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FIG. 1. RAPD markers found in dikaryon NOO1 of P. ostreatus and
in different monokaryons derived from it, using primers L3 (A) and L6
(B). Markers L33, and L6,g,, genetically linked to matBa and
matBp, respectively, are indicated. The incompatibility type of each
monokaryon is indicated.

matBal matBBI, matBo2 matBB2, matBal matBB2, and
matBa2 matBB1, respectively.

Molecular markers to tag the B incompatibility locus and
verification of its bipartite structure. The identification of mo-
lecular markers genetically linked to characters of interest was
the strategy of choice to facilitate their cloning. To generate
molecular markers linked to the B incompatibility locus, an
approach combining RAPD and bulk segregant analysis was
used in a population of 80 monokaryons derived from dikary-
otic strain N0O1. Two RAPD markers linked to the B locus
were found. Marker L3,;,, (obtained by using as a primer
Operon oligonucleotide L3, 1,300 bp long) was present in all
monokaryons bearing either B2 or B4, while it was absent in
monokaryons carrying B/ or B3 (Fig. 1A). On the other hand,
marker L6,5,, was present in monokaryons with Bl or B4,
while it was absent in those with B2 and B3 (Fig. 1B). No
recombinants between marker L3,;,, and B2 or B4 and a
single recombinant between L6,,, and BI or B4 were found in
the analyzed population. These results indicate that RAPD
markers L3,3,, and L6,4,, were genetically linked in coupling
phase to matBa2 and matBB1 alleles, respectively (Table 2).

The RAPD markers genetically linked to the B mating-type
locus were converted into restriction fragment length polymor-
phic (RFLP) markers. RFLP analysis using the cloned L33,
and L6,5,, RAPD markers as probes revealed that both of
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TABLE 2. Correspondence between RAPD markers, RFLP alleles,
and matB alleles”

RAPD marker RFLP allele
matB allele
Name Size (bp) Name Size (bp)
L3300 1,300 rL3 ;3002 6,800 matBa2
rL3 ;300! 8,600 matBal
L6500 1,800 L6 15003 3,900 matBB1
rL6 ;50902 4,300 matBR2

¢ Alleles in the same row are in coupling phase.

them corresponded to nonrepetitive DNA sequences (Fig. 2).
Two different PstI restriction alleles were found using marker
L3500 (Fig. 2A): rL3 ;5401 (8,600 bp), present in monokaryons
bearing BI or B3, and rL3,;,,2 (6,800 bp), present in mono-
karyons carrying B2 or B4. Considering the matBa alleles
present in each of the B genes, alleles rL3,;,,I and rL3,5,,2
are linked in coupling phase to matBal and matBa2, respec-
tively, with no recombinants between RFLP alleles and the
corresponding matBa alleles. On the other hand, when the
cloned RAPD marker L6,4,, was used as probe, three PstI
DNA fragments were identified (Fig. 2B): rL6,,,/, which was
a monomorphic 4,800-bp band; rL6,4,,2, a 4,300-bp-long band
present in B2 or B3 monokaryons; and rL6,,,3, which was
3,900 bp long and detected in monokaryons carrying incom-
patibility types B1 or B4. Segregation of bands rL6,5,,2 and
rL6,49,3 indicated that they were alleles of the same locus.
Taking into account the allelic composition of the B incompat-

FIG. 2. RFLP patterns detected in PstI genomic DNA digestions of
P. ostreatus dikaryon NOO1 and of different monokaryons derived from
it, using the L33y, (A) and L6,4,, (B) RAPD markers as probes. The
incompatibility type of each monokaryon is indicated.
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FIG. 3. RFLP patterns detected in PstI genomic DNA digestions of
P. ostreatus dikaryons N001 and N017 and of four monokaryons (bear-
ing different B alleles) derived from each of them, using the L33, (A)
and L6,g,, (B) RAPD markers as probes. The incompatibility type of
each monokaryon is indicated.

ibility locus, RFLP alleles rL6,4,,2 and rL6,4,,3 appeared to
be genetically linked in coupling phase to matBR2 and matBB1,
respectively. Finally, RAPD markers L3,3,, and L6,4,, coseg-
regated with RFLP alleles rL3,5,,2 and rL6,4,,3, respectively
(Table 2).

The consistency of the linkage phases found in strain N0O1
was tested using a monokaryotic progeny derived from
dikaryon NO17 (4142 B3B4). DNA samples from each of the
four testers corresponding to NO17 were digested using PstI,
and the RFLP alleles rL3,;,, and rL6,4,, were studied. Figure
3 shows that markers rL3,3,,/ and L3,;,,2 cosegregated with
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matBa alleles, and markers rL6, 4,2 and rL6 5,3 cosegregated
with matBp alleles, as expected (RFLP markers in monokary-
ons MA097, MA005, MA116, and MA098). Additionally, the
RFLP markers linked to the different mating type genes
present in the progeny of dikaryon NO17 were also those ex-
pected from the previous analysis (markers in monokaryons
MA141, MA142, MA199, and MA231). These results indicate
that the intralocus recombination event that recovered B/ and
B2 alleles in the progeny of NO17 also recovered their corre-
sponding rL3,5,, and rL6,g,, genotypes, corroborating molec-
ularly the recombinational nature of the newly formed B alleles
after meiosis.

Molecular markers linked to the B mating-type locus are
species specific. To determine whether locirL3,;,, and rL6 5,
were also associated with the B locus in other P. ostreatus
strains, the corresponding probes were hybridized to mem-
branes containing genomic DNA from dikaryon N00O1, N002,
N003, N005, or N006 and from some monokaryons derived
from them, digested with EcoRI, Pstl, or Xhol. Both probes
gave clear signals in each case and revealed a high level of
polymorphism (Table 3). To test the presence of RFLP mark-
ers homologous to those revealed by L3, ;,, and L6,4,, in other
mushrooms, PstI digestions of genomic DNA purified from P.
quebecoise, A. bisporus, Agrocybe aegerita, and L. edodes were
probed. P. quebecoise gave a weak hybridization signal when
L3500 Was used as probe, whereas no homologous sequences
could be detected in the other species (data not shown).

Analysis of distorted segregation in parental B alleles. The
monokaryotic progeny derived from strain NOO1 carried four
different B alleles, two parental (B/ and B2) and two nonpa-
rental B types (B3 and B4), as a result of recombination be-
tween the two subunits (matBa and matBB) on the B locus.
Because the parental B alleles did not segregate 1:1 as ex-
pected (Table 1), we investigated the reason for such a dis-
crepancy. To determine whether this bias was explained by
differences in either growth rate of the vegetative mycelium or
spore germination, we measured the vegetative growth rate of
each of the 80 monokaryons forming the sample population. A
one-way variance analysis test was applied to look for differ-
ences in the quantitative trait vegetative mycelium growth rate
for the different mating genotypes. No significant differences in
growth rate were found between matBoal and matBa?2 alleles
(P = 0.8) or between matBBI and matBR2 alleles (P = 0.9) in

TABLE 3. Restriction length polymorphism of loci L33, and L6, in different P. ostreatus strains

Size (kbp) of corresponding restriction fragments

RFLP Enzyme
probe BI B2 BS B6 B7 BS BII BI2 BI3 Bl4
L3500 EcoRI 45 11.5 17.0 17.0 17.0 17.0 17.0 17.0 11.5 115
Pstl 8.6 6.8 8.6 8.6 11.2 8.6 8.6 8.6 8.6 8.6
Xhol 3.4 9.0 12.5 4.2 3.7 9.0 4.2 4.2 14.0 3.2
L6,500 EcoRI 13.0 13.0 20.0 ND“ 21.5 21.5 15.3 15.3 153 18.5
11.0 11.0 4.5 10.0 14.0 3.7 3.1
3.5

Pstl 4.8 4.8 8.6 8.6 8.6 8.6 8.6 8.6 7.4 7.4

3.9 4.3
Xhol 12.0 4.5 10.2 12.5 12.5 7.8 12.0 14.3 16.5 16.5
4.5 4.2 3.3 10.2 3.8 4.2 4.2

7.8

“ ND, not determined.
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monokaryons bearing the A7 mating allele, whereas significant
differences (P = 0.04) were observed between matBoal and
matBa2 alleles in monokaryons whose genomes bore the 42
mating allele. Interestingly, no significant differences appeared
between matBBI and matBR2 alleles (P = 0.5) in an A2 ge-
nome context. Monokaryons with mating genotype B/ or B3
(matA2 matBoalmatBB—) grew faster than those with the ge-
notype B2 or B4 (matA2 matBa2matBR—). Finally, significant
differences (P = 0.01) in growth rate were observed for both
alleles of the A locus. Monokaryons carrying the A2 allele grew
faster than those with A7 specificity.

Mapping of the B incompatibility locus. The progeny of 80
monokaryons described above were used to map the B locus.
Fourteen RAPD markers (L14;5,5, P16,555s, P129s5y, P3;55s,
P116000 P226500 R21600, L3 13000 P221000 LO1500, R15675 P25,
P19;,5, and R3,,,5) were assigned to the linkage group to
which the B locus belongs (17). The matBoa and matBf sub-
units were 19.0 centimorgans (Kosambi units [10]) apart, easily
tagged by the tightly linked markers L3,3,, and L6,g,, The
linkage group to which the B locus maps corresponds to the
physically separated chromosome IX (16). Four molecular
markers which were linked to the matBa sublocus (P14,
P2,450, R2,600, and L3, 3,,) showed distorted segregation. This
was not the case for markers P2,;,9, L6500y R154575, P25,
PI19s,s, and R3,,,5, which are close to the matBf sublocus at
the end of the chromosome.

DISCUSSION

The control of hyphal fusion and dikaryon formation is es-
sential for filamentous fungi, as their mycelia form intricate
mats in which the chance for contacts between sister branches
is high. In P. ostreatus, as in other higher basidiomycetes, this
control is based on two unlinked loci (4 and B) responsible for
different steps involved in the fusion process and in sorting of
nuclei during dikaryotic hyphal growth. These two genes have
been called either incompatibility loci or mating genes
throughout the literature, and these two terms were considered
here to be synonyms. In a previous paper, Larraya et al. (15)
analyzed the A4 locus in five different P. ostreatus strains, iso-
lated molecular markers genetically linked to it, and concluded
that the 4 gene is controlled by a multiallelic single locus for
which nine functionally different members were identified. In
the present study, genetic experiments have allowed the iden-
tification of molecular markers genetically linked to the B
mating-type gene, which confirmed that new B alleles can be
formed as a consequence of intralocus recombination between
the two subloci (matBa and matBg) of the B gene. Considering
the B incompatibility locus as a complex unit, an allelic series
similar to that described for the 4 gene (15) has been found.
Fifteen functionally different B mating alleles were distin-
guished, some of which resulted from intralocus recombination
(Table 1).

The frequency of intralocus recombination yielding new
(i.e., nonparental) B types is an estimate of the intergenic
linkage distances between loci matBa and matBB. However, it
is known that the recombination frequency in S. commune
does not depend exclusively on the physical distances between
the two subunits of the B locus but also is under genetic control
of a different locus where alleles for low recombination fre-
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quency are dominant over those for high recombination rate
(9, 22, 26). Mating genes and recombination-controlling genes
are genetically linked, although they can be physically sepa-
rated by recombination (25, 26). It could be possible that
similar mechanisms account for differences in recombination
frequencies in the different P. ostreatus strains.

In a previous study (17), a distorted segregation was ob-
served for all molecular markers surrounding matA4 and matBa
genes, whereas no bias in the segregation was found in molec-
ular markers surrounding the matB@ gene. Three hypotheses
were put forward to explain this observation: (i) a nonrandom
segregation of mating types that would drive a skewed segre-
gation of markers linked to them, (ii) differences in viability,
germination, or vegetative growth rate associated with differ-
ent mating haplotypes that may cause preferred selection for
some phenotypes in the population, and (iii) the occurrence of
balancing selection on mating types that could counteract
some negative selection on loci linked to the mating type. The
results presented here indicate that there exists a relationship
(linkage) between mating genes matA and matBa and the
quantitative trait vegetative mycelium growth rate which could
explain the distortion observed. The statistical analysis carried
out here shows that monokaryons bearing the 42 mating allele
grew faster than those bearing the A7 allele. The same is true
for monokaryons with the matBal allele (B! and B3) with
respect to those carrying the matBa2 allele (B2 and B4). It is
conceivable that slow-growing monokaryons need more time
than fast-growing ones to develop a colony after germination,
and these differences could have promoted a preferred selec-
tion for some genotypes when the population analyzed here
was established. This skewed selection produced an increase in
the frequency of alleles derived from the leading genotype in
relation to those derived from the lagging one. The effect of
negative selection against slowly germinating spores has been
previously discussed by Eger (4) with respect to P. ostreatus var.
florida and by Kerrigan et al. (8) with respect to A. bisporus.
When the monokaryotic growth rate was studied in crossing
programs using S. commune as the model system, it was also
seen that faster-growing monokaryons belong to a certain mat-
ing type (23). Taken together, these data suggest that evolution
has conserved genome regions in Agaricales, where genetic
determinants affecting growth rate and mating type genes are
kept together. In this way, those monokaryons whose mating
alleles and polygenic traits related to growth rate display a cis
configuration would be preferentially selected over those with
a trans genetic organization.

The molecular markers isolated and described in this report
constitute a first step toward the cloning and characterization
by chromosome walking of the B mating-type genes and their
flanking regions and useful tools for identifying in a quick and
easy way monokaryons used as parentals in breeding programs.
The RFLP profiles revealed by probe L6,g,, and restriction
enzymes EcoRI and Xhol allow the identification of each B
allele present in our collection. The genomic sequences de-
tected by these RFLP probes are present in all of the P.
ostreatus strains tested, although they bear different mating
alleles, but they cannot be detected in P. quebecoise or in other
Agaricales, suggesting that these sequences can be considered
bonafide species-specific molecular markers. This was also the
case of molecular markers S11,,, and SI8,5,,, linked to the 4
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locus (15). The availability of RFLP markers linked to the
mating-type genes can be useful in marker-assisted selection
for fast-growing monokaryons eligible for construction of
dikaryons presumably able to colonize the substrate quicker
than other competitors responsible for the reduction of yield in
the industrial production of oyster mushrooms.

ACKNOWLEDGMENTS

This work was supported by research project BIO99-0278 of the
Comision Nacional de Ciencia y Tecnologia and by Funds of the
Universidad Publica of Navarra (Pamplona, Spain). M.A. holds a grant
from the Departamento de Industria del Gobierno de Navarra.

We acknowledge the technical assistance of Gabriel Pardo, Amaya
Iriarte, and Nerea Olaberria.

REFERENCES

1. Bolker, M., and R. Kahmann. 1993. Sexual pheromones and mating re-
sponses in fungi. Plant Cell 5:1461-1469.

2. Casselton, L. A., and N. S. Olesnicky. 1998. Molecular genetics of mating
recognition in basidiomycete fungi. Microbiol. Mol. Biol. Rev. 62:55-70.

3. Chang, S.-T., and P. G. Miles. 1989. Edible mushrooms and their cultivation,
p. 96-111. CRC Press, Inc., Boca Raton, Fla.

4. Eger, G. 1976. Pleurotus ostreatus-breeding potential of a new cultivated
mushroom. Theor. Appl. Genet. 47:155-163.

5. Eugenio, C. P., and N. A. Anderson. 1968. The genetics and cultivation of
Pleurotus ostreatus. Mycology 60:627-634.

6. Gillissen, B., J. Bergemann, C. Sandmann, B. Schroeer, M. Bolker, and R.
Kahmann. 1992. A two-component regulatory system for self/non-self rec-
ognition in Ustilago maydis. Cell 68:647-657.

7. Hiscock, S. J., and U. Kiies. 1999. Cellular and molecular mechanisms of
sexual incompatibility in plants and fungi. Int. Rev. Cytol. 193:165-295.

8. Kerrigan, R. W,, J. C. Royer, L. M. Baller, Y. Kohli, P. A. Horgen, and J. B.
Anderson. 1993. Meiotic behavior and linkage relationships in the second-
arily homothallic fungus Agaricus bisporus. Genetics 133:225-236.

9. Koltin, Y., J. R. Raper, and G. Simchen. 1967. The genetic structure of the
incompatibility factors of Schizophyllum commune: the B factor. Proc. Natl.
Acad. Sci. USA 57:55-62.

10. Kosambi, D. D. 1944. The estimation of map distance from recombination
values. Ann. Eugen. 12:172-175.

11. Kothe, E. 1999. Mating types and pheromone recognition in the Homobasi-
diomycete Schizophyllum commune. Fungal Genet. Biol. 27:146-152.

12. Kronstad, J. V., and C. Staben. 1997. Mating type in filamentous fungi.
Annu. Rev. Genet. 31:245-276.

13. Kiies, U., and L. A. Casselton. 1993. The origin of multiple mating types in
mushrooms. J. Cell Sci. 104:227-230.

14. Kiies, U., W. V. Richardson, A. M. Tymon, E. S. Mutasa, B. Gottgens, S.
Gaubatz, A. Gregoriades, and L. A. Casselton. 1992. The combination of

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

APPL. ENVIRON. MICROBIOL.

dissimilar alleles of the A alpha and A beta gene complexes, whose proteins
contain homeo domain motifs, determines sexual development in the mush-
room Coprinus cinereus. Genes Dev. 6:568-577.

Larraya, L., M. M. Peiias, G. Pérez, C. Santos, E. Ritter, A. G. Pisabarro,
and L. Ramirez. 1999. Identification of incompatibility alleles and charac-
terisation of molecular markers genetically linked to the A incompatibility
locus in the white rot fungus Pleurotus ostreatus. Curr. Genet. 34:486—493.
Larraya, L. M., G. Pérez, M. M. Peiias, J. P. Baars, T. S. P. Mikosch, A. G.
Pisabarro, and L. Ramirez. 1999. Molecular karyotype of the white rot
fungus Pleurotus ostreatus. Appl. Environ. Microbiol. 65:3413-3417.
Larraya, L. M., G. Pérez, E. Ritter, A. G. Pisabarro, and L. Ramirez. 2000.
A genetic linkage map of the edible basidiomycete Pleurotus ostreatus. Appl.
Environ. Microbiol. 66:5290-5300.

Magae, Y., C. Novotny, and R. Ullrich. 1995. Interaction of the Aa Y and Z
mating-type homeodomain proteins of Schizophyllum commune detected by
the two-hybrid system. Biochem. Biophys. Res. Commun. 211:1071-1076.
Penas, M. M., S. A. Asgeirsdottir, I. Lasa, F. A. Culiaiez-Macia, A. G.
Pisabarro, J. G. H. Wessels, and L. Ramirez. 1998. Identification, charac-
terization, and in situ detection of a fruit-body-specific hydrophobin of Pleu-
rotus ostreatus. Appl. Environ. Microbiol. 64:4028-4034.

Schulz, B., F. Banuett, M. Dahl, R. Schlesinger, W. Schifer, T. Martin, I.
Herskowitz, and R. Kahmann. 1990. The b alleles of U. maydis, whose
combinations program pathogenic development, code for polypeptides con-
taining a homeodomain-related motif. Cell 60:295-306.

Shen, G. P., D. C. Park, R. C. Ullrich, and C. P. Novotny. 1996. Cloning and
characterization of a Schizophyllum gene with A beta 6 mating-type activity.
Curr. Genet. 29:136-142.

Simchen, G. 1967. Genetic control of recombination and the incompatibility
system in Schizophyllum commune. Genet. Res. (Cambridge) 9:195-210.
Simchen, G. 1966. Monokaryotic variation and haploid selection in Schizo-
phyllum commune. Heredity 21:241-263.

Specht, C., M. M. Stankis, L. Giasson, C. P. Novotny, and R. C. Ullrich.
1992. Functional analysis of the homeodomain-related proteins of the Aa
locus of Schizophyllum commune. Proc. Natl. Acad. Sci. USA 89:7174-7178.
Stamberg, J. 1969. Genetic control of recombination in Schizophyllum com-
mune: separation of the controlled and controlling loci. Heredity 24:306-309.
Stamberg, J. 1968. Two independent gene systems controlling recombination
in Schizophyllum commune. Mol. Gen. Genet. 102:221-228.

Stankis, M. M., C. P. Specht, H. Yang, L. Giasson, U. R. C., and C. P.
Novotny. 1992. The Aa mating locus of Schizophyllum commune encodes two
dissimilar multiallelic homeodomain proteins. Proc. Natl. Acad. Sci. USA
89:7169-7173.

Tymon, A. M., U. Kiies, W. V. J. Richarson, and L. A. Casselton. 1992. A
fungal mating type protein that regulates sexual and asexual development
contains a POU-related domain. EMBO J. 11:1805-1813.

Vaillancourt, L., and C. A. Raper. 1996. Pheromones and pheromone re-
ceptors as mating-type determinants in basidiomycetes, p. 219-247. In J. K.
Setlow (ed.), Genetic engineering, principles and methods, vol. 18. Plenum,
New York, N.Y.

Wendland, J., and E. Kothe. 1996. Allelic divergence at the BaJ pheromone
receptor genes of Schizophyllum commune. FEMS Microbiol. Lett. 145:451—
455.

1sanb Aq 6T0Z ‘6 Arenuer uo /610 wse wae//.diuy wol) papeojumoq


http://aem.asm.org/

