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FIG. 1. (A) Xhol digestion of DNA purified from dikaryotic strain N001 and
some monokaryons of the mapping population. Two polymorphic bands (3.7 and
3.9 kbp) of repetitive DNA segregating as alleles can be observed (rXhol mark-
er). (B) RFLP pattern obtained using a portion of the rDNA of S. carlsbergensis
as a probe for Southern hybridization of the digested DNA shown in panel A.
Two polymorphic bands segregating as alleles can be observed (Rib marker).
These bands are coincident with the two bands of repetitive DNA in panel A.

tus genomic DNA with Xhol. Both A and B incompatibility
mating type genes were also mapped. They were located on
different chromosomes. The 4 mating type locus was on link-
age group III, and the B locus was on linkage group IX.
Furthermore, the two subloci (matBo and matBB) of the B
locus were 19 cM apart, the matB@ sublocus being proximal to
the closest telomere (Fig. 2).

Hybridization of selected RFLP probes on P. ostreatus
PFGE-resolved chromosomes. Most of the RFLP markers de-
rived from RAPD markers and some of those corresponding to
cloned genes were used as probes for Southern hybridization
on P. ostreatus PEGE-separated chromosomes in order to de-
termine their physical locations and to correlate the linkage
map described here and the molecular karyotype of P. ostreatus
(32). A total of 27 probes were used to assign unequivocally
each linkage group to each one of the 11 chromosomes of this
fungus (Table 1). In any case, two or three markers per linkage
group were tested and no translocations were detected. In
some cases, it was possible to assign one group’s distal end to
a chromosome (L18,,,s on chromosome I, L8;,5s on chromo-
some IV, poxC on chromosome VI, and R8;,, on chromosome
VIII) and, in some cases, RAPD markers corresponding to the
linkage group’s two ends were hybridized (markers L15,,, and
871200 for linkage group V). Finally, molecular markers genet-
ically linked to the mating factors were also physically mapped
on PFGE-separated chromosomes.

DISCUSSION

In this paper, the construction of a linkage map based on the
segregation analysis of a population of monokaryons is pre-
sented. The haploid nature of fungal monokaryons makes the
analysis of segregation patterns similar to that obtained for the
study of a backcross population in a diploid organism. The use
of haploid populations as starting points in the construction of
linkage maps has been previously reported for conifers (57)
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using megagametophytes and for the honeybee (Apis mellifera)
(25) using drones as mapping populations. In the case of fungi,
monokaryons have been occasionally used as tools for the
mapping of genes of interest in P. chrysosporium (18).

The map described in this paper is based mainly on RAPD
markers. Problems related to the reproducibility of this type of
molecular marker, as well as the comigration of equally sized
DNA fragments, have been frequently reported in the litera-
ture (10). However, the RAPD method has been proven to be
simple, fast, and reliable for the identification of polymor-
phisms in many organisms and for the construction of linkage
maps (7, 9, 12, 14, 21). Furthermore, it was found that error
rates were similar when mapping was based on RAPD and on
simple sequence repeats as markers (25). The reliability of
RAPD segregation has been tested by different authors who
converted the resulting markers into more stable and usually
codominant markers such as SCAR (40) or RFLP (11). Some
RAPD markers were used as probes for RFLP analysis in the
construction of a P. ostreatus linkage map, and the correspond-
ing RFLP markers cosegregated, in all cases but one, with the
RAPD markers they proceeded from. The exception was
marker P2,,5, which cosegregated with the corresponding
RAPD marker, keeping the coupling phase in all but one of the
monokaryons in the segregating population. This result can be
explained by the occurrence of a crossover event between the
DNA region amplified in the RAPD marker and one of the
restriction sites flanking the RFLP marker in this specific
monokaryon.

The level of polymorphism, as estimated by the average
number of segregating markers per RAPD primer, was 3.0 in
P. ostreatus. This value is higher than those found in other
organisms, such as the honeybee A. mellifera (polymorphism
level, 2.8) (25) and Tribolium castaneum (polymorphism level,
1.5) (7), whose linkage maps were based on markers of this
type. Kerrigan et al. (28) reported a mean number of useful
polymorphisms per primer of 4.2 in a linkage map of the
button mushroom A. bisporus, based partially on RAPD mark-
ers. In order to compare this value with the polymorphism
reported here for P. ostreatus, it should be taken into account
that most of the oligonucleotide primers used by Kerrigan et
al. did not reveal polymorphisms (23 out of 28) and only a
limited number of them (5 out of 28) generated useful poly-
morphic RAPD markers.

Most of the markers used in the construction of this map
showed normal segregation. However, distorted segregation
was observed in 14% of them (markers labeled with an asterisk
in Fig. 2). This percentage is similar to that found in the
pathogenic fungus C. heterostrophus (16.4%) (58), the melon
Cucumis melo (14.5%) (61), or the rainbow trout Oncorhyn-
chus mykiss (13.3%) (65); higher than the value found in the
lettuce plant Lactuca sativa (9.0%) (29); and considerably
lower than that found in the button mushroom A. bisporus
(32.8%) (28). Skewed markers mapped primarily to chromo-
somes III, IV, and IX, and the most prominent distorted group
was that mapping to chromosome IV, where all of the markers
but those mapping to one extreme of the linkage group showed
skewed segregation. It is noteworthy that chromosome IV
shows, on average, less than one crossover event per chromo-
some (Table 2), and this fact can be related to the distortion
observed (see below). Distortions associated with linkage
groups III and IX, on the other hand, have special interest
because A and B mating type genes map to these two chromo-
somes, respectively. In order to explain the distorted segrega-
tion, the following hypotheses can be put forward: (i) the
nonrandom segregation of mating type genes can drive a
skewed segregation of the markers linked to them; (ii) differ-
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TABLE 2. Characteristics of the linkage and physical map of
P. ostreatus

Avg

Size in: . . No. of
No. of  Size ratio marker
Chromosome . crossover
markers  (kbp/cM) interval
Mbp* cM (€M) events
I 4.70 103.0 23 45.6 4.5 0.98
I 4.35 173.6 23 25.1 7.5 1.71
I 4.55 178.7 25 25.5 7.1 1.75
v 3.55 59.2 14 60.0 4.2 0.59
\'% 3.45 82.0 13 42.1 6.3 0.81
VI 3.10 76.7 20 40.4 3.8 0.76
VII 3.15 74.4 18 423 4.1 0.74
VIII 2.95 85.3 14 34.6 6.1 0.84
X 2.10 74.5 16 28.2 4.7 0.74
X 1.75 33.8 13 51.8 2.6 0.34
XI 1.45 59.5 10 24.4 5.9 0.59
Avg 3.19 91 17.2 35.1 5.3 0.89
Total 35.1 1,000.7 189

“ Physical size is the average of the two protoclones (32).

ences in viability, germination, or vegetative growth rate asso-
ciated with different mating haplotypes may have caused pre-
ferred selection of some genotypes when the mapping
population was established; and (iii) balancing selection on
mating types can at least transiently counteract some negative
selection on loci linked to the mating type (while the disequi-
librium persists). The effect of negative selection against slowly
germinating spores has been previously discussed by Eger (17)
in P. ostreatus var. Florida, by Kerrigan et al. (28) in A.
bisporus, and by Mitchell-Olds (38) in Arabidopsis thaliana.
Although recombination rates would vary in different
crosses, we can estimate the average ratios of physical to ge-
netic distances in P. ostreatus. The importance of these data
resides in the possibility of undertaking map-based strategies
for the cloning of genes in this species. The haploid genome
size of P. ostreatus has been estimated to be 35.1 Mbp (32), and
the total recombination size estimated in this study is 1,000.7
cM. The ratio of these two measurements is 35.1 kbp/cM, with
values ranging from 24.4 to 60 kbp/cM (chromosomes XI and
IV, respectively; Table 2). The average ratio is similar to that
found in the filamentous fungus F. moniliforme (32 kbp/cM)
(64), although higher (B. lactucae, 25 kbp/cM [24]; C. het-
erostrophus, 23 kbp/cM [58]) and lower (P. chrysosporium, 59
kbp/cM [44]) ratios were found. We have used the procedure
described by Hunt and Page (25) to estimate the theoretical
number of crossovers per chromosome as the result of the ratio
of the genome’s total linkage size to the product of the chro-
mosome number multiplied by a constant factor of 50 cM.
According to this estimation, an average of 1.8 crossovers per
chromosome would be expected in P. ostreatus. We have
found, however, that the actual average number of crossovers
(calculated by the MAPRF program), 0.89, is much lower in
our linkage analysis (range, 0.34 [chromosome X] to 1.75
[chromosome IIT]) (Table 2). This value agrees with the 0.96
previously reported for F. moniliforme (64) but is higher than
that found by Kerrigan et al. (28) in A. bisporus. Control of the
number of crossovers per chromosome has been studied in
different fungi, and in some cases, the existence of a mecha-
nism by which small chromosomes undergo reciprocal recom-
bination at rates (expressed in centimorgans per kilobase pair)
higher than those of large chromosomes has been described
(27). Our data do not support this type of control in P. ostrea-
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tus. Control of the number of crossovers per chromosome has
been considered a method by which to ensure the occurrence
of at least one crossover event per chromosome per cell, and
this event is required for proper chromosome disjunction dur-
ing meiosis (6). The data presented in Table 2 indicate that
basidia in which less than one crossover per chromosome oc-
curs are frequent, and how this fact affects the accuracy of
meiotic product sorting has not been studied in P. ostreatus up
to now.

The amount of repetitive DNA present in the P. ostreatus
genome has not been accurately estimated. The short oligonu-
cleotide primers used in RAPD analysis have a general ten-
dency to amplify segments of repetitive DNA because palin-
dromic sequences are more highly represented in such regions
(63). Therefore, Kesseli et al. (29), Antolin et al. (1), and
others have observed a nonrandom clustering of RAPD loci
amplified by the same primer. Most of the RAPD markers
used in this mapping corresponded to nonrepetitive DNA se-
quences. Out of 26 randomly selected RAPD markers con-
verted into RFLP markers, 19 behaved as single-copy se-
quences. This suggests that the amount of repetitive DNA in
the P. ostreatus genome should be small. An interesting poly-
morphism based on repetitive DNA was found when the re-
striction enzyme Xhol was used to digest total genomic DNA:
marker rXhol cosegregated with, and had the same size as,
RFLP marker Rib, which corresponds to a highly conserved
sequence coding for an rDNA fragment of S. carlsbergensis.
Taking into account the high evolutionary conservation of
these sequences, we believe that probe Rib highlights an rDNA
region in the genome of P. ostreatus. Markers Rib and rXhol
mapped to chromosome II, and this chromosome showed 15%
length polymorphism when the two homologous chromosomes
present in protoclones PC9 and PC15 were compared (32).
Length polymorphisms in chromosomes carrying rDNA genes
have also been reported in other organisms, such as Ustilago
hordei (36), Cladosporium fulvum (56), Candida albicans (26,
50), Leptosphaeria maculans (39), S. cerevisiae (50), and A.
bisporus (55), and they have been associated with differences in
rDNA copy number (43, 55). The difference in size between
the two bands of repetitive DNA revealed by marker rXhol is
approximately 200 bp (Fig. 1), and the total length difference in
chromosome II between PC9 and PC15 is 0.7 Mbp. In this
context, 3,500 copies of this repetitive sequence would account
for the chromosome size difference observed. This copy num-
ber is too high for rDNA genes, and consequently, size differ-
ences in marker rX#hol can be only partially responsible for the
chromosome size difference.

The linkage map presented here shows a good correlation
with the molecular karyotype of P. ostreatus (32). Different
RAPD probes converted into RFLP probes hybridized in the
corresponding chromosomes, indicating that no translocation
events have occurred. The high correlation (» = 0.76) between
physical size (megabase pairs) and recombinational size (cen-
timorgans), an even higher correlation (r = 0.81) between
physical size and the number of markers per chromosome, and
the reduced number of unassigned markers suggest that this
linkage map covers nearly the whole genome of P. ostreatus.

The availability of a genetic linkage map for P. ostreatus
opens the possibility of addressing basic and applied questions
such as those related to the syntheny of markers between P.
ostreatus strains and between different species, analysis of the
molecular basis for the chromosome length polymorphisms
that exist and their fate through the meiotic cycle (66), map-
ping of quantitative trait loci and study of the genetic control
of these polygenic characters. Moreover, mapping of quanti-
tative trait loci would help in marker-assisted selection of eco-
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nomically important aspects, such as growth rate; different
components of yield, such as number of flushes; number and
average weight of mushrooms; and tolerance of pathogens,
among others. The relatively small genome of P. ostreatus and
the possibilities of classical genetic manipulation of this fungus
make it an interesting model organism for breeding studies of
edible basidiomycetes.
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