetrasporic random model of
Fig. la:

— Nonssister nuclei heterokaryons (also called NSNPP for
non-sister nuclear pair progeny heterokaryons): in
A. subrufescens as in A. bisporus, the mating type locus
MAT is linked to a centromere; therefore, virtually, all
these non-sister nuclei heterokaryons are fertile (repro-
ductively competent) sexual (intramixis) heterokaryons.
These are the familiar heterokaryons of the
pseudohomothallic life cycle allowing uniparental
reproduction.

—  Sister nuclei heterokaryons (also called SNPP for sister
nuclear pair progeny heterokaryons): these are
“unconventional” heterokaryons having a pair of “sister”
nuclei arising from the same second meiotic division and
therefore having highly homoallelic genotypes in tightly
centromeric-linked regions. They are theoretically not re-
productively competent although they can be
heteroallelic in regions distal to the centromeres. Sister
nuclei heterokaryons had not been previously considered
in classical concepts of amphithallism.

— Homokaryons are haploid cultures that can arise from
spores in two different ways. In the traditional scenario,
homokaryotic spores receive only one postmeiotic nucle-
us. However, in amphithallism involving nuclear pairs,
some spores may receive two identical nuclei from one
postmeiotic division, and these are also homokaryons as
shown in Fig. la.
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Fig. 1 Amphithallic tetrasporic
random model: a Different
categories of spores showing

A Different categories of spores produced by the basidia in a tetrasporic random model
The parental heterokaryon has the Mat-1/2 genotype at the centromere-linked mating type locus MAT

@ = nucleus bearing the Mat-1 allele; O = nucleus bearing the Maz-2 allele

expected ratio of sister nuclei
heterokaryons and non-sister

Postmeiotic mitosis
in spores

Postmeiotic mitosis in tetrasporic basidia and random

nuclei heterokaryons. The two
nuclei are horizontally arranged in
the spores to indicate they are
identical. b Different types of
crosses tested between the
different types of single spore
isolates, showing expected
positive and negative mating
reactions
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The third point is the higher rate of crossovers of
A. subrufescens than in A. bisporus var. bisporus. The sup-
pression or not of recombination has important consequences
on the potential role of the spores in nature as for their poten-
tial use in breeding strategies. To apprehend these conse-
quences, it is useful to keep in mind how the alleles can be
paired in the heterokaryotic spores. Considering a parental
strain with a heterozygous genotype 4a at a given locus, the
“rate of homoallelism” among the heterokaryotic offspring is
used to designate the rate of heterokaryotic single spore iso-
lates having the genotypes A4 or aa at this locus. This repre-
sents the rate of loss of parental heterozygosity at this locus.
Different rates of homoallelism have been considered (for the
history, see Challen and Elliott 1989) until Langton and Elliott
(1980) re-interpreted the consequence of random migration in
pseudohomothallism. In a bisporic random model (i.e., four
meiotic products migrating at random in two spores), the the-
oretical rate is 1/3 (Langton and Elliott 1980). In the
tetrasporic random model, a 3/7 rate of homoallelism at any
locus had been proposed by Langton and Elliott (1980).

However, taking in consideration the fact that 1/7 of these
spores are true homokaryons since they receive nuclei from
the same postmeiotic mitosis as represented in Fig. 1a, the
corrected rate of homoallelism at any locus is 1/3 among the
heterokaryotic offspring. Applying this rate to the locus MAT
which is tightly linked to a centromere, the one third rate of
homoallelic heterokaryons at this locus represents the rate of
sister nuclei heterokaryons. Fig. 1a shows how the rates of
sister and non-sister nuclei heterokaryons can be simply cal-
culated: 2/7 of the spores receive non-sister nuclei, while 4/7
of'the spores receive sister nuclei. Finally, at any locus, the rate
of sister nuclei heterokaryons is 1/3 (33 % of the heterokary-
otic offspring) in both tetrasporic and bisporic random
models. In these models, the rate of homoallelism can also
be considered among each of the two categories of hetero-
karyons and, in this case, it depends on the linkage to centro-
mere: for any centromere-unlinked locus, the rate of
homoallelism is 33 % whatever the category of considered
heterokaryons. However, higher is the linkage to a centromere
(until tightly linked as for the MAT locus), higher is the rate of
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homoallelism among the sister nuclei heterokaryotic offspring
(until 100 %), and lower is the rate of homoallelism among the
non-sister heterokaryotic offspring (until 0 %). In A. bisporus
var. bisporus, the rate of homoallelism is very low at all loci
because the whole heterokaryotic offspring is of the non-sister
type and the rate of crossover is very low across the whole
genome (Kerrigan et al. 1993). In this variety, the parental
heterozygosity remains highly conserved even through multi-
ple intramictic generations; in such “pseudohomothallic* lin-
eage, accumulation of lethal or deleterious recessive alleles
may contribute to this conservation. In contrast, such a sup-
pression of recombination was not observed in A. bisporus
var. burnettii nor in the linkage map of an intervarietal hybrid
(var. bisporus x var. burnettii) except in pericentromeric re-
gions (Callac et al. 1997; Foulongne-Oriol et al. 2010).

The theoretical model in Fig. 1a mainly describes the
basidiosporogenesis phase but does not show completely the
life cycles until the fruiting phase because the function of the
sister nuclei heterokaryotic spores is unknown and the role of
the other spores could be multiple. For example, in
A. bisporus var. bisporus, heterokaryotic offspring are poten-
tially fertile but, in certain conditions, can cross with
homokaryons (phenomenon of Buller; Buller 1931) instead
to fruit (Callac et al. 2006). In rare cases, crosses between
heterokaryons have been also evidenced (Raper et al. 1972;
Xu et al. 1996).

In A. bisporus var. bisporus, genetic improvement of
the strains is based on selection among heterokaryotic
offspring (intramictic generations) for the past hundred
years, and this is possible because the parental heterozy-
gosity is highly conserved (monospore selection, Kerrigan
1993; Moquet et al. 1998) while phenotypical variations
are observed. It is due among other reasons to the random
segregation of the centromeres during the meiosis which
makes that the homologous chromosomes are randomly
redistributed in the two non-sister nuclei of the hetero-
karyons (Sonnenberg et al. 2011). Since the 1970s, selec-
tion is also performed among outcrossing generations
mainly between homokaryons as such F1 hybrids
(Fritsche 1983); backcrosses are also performed but in-
breeding depression was reported (Xu 1995).
Heterokaryotic offspring are easily obtained in
A. bisporus var. bisporus since the pseudohomothallism
predominates. In contrast, the recovering of homokaryotic
single spore isolates which are required for outcrossing is
problematic due to the low rate of homokaryotic offspring
and the absence of reliable morphological criteria for
homokaryosis since both homokaryons and heterokaryons
have plurinucleate cells and lack clamp connections. In
A. bisporus var. bisporus, different indirect methods have
been used to distinguish among these, such as fruiting
tests, mating tests, or mycelial growth rate tests assuming
that only homokaryons are infertile, mating competent,
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and grow more slowly than the heterokaryons, respective-
ly. However, in A. bisporus var. bisporus, these tests are
less reliable than methods based on auxotrophic,
alloenzymatic, restriction fragment length polymorphism
(RFLP), cleaved amplified polymorphic sequences
(CAPS), or any co-dominant markers that have been suc-
cessfully used to directly evidence heteroallelic loci and
thus heterokaryosis of single spore isolates (Kerrigan
et al. 1994). Because the rate of homoallelism is very
low in A. bisporus var. bisporus, homoallelism of two
genetically independent markers (i.e., unlinked to each
other) is a reliable criterion for homokaryosis. For exam-
ple, if the rate of homoallellism does not exceed 10 % at
each locus, the probability that a heterokaryon should be
homoallelic at both loci is 1 %; therefore, offspring
homoallelic at both loci are likely homokaryotic. The
more the loci are centromere-linked, the more stringent
this test is. In A. subrufescens, cultivated strains have
been compared but breeding strategies are not reported
in literature except the hybridizations performed by
Kerrigan (2005) and Thongklang et al. (2014). For devel-
oping such strategies in this species, the test for identify-
ing mating-competent single spore isolates has to be
reassessed.

The objective of the present work is to evidence the poten-
tial functions of the different types of spores in order to better
understand what could be their role in nature and how they
could be used in a genetic breeding program. The latter point
implies (i) to assess the potential interest of the method of
direct selection among the heterokaryotic offspring as it is
used in A. bisporus and (ii) to find an outcrossing method by
determining what types of offspring are mating competent and
how to recognize them easily. By using a larger sample and
more markers than Thongklang et al. (2014), we expect to
identify enough offspring of each of the three types to study
them and to investigate how their relative proportions are con-
sistent with a theoretical tetrasporic random model presented
above. We used centromere-linked and centromere-unlinked
SCAR markers derived from the genome of A. bisporus for
categorizing the offspring of A. subrufescens. Then, the be-
haviors of the three types of spores were compared as this is
classically done in mating tests, mycelial growth rate tests, and
fruiting tests with a particular interest in sister nuclei hetero-
karyons of which the behavior has never been formally stud-
ied. We found that the rate of sister nuclei heterokaryons is
compatible with a tetrasporic random model and that these
heterokaryons behave like homokaryons since they can even
mate between themselves. Concerning the non-sister nuclei
heterokaryons, the rate of homoallelism at centromere-
unlinked loci is even higher than predicted in the random
model. Therefore, the role as the potential use of such spores
is quite different than in 4. bisporus. The consequences for
breeding strategies in 4. subrufescens are discussed.
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Materials and methods
Parental strain and single spore isolates

We used the same strain, WC837, as Thongklang et al. (2014).
This strain originated in Brazil, and a subculture is available
under the accession number CA454 in the Collection du
Germplasm des Agarics a Bordeaux (CGAB), INRA-
Bordeaux (http://www6.bordeaux-aquitaine.inra.fr/mycsa
eng/Biological-resources-of-value/The-Agaricus-culture-
collection-CGAB).

The strain WC837 was cultivated under standard condi-
tions for sporocarp production as described by Llarena-
Hernandez et al. (2014). Scoring of basidia of a fresh sporo-
carp in one- to four-spored classes was performed using light
microscopy as described by Callac et al. (1993) and a spore
print was obtained from the same sporocarp. For germination,
spore suspensions were prepared in a saline solution (NaCl
0.85 %) with trace of Tween 80. Spore counts were estimated
using a Malassez cell. One hundred microliters of the spore
suspension were spread over 90-mm-diameter Petri dishes on
complete yeast medium (Raper et al. 1972). Plates were
placed upside down with the addition of grains colonized by
A. bisporus mycelium in the lid (a germination stimulus; Rast
and Stduble 1970) for 1 week. After germination, single spore
isolates were subcultured on compost extract medium (aque-
ous extract of pasteurized commercial mushroom compost
plus 1 % glucose and 2 % agar).

Choice of informative markers

EST sequences of A. subrufescens identified by Foulongne-
Oriol et al. (2014) with putative homologs in the genome of
A. bisporus were selected. Information about their physical po-
sition on the 4. bisporus genome was used to develop informa-
tive molecular markers for the distinction between the three
expected types of spore among the WC837 single spore isolates
(Thongklang et al. 2014). First, we selected A. subrufescens-
identified sequences for which 4. bisporus homologs were close
to MAT and the centromere (RPB2 and PRS088 markers).
Secondly, we chose two other A. subrufescens sequences with
A. bisporus homologs located on chromosome I in
pericentromeric (PRS113 marker) and distal positions
(PRS095 marker). Thirdly, four other 4. subrufescens sequences
(PRS003, PRS016, PRS160, and ITS markers), for which
A. bisporus homologs were found in distal positions on chromo-
somes [V, X, VII, and IX were also used (Table 1).

Method based on homo/heteroallelism to classify single
spore isolates in three categories

We used co-dominant single locus markers that were
heteroallelic in the parental strain. Heterokaryotic and

homokaryotic single spore isolates were first distinguished
as follows: single spore isolates heteroallelic at least at one
of the loci were unambiguously heterokaryons (either sister
or non-sister nuclei heterokaryons). Single spore isolates
homoallelic at all loci were regarded as putative
homokaryons. This classification was performed with several
genetically independent markers (genetically unlinked loci),
to avoid misinterpreting a heterokaryon as a homokaryon
when it was homoallelic at any of these loci. For each of the
genetically independent markers, the frequency of
homoallelic single spore isolates was estimated from the ex-
perimental data. The probability of misinterpretation of a het-
erokaryon as a homokaryon was the product of these frequen-
cies for all the markers used. Such a multilocus genotype test
has been used in 4. bisporus by Kerrigan et al. (1992, 1993,
1994) and in A. subrufescens by Thongklang et al. (2014).

Among the heterokaryotic single spore isolates, non-sister
nuclei heterokaryons are expected to be heteroallelic at loci
tightly linked to centromeres while sister nuclei heterokaryons
are homoallelic. We used markers linked to the MAT locus
which is tightly linked to the centromere in 4. bisporus (Xu
etal. 1993). Homoallelic and heteroallelic single spore isolates
at such loci were considered as putative sister nuclei hetero-
karyons and non-sister nuclei heterokaryons, respectively. The
reliability of this method depends on the rates of crossovers
between these markers and MAT and thus the centromere.
Such rates can be estimated through the analysis of the
homokaryotic offspring.

Molecular markers genotyping

CAPS markers were previously used for mapping in
A. bisporus (Callac et al. 1997; Foulongne-Oriol et al. 2010)
and to study the life cycle of 4. subrufescens (Thongklang
et al. 2014). CAPS markers exploit heteromorphic positions
detected in the sequences; informative loci are heteromorphic
and are included in the restriction sites of restriction endonu-
cleases (Table 2). When the restriction site differed from the
sequence, derived CAPS (dCAPS) markers were developed
(Neff et al. 1998).

DNA extraction was done as described by Zhao et al. (2011).
PCR was performed in a 30 pL reaction mixture containing
50 ng genomic DNA, 0.5 uM of each primer, 0.2 mM
dNTPs, 2 ug BSA, 1 U Tag DNA polymerase, and 1x incuba-
tion buffer. Amplifications were carried out as follows: an initial
denaturing step at 94 °C for 5 min, 35 cycles 0of 94 °C for 1 min,
55 °C for 90 s, 72 °C for 1 min, and a final extension at 72 °C
for 5 min. The amplified region was sequenced by Beckman
Coulter Genomics Inc. (Takeley, UK). Restriction enzymes rec-
ognizing a polymorphic position of the sequence were selected.
For the cleavage reaction, 5 pL of the PCR product were
digested with 8 U of the appropriate restriction enzyme for
120 min at the optimal incubation temperature recommended
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Table 1  Characteristics of Agaricus subrufescens markers used for identification of the single spore isolates of WC837

Marker Seq ID A. subrufescens® Homologs in A. bisporus (GM) V2.0*° Genome position A. bisporus V2.0
(chromosome/scaffold—coordinates)®

PRS095 Spiisotig01625b 189140 1/1—12142-14030

PRS113 clﬁGSIH7AY04H0M2Ub 147275 1/1—373143-373641

PRS088 cl_isotig00274° 62238 1/1—850846-853302

Rpb2 KJ541801/KJ541802° 113824 1/1—869574-873431

PRS003 cl_isotig01560° 195831 IV/14—493735-495750

PRS016 cl isotig011 18° 194648 X/9—1326408-1327402

PRS160 cl_GSIH7AY0415DEOb 193525 VII/7—232331-232917

ITS KJ541796/KJ541797¢ # IX/29—rDNA

*Morin et al. 2012
® Foulongne-Oriol et al. 2014
“ Thongklang et al. 2014

by the manufacturer. CAPS products were visualized in 2 %
agarose gels, running at 90 V for 90 min. Selected primer se-
quences and matching restriction enzymes for each marker are
listed on Table 2. Loci were named as the sequenced DNA

segment followed by the heteromorphic position in the ampli-
fied sequence. All the markers are heteroallelic in the parental
strain W837. We analyzed all 225 single spore isolates in the
same conditions as described above.

Table 2 CAPS markers used to study allelic segregation in the offspring of the strain WC837 of Agaricus subrufescens

Sequenced DNA fragment Locus® Genotypes Phenotypes® (fragment size in bp)
and primers (5’-3") Endonuclease
Restriction site
ITS1+5.8S+ITS2 1TS:200 lorl/l 773
ITS5: GGAAGTAAAAGTCGTAACAAGG HindlIIl 2or2/2 554+219
ITS4: TCCTCCGCTTATTGATATGC gtgaAARCTTtgcet 12 773+554+219
Rpb2: Rpb2:715 lorl/l 617+274+142+119
5 F: GATGATCGTGATCATTTCGG Tsp5091 2or2/2 403+274+198+142+119
7R: ACYTGRTTRTGRTCRGGGAAV aaggARTTgega 12 617+403+274+198+142+119
PRS003: PRS003:212 lorl/l 678
3 F: CCCAAAGATTTCTCCAACCA Ddel 2or2/2 446+232
3R: AAATCCCAACTTTGCGTCAC aataCYCAGcatc 12 678+446+232
PRSO16: PRS016:1 lorl/l 464
16 F: CAGCAGTCTTGACAATGCTGTG Sacl 2or2/2 424+40
GCTTCCGTGAGTCGAGCT(dCAPS®) agtcGAGCTVYtagt 12 464+424+40
16R: CCGTCAAGGTCCTCAGTGAT (dCAPS®)
PRS088: PRS088:248 lorl/l 764
88 F: CTCGCAATTAGCTTCCAAGG Aatll 2or2/2 491+273
88R: CGGTTGTCCAAGATCAAGGT gttcGAYGTcgac 12 764+491+273
PRS095: PRS095:266 lorl/l 380+61
95 F: CGCAACTTGAATAACGCTCA Hinfl 2or2/2 287+154+61
95R: TATGCGCGAGATTACGACTG agggRAAT Cctgt 12 380+287+154+61
PRS113: PRS113:158 lorl/l 426
113 F: TAGTTTAGGGCGCATCAACC Btsl 2or2/2 238+188
113R: CCTCCAACCAACACTCATCC 2aagGCRGTGAGttgg 12 426+238+188
PRS160: PRS160:134 lorl/l 524
160 F: CACTGAACGTGACCTGGAGA Earl 2or2/2 365+159
160R: AGGGTTTTCGGATGACATTG tcgcCTCTYCCctta 12 524+365+159

#Each locus is designated by the name of the sequenced DNA fragment followed by its position on the amplified sequence (number of nucleotides after
the forward primer); sequences including the recognition site (in capitals) and heteromorphisms (in bold type) are indicated

® Fragments giving major characteristic bands in electrophoresis gel are in bold type
¢ Derived CAPS primer: the underlined nucleotide C is in fact T in the sequence of WC837
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Linkage map and Mendelian segregation analyses

To test genetic independence, contingency chi-square tests
were performed for all pairwise combinations between the loci
used. For the linked loci, their order and genetic distances
were computed using MAPMAKER/EXP V3.0b software
(Lander et al. 1987). The recombination rate was transformed
into map distance (centimorgan cM) using the Kosambi func-
tion. For each marker, the hypothesis of the Mendelian allelic
segregation ratio of 1:1 was tested among the homokaryotic
offspring using chi-square tests.

Mating test and hybridizations

Mating tests were performed according to Kerrigan et al.
(1994). A. subrufescens has a unifactorial system of incom-
patibility: two homokaryons give a positive reaction only
when they bear different alleles (Mat-1 and Mat-2) at the mat-
ing type locus MAT. The presence of fluffy, vigorous myceli-
um at the junction zone between the two mycelia characterizes
a positive mating reaction (Raper 1976). The test was intended
to determine the mating type alleles of the single spore isolates
and ultimately to estimate the linkage relationships between
MAT and other markers used. A preliminary mating test was
performed to identify homokaryotic strains with different mat-
ing type alleles. We paired all the homokaryotic single spore
isolates and most of the heterokaryons single spore isolates
(sister or non-sister nuclei heterokaryons) with four testers
previously selected (two Mat-1 and two Mat-2) in duplicate.

Furthermore, mating tests between sister nuclei hetero-
karyons bearing different mating type genotypes (Mat-1/1 %
Mat-2/2) were performed, in triplicate. When positive reac-
tions were observed, putative hybrid mycelia were isolated
from the junction and subcultured on a compost-agar medium.
Heteroallelism at a marker tightly linked to MAT was used to
confirm the hybridization and deductively the restoration of
fertility (Mat-1/2).

Moreover, when two sister nuclei heterokaryons crossed,
we assumed that the resulting “hybrid” heterokaryon would
receive one nucleus of each parental heterokaryon and, there-
fore, four different hybrids were possible as represented in
Fig. 1b. To reveal whether the nuclei randomly assembled in
the hybrid, we tested pairs of sister nuclei heterokaryons hav-
ing the genotypes al/a2 b1/bl and al/al b1/b2 at two loci A
and B. In this condition, one sister nuclei parent contained the
nuclei a/bl and a2b1 and the other contained the nuclei alb/
and a/b2. Co-dominant markers at such two loci were used to
identify the four possible hybrids which could be homoallelic
respectively either at 4 (al/al b1/b2), at B (al/a2 b1/bl), at
both loci (al/a2 b1/b2), or at neither (al/a2 b1/b2). Genotypes
of several hybrids isolated from mating between the same two
sister nuclei heterokaryons were compared.

Mycelial growth rate test

Agar plugs of 4 mm diameter were transferred to Petri dishes
(90 mm diameter) containing 1 % malt agar medium and
incubated at 28 °C for 15 days. Colony diameters were mea-
sured on two perpendicular axes. These data were used to
score the rate of the mycelial growth with two replicate plates
for each single spore isolate in a completely randomized ex-
perimental design. Mycelial growth rate was compared be-
tween each type of isolate using variance analysis and post
hoc Duncan’s test applied for multiple means comparison.

Fruiting test

Strains were cultivated in plastic trays filled with 8 kg of
conventional compost under standard conditions of cultiva-
tion as described by Llarena-Hernandez et al. (2014). Forty-
five plastic trays were inoculated with the parental strain
WC837, homokaryons (four strains, two replicates), non-
sister nuclei heterokaryons (nine strains, two replicates), and
sister nuclei heterokaryons (nine strains, two replicates).

Results

Classification of the single spore isolates: homokaryons,
non-sister nuclei heterokaryons, and sister nuclei
heterokaryons

Almost all basidia of the parental sporocarp were tetrasporic:
bisporic basidia were not detected and trisporic basidia were
rare (less than 1 %). After incubation for 14 days, the rate of
germination was estimated as 10 % for a density of
approximatively 1000 spores spread on agar medium in a
90-mm-diameter Petri dish. Three hundred and forty germi-
nating spores were isolated from the same spore print.
However, many of them stopped growing and only 225 single
spore isolates exhibited sufficient mycelial growth to be used.

Single spore isolates were classified based on homo/
heteroallelism at eight CAPS markers (Tables 3 and S1 in
the Supplementary Material). Among 225 single spore iso-
lates, 49.8 % (112/225) were heteroallelic at least at one of
the eight CAPS markers used and were therefore confirmed
heterokaryons. The remaining single spore isolates were pu-
tative homokaryons with a high level of confidence that we
estimated by using the rates of homoallelism among the het-
erokaryotic offspring at five unlinked loci (PRS088:248,
PRS095:266, PRS003:212, PRS016:1, and PRS160:134).
The probability that a heterokaryon should be homoallelic at
all five loci and therefore misinterpreted as a homokaryon is
the product of these five rates: p=31/112x57/111x55/111 %
58/110x58/111=0.019. In other respects, p is also the estimat-
ed proportion of undetected heterokaryons p=(7—0O)/T where
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Table 3  Rate of homoallellism and allelic distribution at nine loci for 225 single spore isolates of the strain WC837 of Agaricus subrufescens

Loci All offspring (225 isolates) Heterokaryotic offspring (99 isolates)*

Homokaryons Heterokaryons Non-sister nuclei offspring Sister nuclei offspring

(113 isolates) (112 isolates) (75 isolates) (24 isolates)

Genotypes Chi-square Homoallelism: Homoallelism: Homoallelism:

1 2 Rate /1 2/2 Rate 1/1 2/2 Rate 1/1 22
MAT? 59 26 12.81%* Non-testable Non-testable 16/16 11 5
RPB2:715 73 37 11.78%* 29/109 16 13 0/73 0 0 23/23 15 8
PRS088:248 75 38 12.11%* 31/112 23 8 0/75 0 0 24/24 16 8
PRS113:158 77 34 16.51%* 35/112 28 7 17/73 16 1 13/24 10 3
PRS095:266 83 30 24.86* S7/111 47 10 36/74 31 5 12/24 10 2
PRS003:212 45 66 3.97* 55/111 21 34 36/74 12 24 12/24 5 7
PRS016:1 64 45 3.31 58/110 27 31 37/74 16 21 12/23 7 5
PRS160:134 54 59 0.22 58/111 30 28 38/74 18 20 11/24 6 5
ITS:200 50 55 0.24 62/104 25 37 38/72 16 22 13/20 6 7

*Mendelian segregation rejected (df=1, p<0.05)

#Only 99 of the 112 single spore isolates are considered. The 13 remaining heterokaryotic isolates remain unclassified because they are homoallelic at

only one of the two centromere-linked loci RPB2:715 and PRS088:248

® Deduced from mating tests

T is the unknown total number of heterokaryons and O is the
observed number of heterokaryons. Using these five markers,
111 heterokaryons were detected (O=111). Finally, by estima-
tion, we would expect 7=111/(1—p)=113 heterokaryons.
Since we found one supplementary heterokaryon which was
heteroallelic at one of the three remaining loci used (single
spore isolate WC837-290 was heteroallelic only at locus
PRS113:158), the expected total number of heterokaryons is
only one more than the 112 confirmed heterokaryons that we
found. The final percentage of expected and found hetero-
karyons are 50.2 % (113/125) and 49.8 %, respectively, i.c.,
both close to 50 %.

Among the heterokaryons, 21 % (24/112) were likely sister
nuclei heterokaryons because they were homoallelic at both
loci RPB2:715 and PRS088:248 tightly linked to the centro-
mere and the MAT locus, while 67 % (75/112) were likely
non-sister nuclei heterokaryons because they were
heteroallelic at these two loci. Twelve percent (13/112) of
the heterokaryons that were homoallelic at only one of these
two loci remained unclassified. Possibly, following a cross-
over between RPB2:715 and PRS088:248, they received both
one recombinant and one non-recombinant nucleus; theoreti-
cally, they could be either sister nuclei heterokaryons or non-
sister nuclei heterokaryons with equal probability. Without
these 13 unclassified heterokaryotic single spore isolates, the
rate of sister nuclei heterokaryons was estimated as 24 % (24/
99) among the heterokaryons. Taking them into account with
the half considered as sister nuclei heterokaryons, this rate can
be estimated to 27 % (30.5/112). This rate is relatively close to
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the rate of 33 % expected in the theoretical tetrasporic random
model represented in Fig. la.

Mating tests between single spore isolates and tester
homokaryons

Mating tests were performed between tester homokaryons bear-
ing Mat-1 or Mat-2 alleles and single spore isolates of the three
categories with expected positive reactions as such indicated in
Fig. 1b. In all the types of mating tests (homokaryon x
homokaryon, homokaryon xsister nuclei heterokaryon, and
homokaryon xnon-sister nuclei heterokaryon), positive and neg-
ative mating reactions were observed (Fig. 2). In positive reac-
tions, more or less fluffy mycelium emerged from one or several
points on the junction line between the two mycelia. The new
putative hybrid mycelium often formed a new circular and vig-
orous colony overlapping its parent mycelia. Negative reactions
were characterized by the absence of fluffy mycelium in the
contact zone; moreover, the contact zone remained often poorly
invaded, sometimes exhibiting a solid white line (Fig. 2d, ).
With two replicates for each mating test, it was not rare to ob-
serve a positive reaction in only one of the two replicates. False
negative reactions are common in 4. bisporus (Kerrigan et al.
1994) as in some species of Agaricus section Arvenses to which
A. subrufescens belongs (Calvo-Bado et al. 2000).

In mating tests between four tester homokaryons and the
113 putative homokaryons identified with the CAPS markers,
positive mating reactions were obtained for 75 % of them
(Table 4) giving an unbalanced segregation ratio of 59 Mat-
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Fig.2 Positive and negative reactions in mating tests: a Positive between
homokaryons (WC837-309, WC837-145). b Positive between sister
nuclei heterokaryons (WC837-142, WC837-18). ¢, d Between sister
nuclei heterokaryons and homokaryon: positive (WC837-142, WC837-

1:26 Mat-2. These two alleles co-segregated completely with
those of PRS088:271 (0 recombinants) and almost completely
with those of RPB2:715 (2 recombinants).

In mating tests between four tester homokaryons and 66
putative non-sister nuclei heterokaryons heteroallelic at the
MAT locus, positive reactions were observed for 20 of them
(30 %): 13 had a positive reaction with tester(s) Mat-1, six
with tester(s) Mat-2, and only one with two testers bearing
either Mat-1 or Mat-2 allele. Such positive mating reactions
between homokaryons and heterokaryons (the Buller phe-
nomenon) are not rare in Basidiomycota (Buller 1931;
Quintanilha 1937; Raper et al. 1972; Callac et al. 2006).
Considering that all these heterokaryons should theoretically
mate with all tester homokaryons regardless their mating type
alleles (Fig. 1b), the success rate is finally about only 16 %.

In mating tests between four tester homokaryons and 20
putative sister nuclei heterokaryons (homoallelic at the MAT
locus), positive reactions were observed for 16 of them

Table 4  Success in mating tests

Category of single spore isolates ~ Tested isolates  Positive reactions®

Homokaryons 113 85(75.2 %)
16 (80 %)

20 (30.3 %)

Sister nuclei heterokaryons 20
Non-sister nuclei heterokaryons 66

# Mating tests with four testers (two Mat-1 and two Mat-2) and two rep-
licates. A reaction was positive when it was observed in at least one of the
eight plates

Non-sister nuclei
Homokaryon | heterokaryon

SN [Non-sister nuclei i
Homol\alvon hetelokalyon 3

20) and negative (WC837-142, WC837-145), respectively. e, f Between
non-sister nuclei heterokaryons and homokaryons: positive (WC837-97,
WC837-145) and negative (WC837-121, WC837-20), respectively

(80 %). The data completely agreed with the expected
homoallelic genotypes Mat-1/1 and Mat-2/2 of these sister
nuclei heterokaryons which gave positive reactions with
Mat-2 and Mat-1 tester strains, respectively. Finally, in this
limited sample, there was no evidence of recombination be-
tween the tightly linked loci MAT, RPB:175 and PRS088:248:
11 had the genotype Mat-1/1 Rpb2:175-1/1 PRS088:248-1/1
and five had the genotype Mat-2/2 Rpb2:715-2/2
PRS088:248-2/2. 1t is noteworthy that this unbalanced ratio
11 (Mat-1/1)/5 (Mat-2/2)=2.20 is similar to the ratio 59 (Mat-
1)/26 (Mat-2)=2.277 observed among the homokaryons. It was
expected that sister nuclei heterokaryons would behave like
homokaryons in mating tests but this had previously never
been formally shown.

Single locus segregation ratios

Chi-square value for Mendelian segregation (df=1, p=0.05)
tests among the homokaryotic offspring are reported in
Table 3. The 1:1 segregation was rejected for all the loci of
the large linkage group (see next paragraph: MAT, RPB2:715,
PRS088:248, PRS113:158, PRS095:266) and for
PRS003:212. For the large linkage group, the numbering of
the alleles followed the parental chromosomes: it was always
allele 2 of each locus that belonged to the same parental chro-
mosome, and that was always the under-represented allele.
Although the number of identified sister nuclei hetero-
karyons was low, it must be noted that similar unbalanced
segregations among the postmeiotic nuclei having migrated
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in these heterokaryotic spores were observed since the geno-
type 1/1 was much more frequent than the genotype 2/2 at all
five loci of the large linkage group listed above (11:5, 15:8,
16:8, 10:3, and 10:2).

Pairwise segregation ratios, linkage map, and synteny
with A. bisporus

Using chi-square contingency tests for nine loci, genetic inde-
pendence was rejected (P<0.001, 1 df) for the following eight
pairs of loci among the 36 tested pairs (Tables S2 and S3 in the
Supplementary Material): /7S and PRS160:134, PRS113:158,
and PRS095:266, and all the pairwise combinations between
the four loci PRS113:158, PRS088:248, RPB2:715, and MAT.
Therefore, there were two linkage groups: a large one includ-
ing five loci (MAT, RPB2:715, PRS088:248, PRS113:158,
PRS095:266) and a small one (I7S:200, PRS160:134).

The linkage map obtained by the maximum-likelihood
method implemented in Mapmaker (Fig. 3) was consistent
with the loci independence tests. By projection on the
A. bisporus genome, the genetic order of markers in the large
linkage group of A. subrufescens respects the physical order of
their respective homologs observed in A. bisporus. Since no
recombinant was found between MAT and PRS088:248, these
two loci were found collocated. Two recombinants were ob-
served between MAT and RPB2:175. Conversely, the small
linkage group did not agree with 4. bisporus data.
PRS160:134 and ITS:200 loci are linked in A. subrufescens
but are unlinked in 4. bisporus, since the /TS locus belongs to
chromosome IX and PRS160 to chromosome VII.

Fig. 3 Linkage map obtained 0.0—)
from the segregation analysis at 9
loci in 113 homokaryotic single
spore isolates. Values indicated on
the left side are the distance
intervals in centimorgans (cM)
using Kosambi function. Markers
including molecular CAPS
markers and the phenotypic MAT
loci are labelled on the right side

28.2

49.6
51.7 —<

RPB2
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Observed rates of homoallelism and comparison
with the theoretical model

The rate of homoallelism among all the heterokaryons is ex-
pected to be 33 % at all loci in the theoretical tetrasporic
random model represented in Fig. 1a. The observed rates are
given in Table 3. It varied from 27 to 31 % for the three
centromere-linked loci of the large linkage group
(RPB2:715, PRS088.:248, and PRS113:158). Lethal or delete-
rious recessive alleles at centromere-linked loci might explain
this little deviation from the random model and also the devi-
ation from Mendelian segregation ratio observed among the
homokaryotic offspring. The rate of homoallelism exceeded
the 33 % expected in the theoretical model for the five
centromere-unlinked markers: it varied from 50 to 53 % for
four of them and reached 60 % at the locus I7S:200.

In the theoretical tetrasporic random model, the rate of
homoallelism among sister nuclei heterokaryons decreases
from 33 to 0 % for tightly centromere-linked loci since het-
erokaryons inherit of homologous centromeres; in contrast,
the rate of homoallelism among non-sister nuclei hetero-
karyons increases from 33 to 100 % for tightly centromere-
linked loci since heterokaryons inherit of heterologous centro-
meres. In Fig. 4, the observed mean rate of homoallelism has
been calculated among 75 non-sister nuclei heterokaryons and
24 sister nuclei heterokaryons from data of Table 3 for
centromere-unlinked loci, centromere-linked loci, and for the
locus PRS113:158 which is intermediary. Although the rate of
homoallelism at centromere-unlinked loci was higher than
expected, the observed variations globally agreed with the
theoretical model: when the linkage to the centromere or the

0.0 ITS 0.0—S—PRS003 0.0—S—PRS016

14.7 PRS160

IMAT PRS095
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Fig. 4 Relationships between linkage to centromere and homoallelism
among 75 non-sister nuclei heterokaryons and among 24 sister nuclei
heterokaryons. Mean rates of homoallelism were calculated for two loci
tightly linked to the locus MAT and the centromere, for four centromere-
unlinked loci which are genetically independent from each other, and for
the locus PRS113.:158 which is intermediary

MAT locus varied from unlinked to tightly linked, the rate of
homoallelism increased from 50 to 100 % for the sister nuclei
heterokaryons, whereas it decreased from 50 to 0 % for the
non-sister nuclei heterokaryons. However, it should be noted
that the 13 heterokaryons remaining unclassified were not
taken into account in the Fig. 4. Some of them are probably
heteroallelic sister nuclei heterokaryons or homoallelic non-
sister nuclei heterokaryons at one of the two centromere-
linked loci. Consequently, the rates of homoallellism would
not be exactly 0 or 100 % for the non-sister and sister nuclei
heterokaryons, respectively, at the loci tightly linked to MAT
but there would be little variation from these values in agree-
ment with the fact that they are not completely linked to MAT.

Matings between sister nuclei heterokaryons
and confirmation of the crosses

Since sister nuclei heterokaryons behaved as homokaryons in
mating tests when confronted to tester homokaryons, we
chose some of them to test whether they could cross among
themselves. Seven confrontations with three replicates were
performed between sister nuclei heterokaryons having not on-
ly different mating type genotypes (Mat-1/1 vs. Mat-2/2) but
also appropriate genotypes at other loci in order to test wheth-
er the nuclei of two mated sister nuclei heterokaryons are
randomly paired in the resulting hybrid heterokaryon (see
Fig. 1b and materials and methods). In five of the seven con-
frontations, positive mating reactions were observed (Fig. 2b)
and two to four putative hybrids were isolated from different
replicate plates or from distinct reactions appearing in the
same confrontation plate.

Sixteen putative hybrids isolated from positive mating
reactions between sister nuclei heterokaryons were all

heterozygous at the PRS088:248 locus (Table 5). This not
only confirmed their hybrid status but also indicated that
these unconventional crosses between infertile hetero-
karyons led to fertile heterokaryons since PRS088:248 is
tightly linked to the MAT locus. Genotypes at two other loci
(only one in one case) were the same for all the hybrids
isolated from mating between the same couple of sister nu-
clei heterokaryons (Table 5). Moreover, except in the case
where a single locus was used, these data showed that only
one of the four possible pairings between the two nuclei of
each “parental” heterokaryon was found. In two cases, there
were four identical hybrid genotypes from the same type of
mating. If the pairing was random, the probability of finding
the same pairing four times would be 4/4*=0.016. These
data demonstrated that the pairings were not random and
even suggested that only a single pairing was possible.
However the process of pairing of nuclei remains unknown.
In fact, such crosses are unconventional selfing and appar-
ent preferential pairing of nuclei could simply result to the
presence of deleterious or lethal recessive alleles and/or
from unintended selective sampling.

Myecelial growth rate test

The distribution of frequency of colony diameters of 91 single
spore isolates (39 homokaryons, 37 non-sister nuclei hetero-
karyons, and 15 sister nuclei heterokaryons) measured after
15 days of growth is shown in Fig. 5. The mean diameter
measured for homokaryons was 34.9 mm and did not differ
significantly from the mean diameter for sister nuclei hetero-
karyons (34.1 mm). The non-sister heterokaryons differed sig-
nificantly (p<0.05) from both sister nuclei heterokaryons and
homokaryons with a mean diameter of 47.2 mm.

The homokaryotic single spore isolates presented a peak of
growth rate in the range of 31-40 mm where 56.4 % (22/39)
are grouped. Sister nuclei heterokaryons showed a peak in the
range 31-40 mm with 33.3 % of the individuals (5/16) in that
range. The non-sister nuclei heterokaryons were present in all
ranges represented in the graph, with a peak in the range 51—
60 mm containing 37.8 % (9/41) of them.

Behavior of single spore homokaryotic and heterokaryotic
isolates (non-sister nuclei and sister nuclei heterokaryons)
in fruiting tests

The parental strain fruited normally. The homokaryons
were unable to invade the culture substrate and were re-
placed by competitors or contaminants. Among the non-
sister nuclei heterokaryons, four failed to adequately in-
vade the substrate, two invaded the substrate but did not
fruit, and three fruited but only two of them produced
mature sporocarps. Among the sister nuclei hetero-
karyons, three did not adequately invade the substrate

@ Springer



792

Appl Microbiol Biotechnol (2016) 100:781-796

Table 5  Genotypes of paired sister nuclei heterokaryons and the “hybrids” isolated

Pairs of sister nuclei heterokaryons and hybrids isolated Loci N?
PRS088:248 PRSI113:158 PRS095:266 PRS003:212 PRS016:1 PRS160:134

WC837-142 (MAT 2/2) 2/2 2/2 /1 22 12 22

WC837-006 (MAT 1/1) /1 1/1 11 12 1/1 22

Hybrid (WC837-142x WC837-006) 12 12 12 2
WC837-142 (MAT 2/2) 22 22 /1 2/2 12 2/2

WC837-018 (MAT 1/1) /1 /1 12 /1 22 /1

Hybrid (WC837-142xWC837-018) 12 12 22 4
WC837-142 (MAT 2/2) 22 22 /1 2/2 12 2/2
WC837-232 (MAT 1/1) /1 /1 /1 2/2 272 12

Hybrid (WC837-142xW(C837-232) 12 272 2/2 3
WC837-175 (MAT 2/2) 2/2 12 2/2 12 2/2 1/1

WC837-120 (MAT 1/1) /1 /1 /1 12 12 12

Hybrid (WC837-175xWC837-120) 12 12 3
WC837-175 (MAT 2/2) 2/2 12 2/2 12 2/2 1/1

WC837-251 (MAT 1/1) /1 1/1 /1 12 12 22

Hybrid (WC837-175xWC837-251) 12 12 2/2 4

#Number of replicates: for each type of mating, N hybrids were isolated and all had the same genotype

and among the six remaining, two fruited locally as a
result of hybridization with uncontrolled inoculum (con-
firmed by sequencing, data not shown) but only one of
these reached maturity, two others produced balls of my-
celium (popcorn-like), and two formed both immature
fruiting bodies and balls of mycelium which also resulted
from uncontrolled hybridizations. Finally, as expected,
only the parental strain and non-sister nuclei hetero-
karyons were fertile but the latter poorly fructified. The
sister nuclei heterokaryons were more vigorous than the
homokaryons in invading the substrate and appeared to
easily cross with uncontrolled inoculum from the
environment.

Fig. 5 Frequency distribution of

colony diameter of 91 single spore isolates

spore isolates of WC837 (39 25 +
homokaryons, 37 non-sister
nuclei heterokaryons, and 15
sister nuclei heterokaryons) after 20 1
15 days on malt agar medium

15

10

Number of single

Discussion

Different categories of spores and agreement
with the theoretical tetrasporic random model

To analyze the offspring of the strain of 4. subrufescens
WC837, we used a larger offspring (225 vs. 94) and more
markers (eight vs. three) than Thongklang et al. (2014) in
order to perform more accurate assessments and to get enough
single spore isolates of each category to study them.
Incidentally, synteny with A. bisporus was evidenced for a
linkage group of five loci including MAT, however, another
smaller unexpected linkage group was found: the rDNA (/7S

Homokaryons
B Non-sister nuclei heterokaryons
Sister nuclei heterokaryons
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locus) was linked to a locus of which the putative homolog
sequence is not located on the same chromosome in the ge-
nome of 4. bisporus. Finally, using four independent loci or
linkage groups of loci, we found that 50 % of the single spore
isolates were heterokaryotic and among them, the percentage
of sister nuclei heterokaryons was estimated as 24-27 %.
These values are of the same order as the values estimated in
the previous offspring of the same parent (Thongklang et al.
2014): 40 % of single spore isolates were heterokaryotic and
23 % of them were sister nuclei heterokaryons. These rates of
sister nuclei heterokaryons are lower than the 33 % expected
in the theoretical random model. The presence of deleterious
or lethal alleles in centromeric regions could simply explain
such a deficit in sister nuclei heterokaryons. The presence of
such alleles in one of the two homologous parental chromo-
somes bearing the large linkage group of five loci could sim-
ilarly explain the significantly unbalanced allelic segregation
found at these loci among the homokaryotic offspring (deficit
in alleles 2) and correlatively among the heterokaryotic off-
spring (deficit in genotypes 2/2). However, in this case, the
dis-equilibrium affects similarly both centromere-linked and
unlinked loci and thus does not provide a demonstrative ex-
planation for the deficit in sister nuclei heterokaryons.

Another rate, i.e., that of homoallellism at centromere-
unlinked loci among the heterokaryotic offspring, can be used
to test the theoretical random model in which it is expected to
also be 33 %. We found that this rate of homoallelism was
higher than expected and consistently close to 50 % or even
higher at one locus. Thongklang et al. (2014) found similar
frequencies but did not highlight these results, which in their
study were not significant because of the small number of
centromere-unlinked markers (two vs. four) and hetero-
karyons used (39 vs. 113 in the present study).

As did Thongklang et al. (2014), we conclude that recom-
bination is not suppressed and that the process of migration of
nuclei into the spores clearly differs from the non-random
process known in 4. bisporus. The theoretical tetrasporic ran-
dom model is the simplest model that can explain our data, but
it remains to clarify either how the observed rate of
homoallelism among the heterokaryotic offspring might pro-
vide an overestimate of the rate theoretically expected among
the heterokaryotic spores or how the processes of meiosis or
sporogenesis might really differ from the theoretical random
model.

Homoallelism, inbreeding depression, and consequences
for the use of non-sister nuclei heterokaryons

Whatever the reason of the relatively high rate of
homoallelism of 50 % resulting from the intramictic process
at centromere-unlinked loci in 4. subrufescens, it represents a
rate of loss of parental heterozygosity similar to the rate of
50 % that could be expected in a classical selfing. However,

in agreement with the theoretical model, this rate at
centromere-linked loci tends to 100 % for the sister nuclei
heterokaryons and to 0 % for the non-sister nuclei hetero-
karyons (Fig. 4). It is expected that, correlatively, the inbreed-
ing depression in these two categories of heterokaryons
should be respectively higher and lower than in a classical
selfing. This difference between the two categories of hetero-
karyons was confirmed by the significantly greater mycelium
growth rate on malt agar medium and the higher ability to
invade the culture substrate for the non-sister nuclei hetero-
karyons. However, these potentially fertile heterokaryons
remained less vigorous than the parental strain to invade the
compost and some of them even failed to fruit. Thongklang
etal. (2014) performed some fruiting tests with heterokaryotic
offspring from their Brazilian-French hybrid strains and also
observed that these poorly fruited compared to the parental
hybrid. While it is feasible in A. bisporus var. bisporus
(Moquet et al. 1998), because of the inbreeding depression,
it is unlikely to obtain non-sister nuclei heterokaryotic single
spore isolates that would be as performant as the parent in
term of yield but phenotypically different.

Spawn producers who fear that competitors applied such a
method to quickly get new cultivars from their protected com-
mercial hybrid strains are presently trying to obtain recogni-
tion of the heterokaryotic offspring of A. bisporus var.
bisporus as essentially derived varieties (EDV) as defined by
the International Union for the protection of new varieties of
plants (UPOV) convention (Sonnenberg et al. 2011). Such a
procedure should not be required in A. subrufescens, at least
for varieties derived from strains studied by us and/or
Thongklang et al. (2014).

Properties of the sister nuclei heterokaryons
and consequences for their usefulness in cross-breeding

The sister nuclei heterokaryons represented 24-27 %, i.e.,
about one quarter of the heterokaryotic single spore isolates
and one eighth of the total analyzed offspring. Their mycelial
growth rate was on average significantly lower than that of the
non-sister nuclei heterokaryons and similar to that of the
homokaryons on malt agar medium. We used this medium
because it is more standard than the compost extract agar
medium that we used for the mating tests. Xu (1995) reported
that detection of inbreeding depression in A. bisporus varied
depending of the culture medium for criteria of fitness as the
mycelium growth rate or the interactions between mycelia.
Although we did not formally test certain differences between
the homokaryons and the sister nuclei heterokaryons, we not-
ed that the latter generally faster grew on compost extract agar
medium and gave more visible positive reactions in mating
tests (often not easily detected between homokaryons). In
these tests, 80 % gave positive reactions with tester
homokaryons and thus interacted as well as or possibly better
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than the homokaryons. In fruiting test, although the tested
sister nuclei heterokaryons were infertile like the
homokaryons, they better invaded the culture substrate.

The sister nuclei heterokaryons easily crossed also among
themselves, but always the same pairs of nuclei were found in
the resulting fertile heterokaryotic hybrids among the four
possible pairings. This is not surprising for at least two rea-
sons: first, in this particular case of selfing, lethal or deleteri-
ous recessive alleles inherited by the sister heterokaryons
make certain pairing unviable; second, competition may occur
between nuclei or between the new formed heterokaryons;
moreover, the more they are vigorous, the greater are their
chances of being isolated. In conclusion, sister nuclei hetero-
karyons are mating-competent heterokaryons behaving like
homokaryons. They are possibly even more competent to
cross and to survive in the wild due to their heterozygosity.
However, they differ from the homokaryons on a major point:
they can transmit not only recessive deleterious or lethal al-
leles but also advantageous alleles that could be on linked loci
and which could not be found in viable homokaryotic single
spore isolates. Such a linkage has been shown through the
Buller phenomenon in A. bisporus, for a locus involved in
disease resistance (Callac et al. 2008).

Possible roles of the heterokaryons in nature

As Billiard et al. (2011, 2012) conjectured, we can wonder
whether pseudohomothallism evolved to favor intramixis or
to achieve universal mating compatibility (i.e., for example,
non-sister nuclei heterokaryons can potentially cross via the
Buller phenomenon with homokaryons bearing any mating
types). The non-sister nuclei heterokaryons poorly fruited
and poorly crossed in selfing and rarely with testers
homokaryons bearing different mating types. Probably, this
was partly due to deleterious or lethal recessive alleles, maybe
more particularly due to those located in centromeric regions
since sister nuclei heterokaryons crossed much more easily
with the same testers. However, the sister nuclei hetero-
karyons are both unable to fruit and unable to achieve univer-
sal mating compatibility. In fact, we believe they simply have
a role of sentinel mycelia more vigorous than the
homokaryons and waiting for crossing. This hypothesis would
agree with the geographical and climatic distribution range of
this opportunistic but rarely abundant species, which is one of
the widest in the genus.

Breeding strategies for A. subrufescens

Our results highlight certain consequences for breeding strat-
egies in A. subrufescens. Direct selection among non-sister
nuclei heterokaryons does not seem a promising method due
to the inbreeding depression and, therefore, efforts would fo-
cus on outcrossing. This is also the opportunity to exploit
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genetic resources available at a large geographical range.
Depending on the objective and the context, a simple strategy
of treating mating-competent sister nuclei heterokaryons as
homokaryons may be appropriate for the two following rea-
sons: first, this can avoid selection against alleles of interest
that could be present in sister nuclei heterokaryons but absent
in homokaryons; secondly, this is faster and cheaper because
four or five centromere-unlinked markers are necessary to
identify the sister nuclei heterokaryons, while one or two
markers including a centromere-linked one are sufficient to
identify and discard almost all non-sister nuclei hetero-
karyons. Such markers as RPB2 and PRS08S in the present
study or even better the marker MIP in Thongklang et al.
(2014) might be used. Although the reproductive strategy
varies among the different strains of A. subrufescens studied
by Thongklang et al. (2014), this method should be efficient in
all cases. In contrast, other methods based on mycelial growth
rate tests, mating tests, or fruiting tests did not appear efficient
to reliably identify the sister nuclei heterokaryons.

Finally, we propose a simple method of hybridization for
an amphithallic species in which recombination is not sup-
pressed and the postmeiotic nuclei migrate (almost) at random
into the spores. This method does not require identifying all
the types of spores. Our study is complementary to the recent
work of Thongklang et al. (2014) on the interfertility between
geographically distant specimens of A. subrufescens, and to-
gether, they respond to the questions of what to cross and how
to cross them. This contributes to facilitate the genetic im-
provement of strains of 4. subrufescens and other amphithallic
species.
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